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ABSTRACT

The mechanisms and structural changes involved in photo synthetic 

adaptation to light have been investigated using mainly room-temperature 
chlorophyll fluorescence techniques. A comparison made between in vitro 

alterations, brought about by either changes in cation levels or by 
protein-phosphorylation, with in vivo light-induced changes, termed 

State 1 - State 2 transitions, has shown that;
a) lowering the cation level leads to an increase in spillover of excit­
ation energy from PS2 to PS1 and a small decrease in PS2 absorption 

cross section,
b) protein-phosphorylation leads to a decrease in PS2 absorption cross

pisection, at high salt levels (>5mM Mg ) while at lower cation concen- 

trations (^2mM Mg ) an increase in spillover also arises,
c) these two phenomena are independent but interrelated processes linked 

by the electrostatic nature of the mechanisms,
d) State 1 - State 2 transitions reflect protein-phosphorylation at 
"high” background cation levels.

The effect of protein-phosphorylation on PS2 electron transfer 

reactions has also been investigated. Protein-phosphorylation did not 
alter the ability of DCMCT to inhibit the Hill reaction, but did atten­

uate the rate of electron transfer at saturating light intensities. A 
comparison of the fast fluorescence transients exhibited by phosphory- 
lated and non-phosphorylated thylakoids with those produced by atrazine- 

resistant and susceptible thylakoids suggest protein-phosphorylation 
alters the rate of electron flow from to Q^.

A comparison of State 1 - State 2 transitions with chloroplast 

ultrastructure shows that this adaptive process is highly dependent 
upon the extent of thylakoid stacking. This could result from altered
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levels of kinase and phosphatase enzymes thereby reflecting their 

location within the membrane.

The analysis of fluorescence induction curve parameters from DCMT- 

inhibited thylakoids, after various pretreatments, suggests that the 
Melis and Homann (1978) concept of PS2 heterogeneity (PS2a and PS2p) 
is not well-founded. The data presented in this thesis suggests that 
the observed heterogeneity is due to a population of PS2 poorly in­

hibited by DCMtJ.
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CHAPTER 1 

I n t r o d u c t io n

1 .1  The O v e r a l l  C o n ce p t;

P h o to s y n th e s is  i s  th e  p r o c e s s  b y  w h ich  h ig h e r  p la n t s ,  a lg a e  and 

some s p e c ie s  o f  b a c t e r i a  c o n v e r t  l i g h t  e n e r g y  in t o  c h e m ica l e n e r g y  w h ich  

can  be u s e d  f o r  b io s y n t h e s is  and o th e r  e n e r g y - r e q u ir in g  p r o c e s s e s .  In  

e u k a r y o t ic  o rgan ism s th e  l i g h t - d r i v e n  r e a c t io n s  o c c u r  i n  and a c r o s s  th e  

t h y la k o id  membrane sy stem  lo c a t e d  i n  c e l l u l a r  o r g a n e l le s  c a l l e d  c h lo r o -  

p l a s t s .  T h is  p r o c e s s  in v o lv e s  th e  t r a n s f e r  o f  e le c t r o n s  from  HgO to  

NAEP+ le a d in g  to  the g e n e r a t io n  o f  0g from  HgO, th e  r e d u c t io n  o f  NAUP+ 

to  NAEPH, and th e  s y n t h e s is  o f  ATP from  AHP and in o r g a n ic  p h o sp h a te  (P ^ ). 

The NAUPH and ATP a r e  u t i l i s e d  i n  th e  p h o to s y n t h e t ic  f i x a t i o n  o f  COg and 

th e  su b se q u e n t p ro d u c t io n  o f  c a r b o h y d r a te s  i n  a  s e r i e s  o f  m a in ly  l i g h t -  

in d e p e n d en t r e a c t i o n s ,  a lth o u g h  c e r t a i n  k e y  enzym es a r e  l i g h t - a c t i v a t e d .

The c u r r e n t  u n d e r s ta n d in g  o f  th e  p h o to  s y n t h e t ic  l i g h t  r e a c t i o n s  h as 

d e v e lo p e d  from  th e  id e a  o f  two s e p a r a te  p h o to r e a c t io n s  o p e r a t in g  i n  

s e r i e s .  T h is  c o n ce p t was o r i g i n a l l y  p ro p o se d  b y  H i l l  and B e n d a ll  (1960 ) 

to  a c c o u n t f o r  th e  p a r t i c i p a t i o n  o f  cyto ch rom es f  and b j ^  i n  th e  e l e c ­

tr o n  t r a n s f e r  r e a c t i o n s .  The so  c a l l e d  Z-schem e was b a se d  on th e  r e ­

la t io n s h ip  b etw een  th e  v a r io u s  p h o to  s y n t h e t ic  com ponents i n  term s o f  

t h e i r  re d o x  p o t e n t i a l s  (s e e  P i g .  1 . 1 ) .  H owever, a s  a  r e s u l t  o f  M i t c h e l l ^  

ch em iosm otic h y p o th e s is  (1 9 6 1 )  w h ich  ga ve  a  mechanism b y  w h ich  e le c t r o n  

t r a n s f e r  was co u p le d  to  p h o to p h o s p h o r y la t io n , th e  Z-schem e was m o d ifie d  

to  a c c o u n t f o r  th e  r e q u ir e d  s p a t i a l  o r g a n is a t io n  o f  th e  p h o to  s y n t h e t ic  

com ponents w ith in  th e  membrane (s e e  P i g .  1 . 2 ) .  T h is  meant t h a t  th e 

p ro te in -c o m p le x e s  had to  be a s y m m e tr ic a lly  lo c a t e d  a c r o s s  th e  t h y la k o id
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F i g .  1 . 1  The Z -schem e, i n  w h ich  th e  com ponents o f  p h o to s y n t h e t ic

e le c t r o n  t r a n s p o r t  a r e  p la c e d  on a  re d o x  s c a l e .  The m ajor 

p r o te in -c o m p le x e s  in v o lv e d  i n  e le c t r o n  t r a n s f e r  p r o c e s s e s  

a r e  drawn i n  "b locks.

0EC, oxygen  e v o lv in g  com plex; PS2, p h o to system  2 com p lex; 

c y t  b ^ - f  com p lex, cytoch rom e b ^ - f  com plex; P S 1 , p h o to syste m  

1 com plex; s q , s ^j S^j S^j S^, s - s t a t e s  f o r  w a te r  o x id a t io n ;  

T3559h ’ P ° t en t i a l  cytoch rom e b j- ^ j  P h, p h e o p h y tin ; Aq ,

A^, X, p o s t u la t e d  PS1 e le c t r o n  a c c e p to r s  o f  u n id e n t i f i e d  

ch e m ica l i d e n t i t y ;  A ,B , ir o n - s u lp h u r  c e n t r e s ;  o t h e r  sym bols 

a s  i n  sym bols and a b b r e v ia t io n s .
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stroma

inside

P i g .  1 .2  . S ch em atic  r e p r e s e n t a t io n  o f  th e  p ro te in -c o m p le x e s  o f  p h o to­

s y n t h e s is ,  a rra n g e d  a s  r e q u ir e d  f o r  e le c t r o n  f lo w  and p ro ­

to n  t r a n s lo c a t i o n .  (T aken  from  Anderson and A n d ersso n , 

1982).



23

membrane so a s  to  b r in g  a b o u t th e  v e c t o r i a l  t r a n s p o r t  o f  p ro to n s  and 

th e  g e n e r a t io n  o f  an  e le c t r o c h e m ic a l  p o t e n t i a l  g r a d ie n t ;  th e  f o r c e  r e ­

q u ir e d  to  pow er ATP s y n t h e s is  v i a  th e  A T P -sy n th e ta se  co m p lex. F o r  th e s e  

p r o c e s s e s  to  o c c u r  and to  m a in ta in  p h o to  s y n t h e t ic  e f f i c i e n c y  th e r e  i s  a  

re q u ire m e n t f o r  a  b a la n c e d  e n e r g y  in p u t  to  b o th  p h o to sy ste m  2 (PS2) and 

p h o to sy ste m  1 ( P S 1 ) . E ach p h o to sy ste m  c o n ta in s  a  r e a c t i o n  c e n tr e  con­

s i s t i n g  o f  s p e c i a l  c h lo r o p h y ll  a  (C h i a )  m o le c u le s  (P680 and P700 r e ­

s p e c t i v e l y )  w h ich  when e x c i t e d  g e n e r a te  a  ch a rg e  s e p a r a t io n  a c r o s s  th e  

membrane p ro d u c in g  an  o x id a n t  and a  r e d u c t a n t .  M ost o f  th e  c h lo r o p h y l l  

m o le c u le s , h o w e ve r, a r e  in v o lv e d  s o l e l y  i n  th e  a b s o r p t io n  and c h a n n e ll in g  

o f  e x c i t a t i o n  e n e rg y  to  th e  r e a c t i o n  c e n t r e s  and, l i k e  th e  s p e c i a l i s e d  

C h i a  m o le c u le s , a r e  lo c a t e d  i n  p ig m e n t-p r o te in  co m p le x e s . The m ost 

abundant o f  t h e s e ,  i n  h ig h e r  p l a n t s ,  i s  th e  l i g h t  h a r v e s t in g  c h i  a/b  

com plex (LHC) w h ich  i s  u s u a l l y  a s s o c ia t e d  w ith  P S2 .

The th r e e  c h lo r o p h y l l - c o n t a in in g  p r o t e in  com p lexes m en tion ed  above 

a r e  b e l ie v e d  to  be l a t e r a l l y  s e g r e g a te d  w ith in  th e  t h y la k o id  mem branes, 

so t h a t  b o th  PS2 and LHC a r e  lo c a t e d  i n  th e  a p p r e s s e d  la m e lla e  w h ile  

PS1 i s  s i t u a t e d  i n  th e  n o n -a p p re sse d  membrane r e g io n s  ( s e e  A n d erson ,

1982; Anderson and A n d ersso n , 1 9 8 2 ). As a  consequence o f  such  an  a r r a n g e ­

m ent, i t  seems t h a t  h ig h e r  p la n t s  h ave d e v e lo p e d  a  means o f  c o n t r o l l i n g  

e x c i t a t i o n  e n e r g y  d i s t r i b u t i o n  when n e c e s s a r y ,  so  a s  to  m axim ise p h o to ­

s y n t h e t ic  e le c t r o n  t r a n s f e r  r e a c t i o n s  (s e e  B a r b e r , 1 9 8 2 a ) .

The w ork p r e s e n te d  i n  t h i s  t h e s i s  i s  co n ce rn e d  w ith  th e  m echanism s 

and s t r u c t u r a l  ch an g es in v o lv e d  i n  th e  c o n t r o l  o f  e x c i t a t i o n  e n e rg y  

d i s t r i b u t i o n .  I t  c o n c e n tr a te s  on a  com p arison  betw een  i n  v i t r o  in d u c e d  

a l t e r a t i o n s  i n  e n e r g y  d i s t r i b u t i o n  b y  c a t io n  l e v e l s  and p r o t e in  phos­

p h o r y la t io n ,  u s in g  m a in ly  roo m -tem p eratu re  c h lo r o p h y l l  f lu o r e s c e n c e
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t e c h n iq u e s , and r e l a t i n g  th e s e  f in d in g s  to  i n  v iv o  l ig h t - i n d u c e d  ch an ges 

term ed S t a t e  1 -  S ta t e  2 t r a n s i t i o n s .

1 .2  C h lo r o p h y ll  F lu o r e s c e n c e :

1 . 2 . 1  An i n t r i n s i c  p ro be o f  p h o t o s y n t h e s is :
i

A p o r t io n  o f  th e  l i g h t  in t e r c e p t e d  b y  th e  h ig h e r  p la n t  i s  a b so rb e d  

b y  th e  main p h o to  s y n t h e t ic  p ig m en ts c a l l e d  c h lo r o p h y ll  a  and c h lo r o p h y ll  

b .  The e n e r g y  o f  an e l e c t r o n i c a l l y  e x c i t e d  c h lo r o p h y ll  m o le c u le , r e s u l t ­

i n g  from  l i g h t  a b s o r p t io n , ca n  be d is p o s e d  o f  b y  one o f  s e v e r a l  co m p etin g  

p r o c e s s e s .  U nder o p tim a l c o n d it io n s  m ost o f  t h i s  e n e rg y  i s  u s e d  i n  

p h o to ch e m ic a l r e a c t i o n s .  However when t h i s  i s  n o t  p o s s ib le  i t  ca n  be 

t r a n s f e r r e d  to  n e ig h b o u r in g  c h lo r o p h y ll  m o le c u le s , d i s s i p a t e d  b y  n on - 

r a d i a t i v e  d e - e x c i t a t io n  p r o c e s s e s  l i k e  h e a t ,  c r o s s  o v e r  to  a n o th e r  e l e c ­

t r o n ic  s t a t e  to  form  t r i p l e t s  o r  be r e - e m it t e d  a s  f lu o r e s c e n c e .  The 

l a t t e r  p r o c e s s  c o n s t i t u t e s  a  r e l a t i v e l y  l a r g e ,  e a s i l y  d e t e c te d  o p t i c a l  

s i g n a l  and h a s ,  t h e r e f o r e ,  become a  u s e f u l  i n t r i n s i c  p ro b e  o f  th e  p rim ­

a r y  p h o to ch e m ic a l r e a c t io n s  o f  p h o to s y n th e s is  a s  i t  i n s t a n t l y  m o n ito rs  

th e  b a la n c e  betw een  a l l  o f  th e  co m p etin g  p r o c e s s e s .  B eca u se  f lu o r e s c e n c e  

depends on th e  p h y s ic a l  c h a r a c t e r i s t i c s  o f  th e  im m ediate en viro n m en t, 

and on th e  d is ta n c e  and o r i e n t a t i o n  betw een  f l u o r e s c i n g  m o le c u le s  i t  i s  

an  i d e a l  t o o l  f o r  m o n ito r in g  t h y la k o id  membrane c o n fo r m a tio n a l ch a n g e s .

B elow  i s  o u t l in e d  th e  b a s ic  p r o p e r t ie s  o f  i n  v iv o  c h lo r o p h y ll  

f lu o r e s c e n c e ,  w h ich  h a s  b een  c o v e r e d  i n  a  number o f  r e v ie w  a r t i c l e s  o v e r  

th e  l a s t  f i f t e e n  y e a r s  (s e e  G o v in d je e  and P a p a g e o rg io u , 1 9 7 1 ; 

P a p a g e o rg io u , 19 7 5 ; B a r b e r , 19 76 ; L a v o r e l and E t ie n n e , 19 7 7 ; K rau se and 

W eis, 1984)*
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1 . 2 . 2  O r ig in  o f  i n  v iv o  C h lo r o p h y ll  F lu o r e s c e n c e

C h lo r o p h y ll  f lu o r e s c e n c e  e m is s io n  a t  room tem p e ra tu re  o c c u r s  i n  th e  

r e d  r e g io n  o f  th e  sp ectru m  and shows a  maximum a t  685nm i n  th e  i n  v iv o  

s t a t e .  I t  i s  b e l ie v e d  to  o r i g in a t e  m a in ly  from  c h lo r o p h y l l  a  m o le c u le s  

a s s o c ia t e d  w ith  PS2 (Y re d e n b u rg  and S lo o te n , 19 6 7)*  C h lo r o p h y lls  a s s o c ­

i a t e d  w ith  PS1 f lu o r e s c e  v e r y  l i t t l e  a t  room tem p era tu re  b u t i t  h as b een  

shown t h a t  th e y  do c o n t r ib u te  to  th e  s m a ll f lu o r e s c e n c e  s h o u ld e r  se e n  a t  

w a v e le n g th s  g r e a t e r  th a n  700nm, w ith  a  p o s s i b le  may?mrim e m is s io n  aroun d 

710-715nm  (K y le  e t  a l .  1 9 8 3 a ). When t h y la k o id s  a r e  c o o le d  to  l i q u i d  

n i t r o g e n  te m p e ra tu re s  (7 7 K ), h o w ever, th e  f lu o r e s c e n c e  e m is s io n  sp ectru m  

becom es more com p lex. A la r g e  p eak  a t  735nm i s  c l e a r l y  v i s i b l e  w hich  

h a s  b een  a s s o c ia t e d  w ith  PS1 c h lo r o p h y lls  (S a to h  and B u t le r ,  19 78 ; B o se , 

1 9 8 2 ). The P S 2 - a s s o c ia te d  f lu o r e s c e n c e  e m is s io n  e x h i b i t s  two maxima a t  

685nm and 695nnu The o r i g i n  o f  th e s e  p ea k s i s  s t i l l  n o t  f u l l y  u n d e rs to o d . 

I t  h a s  b een  p o s t u la t e d  t h a t  F ^ ^  o r i g i n a t e s  from  th e  PS2 r e a c t i o n  c e n tr e  

(B r e to n , 1982) w h ile  Fgg^ a r i s e s  from  e i t h e r  PS2 r e a c t i o n  c e n t r e - a s s o c ­

i a t e d  c h lo r o p h y lls  o r  LHC. The l a t t e r  p o in t  i s  s t i l l  n o t  c l e a r l y  r e ­

s o lv e d  a s  E y r ie  and co -w o rk e rs  (1980) h ave shown t h a t  i s o l a t e d  LHC 

f lu o r e s c e s  a t  681nm a t  77K w h ile  r e c e n t l y  Lam e t  a l .  ( 1 9 8 4 ) h ave i s o ­

l a t e d  LHC w h ich  e x h i b i t s  a  685nm p e a k . B e fo r e  t h i s  l a t t e r  r e p o r t  i t  

was s u g g e s te d  t h a t  LHC was n o t  se e n  to  f lu o r e s c e  i n  v iv o  a s  e x c i t a t i o n  

e n e rg y  was r a p i d ly  t r a n s f e r r e d  to  th e  PS2 c o re  c h lo r o p h y l ls  w h ich  sub­

s e q u e n t ly  gave  r i s e  to  th e  f lu o r e s c e n c e ,  o r  b e ca u se  o f  a  b l u e - s h i f t  i n  

th e  e m is s io n  ca u se d  b y  th e  s o l u b i l i z a t i o n  w ith  d e t e r g e n t s  (B o se , 1 9 8 2 ).

1 . 2 . 3  F lu o r e s c e n c e  Y i e l d :

C h lo r o p h y ll  f lu o r e s c e n c e  a r i s e s  a s  a  con sequ en ce o f  th e  d e - e x c i t -  

a t i o n  o f  th e  e x c i t e d  c h i  a  s i n g l e t  s t a t e  to  th e  ground s t a t e .  The y i e l d
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o f  e m is s io n  i s  d eterm in ed  b y  a l l  th e  o t h e r  co m p etin g  p ath w ays f o r  de­

e x c i t a t i o n ,  a s  m entioned  a b o v e . T h is  le a d s  to  th e  f o l lo w i n g  e q u a t io n

f o r  f lu o r e s c e n c e  y i e l d  (jZL):
a

K  = h  = a.( __________ *£ __________  )
I kf + kd + kt + kp.f r a

w here i s  th e  i n t e n s i t y  o f  f lu o r e s c e n c e  e m is s io n , I  i s  th e  t o t a l  i n ­

t e n s i t y  o f  a b so rb e d  l i g h t ,  and a  i s  th e  f r a c t i o n  o f  l i g h t  a b so rb e d  and 

t r a n s f e r r e d  to  P S2. k~, k , , k . and k  a r e  f i r s t  o r d e r  r a t e  c o n s ta n tsi d t p
f o r  f lu o r e s c e n c e  e m is s io n , r a d i a t i o n l e s s  d e - e x c i t a t io n ,  t r a n s f e r  o f  e x ­

c i t a t i o n  to  P S 1 , and p h o to ch e m ic a l t r a p p in g  r e s p e c t i v e l y .  I t  i s  i n t e r ­

e s t i n g  to  n o te  t h a t  th e  r a t e  o f  d e - e x c i t a t io n  b y  p h o to ch e m ic a l t r a p p in g  

depends on th e  re d o x  s t a t e  o f  th e  PS2 p rim a ry  e le c t r o n  a c c e p to r  (Q ) a s  

w e l l  a s  on k^. D uysens and Sw eers (19^3)» u s in g  l i g h t  w h ich  p r e fe r e n ­

t i a l l y  e x c i t e d  PS1 o r  PS2, w ere th e  f i r s t  to  n o t ic e  th e  re d o x  dependence 

o f  f lu o r e s c e n c e  and i t  was from  t h e i r  w ork t h a t  Q (now adays c a l l e d  Q^) 

was f i r s t  u s e d  to  r e p r e s e n t  a  q u en ch er o f  c h lo r o p h y ll  f lu o r e s c e n c e .  They 

fou n d  t h a t  Q r e d u c t io n  le d  to  an  in c r e a s e  i n  f lu o r e s c e n c e  and when 

was o x id is e d  th e  f lu o r e s c e n c e  l e v e l  was lo w e re d . T h e r e fo r e  when Q,̂  i s  

t o t a l l y  re d u c e d , PS2 p h o to ch e m ic a l t r a p p in g  w i l l  be a t  a  minimum and 

f lu o r e s c e n c e  a t  a  maximum w h ile  when Q i s  f u l l y  o x id is e d ,  PS2 photochem ­

i s t r y  w i l l  be a t  a  maximum and f lu o r e s c e n c e  a t  a  minimum. The r e l a t i o n ­

s h ip  betw een  th e  re d o x  s t a t e  o f  and p h o to c h e m is try  a t  in te r m e d ia te  

l e v e l s  o f  r e d u c t io n , h o v e v e r , i s  n o t  a lw a y s  l i n e a r  so th e  p h o to ­

c h e m ic a l t r a p p in g  r a t e  becom es a  g e n e r a l  f u n c t io n  o f  th e  p r o p o r t io n  o f  

c l o s e d  PS2 r e a c t i o n  c e n t r e s  ( f
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1 . 2 . 4  The T im e -s c a le  o f  C h lo r o p h y ll  F lu o r e s c e n c e :

When c o n s id e r in g  f lu o r e s c e n c e  from  a  p h o to  s y n t h e t i c  system  th e r e  

a r e  two v e r y  d i f f e r e n t  t im e s c a le s  in v o lv e d .  The m ic r o s c a le  in v o lv e s  

v e r y  s h o r t  tim e le n g t h s  i n  th e  p ic o s e c o n d  to  n an osecon d  ra n g e  w h ile  th e  

m a cro sca le  i s  much lo n g e r  and can  e x te n d  in t o  th e  m inute tim e r a n g e . The 

work p r e s e n te d  i n  t h i s  t h e s i s  c o n ce rn s  th e  m a c ro s c a le  so t h a t  o n ly  a  

b r i e f  a c c o u n t o f  th e  m ic r o s c a le  i s  o u t l in e d  b e lo w  ( a ls o  se e  r e v ie w  b y  

L a v o r e l and E t ie n n e , 19 7 7 )*

1 . 2 . 4 . 1  M ic r o s c a le :

A t th e  a to m ic  and m o le c u la r  l e v e l ,  a l l  e v e n ts  i n  th e  l i f e  o f  an  i n -

5 _ q
d iv i d u a l  f lu o r e s c e n t  m o le cu le  have d u r a t io n s  i n  th e  10 -1 0  seco n d

t im e s c a le .  The o r d e r  o f  m agnitude depends on the im posed i n t r i n s i c  n a t­

u r a l  l i f e t i m e  ( 7^ ) ,  w h ich  i s  th e  tim e r e q u ir e d  f o r  an  e x c i t e d  p o p u la t io n  

o f  m o le c u le s  to  d e c l in e  to  ^4 o f  th e  i n i t i a l  number when th e  o n ly  o c c u r ­

r i n g  d e - e x c i t a t io n  p r o c e s s  le a d s  to  f lu o r e s c e n c e .  The v a lu e  o f  %  i s  

r e l a t e d  to  th e  m o le c u le s  a b s o r p t io n  sp ectrum  and ca n  be c a lc u la t e d  i n -  

d i r e c t l y  t h i s  way (a n  a p p ro x im a tio n  i s  g iv e n  b y  '/% = 3x10 A K £ ,m>

where K a n d f  a r e  th e  wave number and e x t i n c t i o n  c o e f f i c i e n t  a t  maximum 
m v-'m

a b s o r p t io n  and A z  i s  th e  band w id th  a t  h a l f  maximum a b s o r p t io n ) . S in ce  

e x c i t e d  m o le c u le s  can  be d e e x c ite d  b y  o th e r  p r o c e s s e s ,  a s  a lr e a d y  men­

t io n e d  a b o v e , th e  a c t u a l  l i f e t i m e  ( T )  i s  a lw a y s  s m a lle r  thanT^ . F o r 

i n  v i t r o  c h lo r o p h y l ls  the m easured l i f e t i m e s  d i r e c t l y  a g re e  w ith  th o se  

com puted b y  a b s o r p t io n  m easurem ents (C h i a , "7̂  = 15 n s w h ile T  = 5 n s) b u t  

th e s e  v a lu e s  w i l l  depend on th e  s o lv e n t s  u s e d .

F o r a  homogenous sam ple o f  i d e n t i c a l  c h lo r o p h y ll  m o le c u le s , i t  i s  

e x p e c te d  t h a t  th e  d e ca y  o f  th e  e x c i t a t e d  s t a t e  w i l l  f o l lo w  th e  f o l lo w i n g
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e q u a tio n :

N = N o

where N i s  th e  i n i t i a l  number o f  e x c i t e d  m o le c u le s  and N i s  th e  number o
o f  e x c i t e d  m o le c u le s  a t  t im e , t .  H owever, t h i s  w i l l  n o t  n e c e s s a r i l y  be 

th e  c a s e  f o r  i n  v iv o  c h lo r o p h y l l .

E x p e rim e n ta l work u s in g  t h i s  t im e s c a le  i n v o lv e s  th e  g e n e r a t io n  o f  

an  e x c i t e d  s t a t e  and m o n ito r in g  i t s  su b seq u en t d e ca y  k i n e t i c s  o v e r  v e r y  

s h o r t  t im e s c a le s .  Such work h a s  b een  w id e sp re a d  o v e r  th e  y e a r s  ( s e e  

b r i e f  summary b y  Moya and G a r c ia ,  1983) and h as b een  u s e d  to  i n v e s t i g a t e  

a  number o f  d i f f e r e n t  phenomena in c lu d in g  e x c i t a t i o n  e n e r g y  t r a n s f e r  i n  

i n t a c t  a lg a e  ( P o r t e r  e t  a l . ,  1978 ) and i s o l a t e d  p h y c o b ilis o m e s  ( S e a r le  

e t  a l . ,  19 78 ) a s  w e l l  a s  th e  m echanism s in v o lv e d  i n  b r in g in g  a b o u t th e  

c a t io n - in d u c e d  c h lo r o p h y ll  f lu o r e s c e n c e  ch an ges ( B r i a n t a i s  e t  a l . ,  1 9 7 3 ; 

Moya e t  a l . ,  19 7 7 ; B a rb e r  e t  a l . ,  1 9 7 8 ) . More r e c e n t  w ork, i n  t h i s  t im e -  

s c a l e ,  h as b een  c a r r ie d  o u t  b y  a n a ly s in g  p ic o s e c o n d  f lu o r e s c e n c e  d e ca y  

k i n e t i c s  from  i s o l a t e d  c h l o r o p l a s t s . As i n  v iv o  c h lo r o p h y l ls  do n o t  b e­

h ave a s  a  homogeneous system  th e  d e ca y  k i n e t i c s  h ave b een  a r b i t a r i l y  

d e c o n v o lu te d  in t o  th r e e  e x p o n e n t ia l  com ponents. The s h o r t e s t  l i f e t i m e  

(50-10 0  p s )  h a s  been  a t t r i b u t e d  to  r a d i c a l  p a i r  re c o m b in a tio n  i n  PS2 o f  

P680+ and I -  (re d u c e d  p h e o p h y tin ) , w h ile  th e  lo n g e r  l i f e t i m e s  (400 - 

750 p s and 1000-2000 p s )  a r e  b e l ie v e d  to  be k i n e t i c a l l y  c o n t r o l l e d  b y  

d e c a y  p r o c e s s e s  t a k in g  p la c e  i n  th e  LHC and P S 2 -co re  c h lo r o p h y l ls  r e ­

s p e c t i v e l y  (H aehnel e t  a l . ,  1 9 8 2 ). U sin g  t h i s  a n a ly s i s  and in t e r p r e ­

t a t i o n ,  i n v e s t i g a t i o n s  have been  c a r r ie d  o u t to  e l u c i d a t e  th e  e x c i t a t i o n  

e n e rg y  t r a n s f e r  p r o c e s s e s  in v o lv e d  i n  t h y la k o id  membrane c o n fo r m a tio n a l 

ch an ges in d u c e d  b y  a l t e r e d  Mg - l e v e l s  (N a im  e t  a l . ,  1982) and p r o t e i n -  

p h o s p h o r y la t io n  (H aworth e t  a l . ,  1983)* H owever, th e  above i n t e r p r e ­

t a t i o n  o f  th e  th r e e  k i n e t i c  com ponents h as  n o t  y e t  been  p ro v e n  and h a s
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r e c e n t l y  b een  q u e s tio n e d  b y  B u t le r  e t  a l .  (1983)» who s u g g e s t  t h a t  PS2 

h e t e r o g e n e it y  i s  in v o lv e d ,  so  t h a t  PS2<̂  g iv e s  r i s e  to  th e  s lo w  component 

w h ile  PS2 ^ p ro d u ces th e  m id d le  com ponent.

1 . 2 . 4 .2  M a c r o s c a le :

T h is  t im e s c a le  i s  much lo n g e r  t h a n %  and t h e r e fo r e  d e a ls  w ith  

s t e a d y - s t a t e  c o n c e n t r a t io n s  o f  e x c i t e d  c h lo r o p h y ll  m o le c u le s . Here 

o n ly  th e  y i e l d  o f  th e  d e - e x c i t a t i o n  p r o c e s s e s  a re  m easured , so t h a t  the 

amount o f  d e t e c te d  f lu o r e s c e n c e  (p ) depends on th e  i n t e n s i t y  o f  e x c i t ­

a t io n  e n e r g y  ( i )  and th e  ^  o f  th e  sam ples where P = I j ^ .  As th e  a c t i n i c  

e x c i t a t i o n  e n e rg y  rem ain s c o n s ta n t  i n  such  e x p e rim e n ts  th e n  th e  m easured 

f lu o r e s c e n c e  i s  u s u a l l y  an  i n d i c a t o r  o f  O f c o u rs e  th e  p r o p o r t io n  o f  

I  a b so rb e d  can  change i f  th e  a b s o r p t io n  p r o p e r t ie s  o f  th e  f lu o r e s c i n g  

s p e c ie s  become a l t e r e d .

M ost o f  the f lu o r e s c e n c e  m easurem ents on t h i s  t im e s c a le  in v o lv e "  th e

d a rk  a d a p te d  p h o to s y n th e t ic  m a t e r ia l  i s  i l lu m in a t e d  th e  o b s e rv e d  ch an ges 

i n  f lu o r e s c e n c e  show a  number o f  com plex t r a n s ie n t s  w h ich  h ave b een  de­

s ig n a te d  th e  f o l lo w in g  te r m in o lo g y ; o i  d p s m t  ( L a v o r e l ,  19 5 9 ;

E a u tsk y  e t  a l . ,  i 960 ) .  Some ch an ges ta k e  p la c e  o v e r  a  m i l l is e c o n d  to  

seco n d  t im e s c a le  ( P ig .  1 .3 )  w h ile  o th e r s  o c c u r  o v e r  th e  m inute ra n g e  

(s e e  P i g .  1 . 6 ) .  The f a s t  t r a n s ie n t s  (m s-s) a re  b e l ie v e d  to  r e f l e c t  

a l t e r a t i o n s  i n  d e - e x c i t a t io n  v i a  p h o to ch e m ic a l t r a p p in g  due to  ch an ges 

i n  th e  c o n c e n tr a t io n  o f  re d u ce d  Q, .̂ The s lo w  t r a n s ie n t s  ( s -m in u te s )  

a re  more c o m p lic a te d  phenomena and p ro b a b ly  r e f l e c t  ch an ges i n  p h o to ­

c h e m is tr y  and i n  th e  o t h e r  r a t e  c o n s ta n ts  (k^ and k^.) due to  a  number

when sam ples a r e  e x c i t e d .  When c e r t a i n

o f  d i f f e r e n t  f a c t o r s .
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F i g .  1 .3  F a s t  c h lo r o p h y ll  f lu o r e s c e n c e  t r a n s ie n t s  o b s e rv e d  a t  room

tem p e ra tu re  on i l lu m i n a t i n g  a  d a rk  p r e t r e a t e d  tom ato l e a f_2
w ith  b lu e - g r e e n  l i g h t  (lOWin" ) and sh ow ing th e  o , i , d  and p 

l e v e l s  o f  f lu o r e s c e n c e .
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The f lu o r e s c e n c e  m easurem ents p erfo rm ed  i n  t h i s  t h e s i s  d e a l w ith  

th e  macro t im e s c a le  and w i l l  he d is c u s s e d  un d er th e  m ain h e a d in g s  o f

a )  f a s t  f lu o r e s c e n c e  t r a n s ie n t s ,  h ) s lo w  f lu o r e s c e n c e  t r a n s ie n t s  and c )  

f a s t  f lu o r e s c e n c e  t r a n s ie n t s  i n  th e  p re s e n c e  o f  DCMCT.

1 .3  F a s t  F lu o r e s c e n c e  T r a n s ie n t s :

On i l lu m i n a t i o n  o f  d ark  a d a p te d  p h oto  s y n t h e t ic  m a t e r ia l  th e  f l u o r ­

e s c e n c e  y i e l d  in c r e a s e s  i n  a  c h a r a c t e r i s t i c  manner a s  d e p ic te d  i n  F ig .

1 . 3 . There i s  a  r a p id  r i s e  to  th e  o - l e v e l  ( o f t e n  c a l l e d  Fq ) ,  w h ich  f o r

d e t e c t io n  r e q u ir e s  th e  u se  o f  a f a s t - o p e n in g  s h u t t e r  and s u i t a b le  r e c o r d ­

i n g  equip m en t. T h is  i s  b e l ie v e d  to  r e p r e s e n t  th e  e m is s io n  from  c h lo r o ­

p h y l l  a  m o le c u le s  a s s o c ia t e d  w ith  PS2 p r i o r  to  e x c i t a t i o n  e n e rg y  in d u c in g  

p h o to ch e m ic a l e l e c t r o n  t r a n s p o r t  v i a  th e PS2 r e a c t i o n  c e n tr e  ( B u t le r  and 

K it a j im a , 19 7 5 )*  T h e r e fo r e  th e  quantum y i e l d  o f  Fq i s  in d ep en d en t o f  

p h o to ch e m ic a l e v e n t s .  I t  was o r i g i n a l l y  c a l l e d  th e  c o n s ta n t  y i e l d  coidt- 

p o n e n t, h ow ever, c e r t a i n  c o n d it io n s  h ave been  shown to  a l t e r  th e  Fq 

l e v e l s  f o r  exam p le , ch an ges in d u c e d  b y  h ig h  tem p e ra tu re  damage ( S c h r e ib e r  

e t  a l . ,  19 76 ) o r  a n a e r o b ic  c o n d it io n s  ( S c h r e ib e r  and V id a v e r , 19 74 ) b o th  

in c r e a s e  Fq w h ile  p r o t e in  p h o s p h o r y la t io n  d e c r e a s e s  th e  Fq (H orton  and 

B la c k , 19 8 3 )- From t h i s  i n i t i a l  f lu o r e s c e n c e  l e v e l  th e r e  i s  a  f a s t  

r i s e  to  th e  i - l e v e l  fo l lo w e d  b y  a  s lo w e r  r i s e  to  a  maximum ( p ) ,  w h ich  

i s  som etim es in t e r u p t e d  b y  a  s l i g h t  d ip  ( d ) .  The r i s e  from  Fq to  p

(term ed  v a r i a b le  f lu o r e s c e n c e ,  F^.) ta k e s  p la c e  o v e r  th e  m i l l is e c o n d  to  

seco n d  t im e s c a le  b u t  th e  tim e ta k e n  and th e  h e ig h t  o f  th e  p - l e v e l  a re  

h ig h ly  depen dent upon e x c i t a t i o n  e n e r g y  i n t e n s i t y ,  tem p e ra tu re  and th e  

p re s e n c e  o f  H i l l  o x id a n ts  (M alk in  and Kok, 19 6 6 ) o r  on th e  p re s e n c e  o f  

r e d u c ta n ts  l i k e  sodium  d i t h i o n i t e  (Y e lth u y s  and Am esz, 19 7 3 )*  E x a c t ly
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w h ich  p h oto  s y n t h e t ic  p r o c e s s e s  a r e  r e p r e s e n te d  b y  th e  o id p  t r a n s ie n t s  

i s  s t i l l  n o t  c l e a r ,  b u t  t e n t a t i v e  a ss ig n m e n ts  h ave b een  p u t fo rw a rd

P a p a g e o rg io u , 1 9 7 1 ) .  The k i n e t i c s  and e x t e n t  o f  t h i s  r i s e  depends on 

th e  r a t e  o f  e le c t r o n  f lo w  th ro u gh  th e  se co n d a ry  a c c e p to r  p o o l o f  p l a s -  

to q u in o n e  (P Q ), th e  r e - r e d u c t io n  o f  P680, and th e  d e g ree  o f  e n e r g y  t r a n s ­

f e r  from  c lo s e d  r e a c t i o n  c e n t r e s  to  open o n e s . The s i m p l i f i e d  s e r i e s  o f  

r e a c t i o n s  d e p ic t e d  i n  P i g .  1 .4> w h ich  o m its  th e  u n s ta b le  p rim a ry  e le c t r o n  

a c c e p to r  (p h e o p h y t in ) , shows w hat e v e n ts  a r e  o c c u r r in g .

I t  i s  known t h a t  Z+ i s  r a p i d ly  re d u ce d  and t h e r e fo r e  th e  rem o val 

o f  e le c t r o n s  from  v i a  PQ u s u a l l y  c o n t r o ls  th e e x t e n t  o f  open t r a p  

c o n c e n t r a t io n  (M a lk in  and Kok, 196 6; D uysens and S w e ers, 196 3 )* T h e r e fo r e  

th e  PQ to  p r i s e  o c c u r s  b e c a u se  th e  r a t e  o f  r e a c t i o n s  1 ,  2 and 3 e x ­

c e e d s  th e r a t e  o f  r e a c t i o n  4 so t h a t  e v e n t u a l ly  m ost o r  a l l  o f  Q  ̂ becom es 

re d u ce d . The f a s t  f lu o r e s c e n c e  t r a n s ie n t s  ca n , t h e r e f o r e ,  g iv e  i n f o r ­

m atio n  c o n c e r n in g  a  number o f ’ k e y  p h o to  s y n t h e t ic  r e a c t i o n s  and h a s  b een  

u se d  i n  a  number o f  d i f f e r e n t  w ays.

1 .4  Use o f  th e  P a s t  F lu o r e s c e n c e  T r a n s ie n t s :

1 . 4 . 1  D e te rm in a tio n  o f  P o o l S i z e s :

Com parison o f  th e  a r e a  o v e r  th e  f lu o r e s c e n c e  r i s e  i n  D C M U -inhib ited  

and n o n - in h ib it e d  c h lo r o p la s t s  a l lo w s  an e s t im a t io n  o f  th e  e le c t r o n  

a c c e p to r  p o o l s i z e  lo c a t e d  b e fo r e  and a f t e r  th e  DCMU b lo c k  to  be c a r r ie d  

o u t (M a lk in  and Kok, 1 9 6 6 ; Z a n k e l and Kok, 1 9 7 2 ) . The a r e a  above th e  

c u rv e  i s  p r o p o r t io n a l  to  th e  number o f  q u an ta  r e q u ir e d  to  g e n e r a te  th e  

p - l e v e l  (M a lk in  and Kok, 1 9 6 6 ) .  In  th e  p re s e n c e  o f  a  PS2 i n h i b i t o r ,  l i k e

(s e e  T ab le  1 . 1 ) ,  h ow ever, th e  o v e r a l l  r i s e  from  Pq to  p m a in ly  r e p r e s e n t s  

ch an ges b ro u g h t ab o u t
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T a b le  1 . 1

T e n ta t iv e  A ssign m en ts o f  th e  I n d u c t io n  P hase o f  C h lo r o p h y ll  

F lu o r e s c e n c e  to  the P h o to ch e m ica l and P h y s i o l o g ic a l  E v e n ts  t h a t  

in t e r v e n e  betw een  a  S ta t e  o f  Dark A d a p ta t io n  and a  S t a t e  o f  L ig h t  

A d a p ta t io n

F lu o r e s c e n c e  in d u c t io n  
phase

P h o to ch e m ica l o r  p h y s io lo g i c a l  
p r o c e s s 8.

A c t i v a t io n  r i s e ,  o i P hoto  c o n v e r s io n  o f  th e  w a te r ­

s p l i t t i n g  c a t a l y s t  to  th e  S ^ - s t a t e ;  

r e d u c t io n  o f
A

F lu o r e s c e n c e  d e c a y , i d R e o x id a t io n  o f  b y  P S 1e

F lu o r e s c e n c e  r i s e ,  dp P h o to r e d u c t io n  o f  th e  p o o l o f  i n t e r -  

system  e le c t r o n  c a r r i e r s  e

a  a ss ig n m e n ts  r e f e r  to  th e  p red om in an t in f lu e n c in g  p r o c e s s e s  

b J o l i o t ,  1965

c J o l i o t ,  1968

d Kok e t  a l . ,  1970

e Monday and G o v in d je e , 1969

f  E a u tsk y  e t  a l . ,  i 960

g  D uysens and S w eers, 19^3

Taken from Papageorgiou Cl975}
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^ 6 8 0  QA
h v

^ 6 8 0  QA ■ ^ 6 8 0  QA 0 )

open tr a p e x c i t e d c lo s e d  tr a p
lo w  f lu o r e s c e n c e c h lo r o p h y ll h ig fr f lu o r e s c e n c e

+

^ 6 8 0  \ • Z+P6 8 0 ^ A ( 2 )

Z P 680 ^A ' ^ 6 8 0  \ v i a  e le c t r o n  f lo w ( 3 )
from  HgO

^ 6 8 0  QA ^ 6 8 0  QA v i a  e le c t r o n  f lo w (4 )

open tr a p to  PQ

lo w  f lu o r e s c e n c e

where Z = im m ediate donor to  P^qq

P ^80 = s p e c i a l i s e d  PS2 r e a c t i o n  c e n tr e  c h la  (D o rin g  e t  a l .  1 9 6 7 )

Qa  = p rim a ry  s t a b le  PS2 e le c t r o n  a c c e p to r
w h ich  i s  a  s p e c i a l i s e d  quin one ( S t i e h l  and W it t ,  1 9 6 9 )

P i g .  1 . 4  A s i m p l i f i e d  s e r i e s  o f  PS2 e le c t r o n  t r a n s f e r  r e a c t i o n s .



35

DCMU, th e  a r e a  r e p r e s e n t s  th e  number o f  q u an ta  r e q u ir e d  to  re d u ce  

(assu m in g  no r e - o x i d a t i o n  o f  Q  ̂ b y  b a ck  r e a c t io n s  w ith  th e  o x i d i s i n g  

s id e  o f  PS2 h a s  o c c u r r e d )  w h ereas i n  th e  ab sen ce  o f  DCMU th e  a r e a  re p ­

r e s e n t s  th e  number o f  q u an ta  r e q u ir e d  to  re d u ce  Q  ̂ and- a l l  th e  i n t e r ­

sy ste m  e le c t r o n  t r a n s f e r  com ponents, i n  e s t im a t io n  o f  th e  number o f  

p o o l e q u iv a le n t s  i s  d eterm in ed  b y  th e  e q u a tio n

Number o f  e q u iv a le n t s  = A re a  o v e r  the cu rv e  (-DCMU) = \ ia x ~
(+DCMU)p e r  PS2 A rea  o v e r  the cu rv e A_max

U sin g  t h i s  te c h n iq u e  a  p o o l s i z e  o f  20 e q u iv a le n t s  h a s  b een  e s t im a te d  

f o r  i s o l a t e d  c h lo r o p la s t s  (P orb ush  and Kok, 19 6 8 ) .

A co m p arison  o f  th e  a r e a  o v e r  th e  cu rv e  i n  th e  p re s e n c e  and a b se n ce  

o f  HBMIB h a s  a l s o  been u se d  to  g iv e  an e s t im a t io n  o f  th e  PQ p o o l s i z e  

( S c h r e ib e r  e t  a l . ,  19 7 7 )*  DBMTB, a t  lo w  c o n c e n t r a t io n s ,  i n h i b i t s  

p h o to  s y n t h e t ic  e le c t r o n  t r a n s f e r  a t  th e  s i t e  o f  PQHg o x id a t io n  (Bohme 

e t  a l . ,  1 9 7 1 ) and t h e r e fo r e  th e  a r e a  i n  th e p re se n c e  o f  t h i s  i n h i b i t o r  

r e p r e s e n t s  th e  number o f  q u an ta  r e q u ir e d  to  re d u ce  Q and PQ.

1 . 4 . 2  Dark R e o x id a t io n  o f  Q^:

A f t e r  i l lu m in a t io n  th e f a s t  f lu o r e s c e n c e  t r a n s ie n t s  a r e  r e g e n e r a te d  

i n  th e  p re s e n c e  o f  0g g iv e n  a  20 m inute d a r k  p e r io d  (M a lk in  and Kok, 

1 9 6 6 ). R e ce n t s t u d ie s  have u t i l i s e d  t h i s  f a c t  and b y  u s in g  th e  f o l lo w ­

in g  e q u a tio n  h ave exam ined th e  e f f e c t  o f  v a r io u s  p r e tr e a tm e n ts  in c lu d in g  

th e a d d it io n  o f  c h o l e s t e r o l  h e m is u c c in a te  (Yamamoto e t  a l . ,  1 9 8 1 ) , 

p r o t e in  p h o s p h o r y la t io n  (K y le  and A r a tz e n , 1983)» t h y la k o id  a g e in g  and 

th e  e f f e c t  o f  MgClg ( S c o u f f l a i r e  and L an noye, 1984) on th e  k i n e t i c s  o f  

Qa  r e o x id a t io n .
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w here F_
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= f lu o r e s c e n c e  when Q  ̂ i s  f u l l y  re d u ce d

= i n i t i a l  f lu o r e s c e n c e  a f t e r  a  d a r k - tim e , t

= i n i t i a l  f lu o r e s c e n c e  when a l l  Q, i s  o x id is e d
A

The above e q u a t io n , h o w ever, i s  o n ly  v a l i d  when th e r e  i s  a  l i n e a r  

r e la t i o n s h i p  betw een  and Q  ̂ c o n c e n t r a t io n  b u t i n  many c a s e s  t h i s  i s  

n o t  o b eyed . T h e r e fo r e , i t  can  o n ly  be u s e d  i n  a  co m p a ra tiv e  manner a s  

lo n g  a s  th e  o r i g i n a l  JZL-Q r e la t i o n s h i p  i s  n o t  a l t e r e d  b y  th e  tre a tm e n t 

u n d er i n v e s t i g a t i o n .  F u rth e rm o re , when Q r e o x id a t io n  b y  th e  PQ p o o lA
i s  b e in g  exam ined a s  i n  Yamamoto e t  a l .  (1 9 8 1)  and S c o u f f l a i r e  e t  a l .  

( 19 8 4 ) c a re  m ust be ta k e n  to  i n h i b i t  an y  PS2 b a ck  r e a c t i o n s .  T h is  i s  

u s u a l l y  a cco m p lish e d  b y  th e  a d d it io n  o f  h y d ro x y la m in e , w h ich  i n h i b i t s  

su ch  r e a c t i o n s  (jBennoun, 1 9 7 0 ).

1 . 4 . 3  A M o n ito r o f  E n v iro n m en ta l E f f e c t s :

I t  h a s  a lr e a d y  b een  s t a t e d  t h a t  th e k i n e t i c s  and e x t e n t  o f  th e  

f a s t  f lu o r e s c e n c e  r i s e  r e f l e c t s  P680 r e g e n e r a t io n  b y  th e  w a t e r - s p l i t t i n g  

p r o c e s s e s  and Q  ̂ r e g e n e r a t io n  b y  th e  PQ p o o l ,  w h ich  depends on P S 1 -  

m e d ia te d  e le c t r o n  f lo w . I f  th e  p h o to  s y n t h e t ic  m a ch in ery  becom es a l t e r e d  

o r  damaged so  t h a t  p h oto  s y n t h e t ic  e le c t r o n  f lo w  i s  a f f e c t e d  th e n  i t  i s  

p o s s ib le  to  d e t e c t  t h i s  b y  a  change i n  th e  e x t e n t  and k i n e t i c s  o f  th e  

f lu o r e s c e n c e  r i s e .  These m easurem ents h ave become a  u s e f u l  t o o l  i n  

m o n ito r in g  damage ca u se d  b y  a d v e r s e  e n v iro n m e n ta l c o n d it io n s  a s  i t  i s  

q u ic k  and non e v a s i v e .  G e n e r a l ly ,  i f  th e  o x i d i s i n g  s id e  o f  PS2 i s  dam­

a g ed  i t  i s  r e f l e c t e d  i n  an  i n h i b i t e d  PQ to  p r i s e  ( s e e  Y a m a sh ita  and



37

B u t le r ,  1969)> w h ile  i f  th e  r e d u c in g  s id e  i s  a f f e c t e d  th e n  th e  r i s e  

■ becomes much f a s t e r .

1 . 4 . 3 . 1  E f f e c t  o f  L ig h t  I n t e n s i t y :

H ig h e r p la n t s  h ave th e  a b i l i t y  to  re sp o n d  to  th e  amount o f  l i g h t  

a v a i l a b l e  d u r in g  t h e i r  g ro w th . I n  g e n e r a l term s th e r e  i s  e i t h e r  a  

s t r o n g  o r  a  weak l i g h t  re s p o n s e  c h a r a c t e r is e d  b y  c h lo r o p la s t s  w ith  d i f ­

f e r e n t  u l t r a s t r u c t u r e s  and p h o to s y n t h e t ic  c a p a c i t i e s  ( L ic h t e n t h a le r  e t  

a l . ,  19 8 1; M eier and L ic h t e n t h a le r ,  1 9 8 1 ) . When com pared w ith  h ig h  l i g h t  

grown p la n t s ,  low  l i g h t  on es h a v e ; more g r a n a l  la m e l la e ,  lo w e r  c h la / b  

r a t i o s ,  h ig h e r  PS2/PS1 r a t i o s ,  l e s s  PQ, c y t  f ,  A T Pase, p la s t o c y a n in  and 

s o lu b le  p r o t e in s  i n c lu d in g  r i b u lo s e  1 ,5  b is p h o s p h a te  c a r b o x y la s e  

(B o a rdman  e t  a l . ,  19 74 ; Boardm an, 19 7 7 ; M e lis  and H a rv ey, 19 8 1; B jorkm an, 

19 8 1; Grumbach and L ic h t e n t h a le r ,  1 9 8 2 ). Such d i f f e r e n c e s  i n  c h lo r o -  

p l a s t  s t r u c t u r e  and e le c t r o n  t r a n s f e r  c a p a b i l i t i e s  t h e r e fo r e  le a d  to  

d i f f e r e n t  f a s t  f lu o r e s c e n c e  t r a n s ie n t  c h a r a c t e r i s t i c s  a s  d e p ic t e d  i n  

P i g .  1 . 5 a .  P la n t s  grown u n d er h ig h  l i ^ L t  show a  s lo w e r  r i s e ,  a f t e r  a  

g iv e n  d a rk  p r e tr e a tm e n t , w h ich  r e s u l t s  i n  a  lo w e r  p - l e v e l  when com pared 

w ith  p la n t s  grown u n d er lo w  l i g h t  ( S c h r e ib e r  e t  a l . ,  19 7 7 ; F o rk  and 

G o v in d je e , 19 8 0 ). These d i f f e r e n t  t r a n s ie n t s  h ave been  u s e d  to

g iv e  in fo r m a tio n  c o n c e r n in g  th e  number o f  c h lo r o p h y l ls  a s s o c ia t e d  w ith  

e a ch  PS2 r e a c t i o n  c e n tr e  (PSU ). A c o r r e l a t i o n  b etw een  th e  tim e ta k e n  

to  r e a c h  th e  p - l e v e l  w ith  PSU s i z e  h a s  b een  made u s in g  a  number o f  sun 

and shade p la n t  s p e c ie s .  The shade p la n t s  showed an a v e r a g e  PSU o f  

800 chl/Q,^ and an a v e ra g e  tim e o f  825 ms to  r e a c h  p , w h ile  th e  sun 

p la n t s  (PSU-390 chl/Q ^ ) p ro d u ced  on a v e r a g e  th e  p - l e v e l  2400 ms a f t e r  

i l lu m in a t io n  (P o rk  and G o v in d je e , 19 8 0 ).
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F i g .  1 . 5  The ch an ges in: f a s t  f lu o r e s c e n c e  t r a n s ie n t s  o b s e rv e d  a )  b y  com p aring shade 

and sun grown le a v e s  (F o rk  and G o v in d je e , 19 8 0 ), b ) b y  c h i l l i n g  tre a tm e n ts  

( S m i l l ie  and H e th e r in g to n , 1984) and c )  by  a  lo n g  wa v̂e u l t r a v i o l e t  i r r a d i ­

a t i o n  ( S m i l l i e ,  1 9 8 2 ).
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P h o t o in h ib i t io n  ca n  a ls o  "be d e t e c te d  from  f a s t  f lu o r e s c e n c e  

t r a n s ie n t s  a s  t h i s  dam aging p r o c e s s ,  due to  e x c e s s iv e  l i g h t  i n t e n s i t i e s ,  

le a d s  to  c h lo r o p la s t s  u n a b le  to  g e n e r a te  a  norm al com ponent, w h ich  

i s  n o t  accom pan ied  b y  a  change i n  Fq (M a lk in  and J o n e s , 1968; P o w le s , 

1 9 8 4 ). T h is  i n a b i l i t y  to  p ro d u ce F^ ca n n o t be r e s t o r e d  b y  th e  a d d it io n  

o f  PS2 e le c t r o n  d on ors and t h e r e fo r e  s u g g e s ts  t h a t  th e  PS2 r e a c t i o n  

c e n t r e  p r o t e in  h as been  damaged le a d in g  to  an  in c r e a s e  i n  e n e rg y  de­

e x c i t a t i o n  v i a  an  in c r e a s e  i n  k^ (s e e  r e v ie w  b y  P o w le s , 1 9 8 4 ).

1 . 4 . 3 . 2  W ater S t r e s s :

P la n t s  w h ich  have b een  s u b je c t e d  to  d i f f e r i n g  d e g r e e s  o f  w a te r  

s t r e s s  show an  i n a b i l i t y  to  g e n e r a te  P^ w h ich  i s  n o t  b ro u g h t a b o u t b y  an 

in c r e a s e  i n  Fq . G o v in d je e  e t  a l .  (1 9 8 1)  h ave shown t h a t  le a v e s  show a  

p r o g r e s s iv e  d e c r e a s e  i n  P^ w ith  i n c r e a s in g  d e g re e s  o f  w a te r  s t r e s s .  I t  

was co n clu d e d  t h a t  t h i s  form  o f  e n v iro n m e n ta l s t r e s s  a f f e c t e d  th e  don­

a t i o n  o f  e le c t r o n s  to  P680 v i a  th e  w a te r  s p l i t t i n g  p r o c e s s  and t h a t  th e  

p/PQ r a t i o  was a  good i n d i c a t o r  o f  l e a f  w a te r  p o t e n t i a l .

1 . 4 . 3 .3  C h il l in g - te m p e r a t u r e  S t r e s s :

Not a l l  p la n t s  can  t o l e r a t e  g ro w in g  a t  te m p e ra tu re s  a t  o r  b e lo w  

4 °C . Some p la n t s  ca n  a d a p t to  th e s e  te m p e ra tu re s  and one way a p p e a rs  to  

in v o lv e  th e  lo w e r in g  o f  th e  t h y la k o id  membrane p r o t e i n / l i p i d  r a t i o  

(Chapman e t  a l . ,  1983) w h ich  p r o b a b ly  h e lp s  m a in ta in  a n  o p tim a l membrane 

f l u i d i t y  ( M it c h e l l  e t  a l . ,  1984)* Such p la n t s  e x h i b i t  norm al f l u o r e s ­

cen ce  t r a n s ie n t s ,  h ow ever, th o se  p la n t  s p e c ie s  w h ich  ca n n o t m a in ta in  

gro w th  a t  4 °C , l i k e  H g O -stre s se d  p la n t s ,  a r e  in c a p a b le  o f  g e n e r a t in g  P^ 

(s e e  P ig .  1 .5 b  ) ,  a lth o u g h  th e  PQ l e v e l  rem ain s unchanged ( S m i l l i e ,  1 9 7 9 ) .
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A m ethod h a s  "been d e v is e d  to  m easure th e  d e g re e  o f  c h i l l i n g - s t r e s s  

t o le r a n c e  b y  c a l c u l a t i n g  th e  s lo p e  o f  th e  f a s t  f lu o r e s c e n c e  r i s e  to  th e  

p - l e v e l  (term ed  P ^ ). T h is  p ara m eter h a s  been  shown to  d e c r e a s e  on th e  

p la n t  becom ing in ju r e d  b y  c h i l l i n g  te m p e ra tu re s  and th e  r a t e  a t  w h ich  

ch a n g es h a s  been  r e l a t e d  to  th e  p l a n t 1 s  c h i l l i n g  t o le r a n c e  

(H e th e r in g to n  and S m i l l i e ,  1984; Smi H i e  and H e th e r in g to n , 1 9 8 4 ).

1 . 4 .3 * 4  O ther E n v iro n m en ta l F a c t o r s :

P la n t s  w h ich  h ave b een  s u b je c t e d  to  u l t r a - v i o l e t  r a d ia t io n  p ro d u ce

f a s t  t r a n s ie n t s  w ith  an i n h ib i t e d  F component (K atoh  and Zim im ura,

19 74 )*  S h o rt TJ.Y tre a tm e n ts  do n o t  a f f e c t  th e  Pq b u t  p ro lo n g e d  u .v

tr e a tm e n ts  le a d  to  a  la r g e  d e c r e a s e  i n  Pq ( S m i l l i e ,  1 9 8 2 ). T hese ch an ges

a r e  d e p ic te d  i n  P i g .  1 . 5 c .  Damage ca u se d  b y  h ig h  ozone l e v e l s  a ls o  le a d s

to  a  d e c r e a s e  i n  P^ ( S c h r e ib e r  e t  a l . ,  1 9 7 8 ) . The f lu o r e s c e n c e  te c h n iq u e

a llo w s  damage to  be p r e d ic t e d  a t  l e a s t  20 h ou rs b e fo r e  th e  a p p earan ce

o f  an y  v i s i b l e  s ig n s  o f  l e a f  n e c r o s is .  A lth o u gh  ozone e v e n t u a l ly  le a d s

to  c h lo r o p h y ll  d e g r a d a t io n , t h i s  i s  n o t  b e l ie v e d  to  be th e  p rim a ry

damaging e v e n t  a s  th e r e  i s  no change i n  PQ. T h e r e fo r e , ozone damage i s

a ls o  b e l ie v e d  to  a f f e c t  th e  w a t e r - s p l i t t i n g  p r o c e s s e s  ( S c h r e ib e r  e t  a l . ,

1 9 7 8 ). A number o f  o th e r  e n v iro n m e n ta l s t r e s s e s  l i k e  m in e ra l d e f i c i e n c y ,

HgO lo g g in g  and h ig h  s a l i n i t y  (S a to h  e t  a l . ,  1985) ca n  a ls o  be d e t e c te d

b y  a l t e r a t i o n s  i n  th e  f a s t  f lu o r e s c e n c e  t r a n s ie n t s  m a in ly  th ro u gh  an

i n h ib i t e d  P .v

1 . 4 . 4  H e r b ic id e  R e s is t a n c e :

R e s is ta n c e  to  t r i a z i n e  h e r b ic id e s  i s  th o u g h t to  be due to  a  s i n g le  

amino a c id  change i n  th e  52 k d a , h e r b ic id e  b in d in g  p r o t e in  a s s o c ia t e d
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w ith  PS2 w h ich  i n  a  r e s i s t a n t  Am aranthus s p . c o n v e r ts  a  s e r in e  to  a  

g ly c in e  r e s id u e  (H ir s c h b e r g  and M cIn to sh , 1983)* These h e r b ic id e -  

r e s i s t a n t  p la n t  s p e c ie s  show a l t e r e d  f a s t  f lu o r e s c e n c e  t r a n s ie n t s  when 

com pared w ith  t h e i r  s u s c e p t ib le  c o u n t e r p a r ts .  T h is  d i f f e r e n c e  i s  

m a in ly  se e n  i n  an  in c r e a s e d  Fq to  i  r i s e ,  i n  th e  r e s i s t a n t  p la n t s ,  

f o l lo w e d  b y  a  s l i g h t l y  s lo w e r  f lu o r e s c e n c e  r i s e  from  i  to  p (s e e  P f i s t e r  

and A m tz e n , 19 7 9 ) • T hese o b s e rv e d  ch an ges can  be e x p la in e d  b y  th e  

e q u i l ib r iu m  o f  th e  r e a c t i o n  moved to  th e  l e f t  i n

th e  r e s i s t a n t  p l a n t 's  c h lo r o p la s t s  (Yerm aas and A m tz e n , 1983) o r  b y  an  

a l t e r e d  a b i l i t y  f o r  PQ, to  b in d  to  th e  Q ^ -p r o te in . A lth o u g h  th e  ch an ges 

in v o lv e d  a r e  s t i l l  n o t  f u l l y  r e s o lv e d  th e  a l t e r e d  t r a n s ie n t s  do g iv e  

an i n d i c a t i o n  t h a t  c h lo r o p h y ll  f lu o r e s c e n c e  ca n  d e t e c t  s u b t le  ch an ges 

i n  p h o to  s y n t h e t ic  e le c t r o n  f lo w  away from  P S2. F lu o r e s c e n c e  ca n  a ls o  

be u s e d  a s  a  good s c r e e n in g  te c h n iq u e  f o r  p l a n t 's  p o s s e s s in g  h e r b ic id e  

r e s i s t a n c e .  Those p la n t s  w h ich  a r e  s u s c e p t ib le  w i l l  n o t  e x h i b i t  the 

c h a r a c t e r i s t i c  f lu o r e s c e n c e  t r a n s ie n t s  o f  n o n - in h ib it e d  p la n t s  a f t e r  

h e r b ic id e  tre a tm e n t b u t  in s t e a d  th e  c h lo r o p h y ll  f lu o r e s c e n c e  w i l l  r i s e  

r a p i d l y  to  i t s  maximum l e v e l .  No su ch  a f f e c t  w ould  o c c u r  w ith  r e s i s t a n t  

p l a n t s .

1 .5  The Slow  F lu o r e s c e n c e  T r a n s ie n t s :

A f t e r  a  p e r io d  o f  d ark  a d a p t a t io n , p h o to s y n th e t ic  m a t e r ia l  when 

i l lu m in a t e d  un dergo ch an ges i n  c h lo r o p h y ll  f lu o r e s c e n c e  w h ich  ta k e  

p la c e  o v e r  th e  m inute t im e s c a le .  These c h a n g e s , w hich  a r e  shown i n  

F ig .  1 . 6 ,  a re  o f t e n  d e s ig n a te d  p ,s ,m  and t  w h ich  r e p r e s e n t  th e  p eak  

l e v e l  (w hich  can  r e f l e c t  th e  maximum f lu o r e s c e n c e  l e v e l  when a l l  Q,̂  i s  

re d u ce d  i f  th e  a c t i n i c  l i g h t  i n t e n s i t y  i s  s t r o n g  en o u g h ), a  q u a s i­

s te a d y  s t a t e ,  a  se co n d a ry  p ea k  and the te r m in a l f lu o r e s c e n c e  l e v e l
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P i g .  1 .6  Slow  c h lo r o p h y ll  f lu o r e s c e n c e  t r a n s ie n t s  o b s e rv e d  a t  room

tem p era tu re  on i l lu m i n a t i n g  a  d a rk  a d a p te d  p ea  l e a f  w ith
__2

b lu e - g r e e n  l i g h t  (2Vfin~ ) and sh ow ing th e  p ,s ,m  and t  

l e v e l s  o f  f lu o r e s c e n c e .



43

r e s p e c t i v e l y .  T h is  i s  a  s i m p l i f i e d  v ie w  o f  e v e n ts  a s  th e s e  t r a n s ie n t s  

ca n  he a l t e r e d  d ep en d in g  on th e  c o n d it io n s  so t h a t  som etim es no secon d ­

a r y  r i s e  ( s - m - t)  i s  o b s e rv e d  o r  an y number o f  su b sid ia ry  f lu o r e s c e n c e  

o s c i l l a t i o n s  can  o c c u r  ( s e e  W a lk er, 19 8 1; W alker e t  a l . ,  1983)* These 

ch a n g es a p p ear to  be c o n t r o l le d  b y  many phenomena w h ich  a r i s e  i n  th e  

p h o to s y n t h e t ic  a p p a r a tu s , some o f  w h ich  r e f l e c t  r e g u la t o r y  p h o to syn ­

t h e t i c  r e s t r a i n t s  im posed b y  th e  i n t e r a c t i o n  betw een  th e  s o - c a l l e d  

" l i g h t  r e a c t io n s "  ( e le c t r o n  t r a n s p o r t  from  HgO to  NAHP+) and th e  "d a rk  

r e a c t i o n s "  (c a rb o n  a s s i m i la t i o n )  w h ich  i s  in p a r t  due to  ATP and NAHPH 

b e in g  common to  b o th .

I t  was B a n n is te r  and R ic e  ( 19 6 8 ) who im p lic a te d  t h a t  p h oto  s y n t h e t ic  

e le c t r o n  f lo w , e s p e c i a l l y  c y c l i c  e le c t r o n  t r a n s f e r ,  p la y e d  a  r o l e  i n  th e  

m a n ife s ta t io n  o f  th e  s lo w  f lu o r e s c e n c e  t r a n s i e n t s .  U sin g  a  s e r i e s  o f  

Chiamydomonas m u ta n ts, th e y  showed t h a t  n o n - c y c l ic  e le c t r o n  f lo w  was n o t  

n e c e s s a r i l y  r e q u ir e d  f o r  th e  g e n e r a t io n  o f  th e  se co n d a ry  r i s e ,  w h ile  i t  

was i n h ib i t e d  i n  th o se  m u tants w h ich  la c k e d  c y c l i c  e le c t r o n  f lo w .

W alker and c o l le a g u e s  h ave shown t h a t  th e  se co n d a ry  r i s e  ca n  be r e l a t e d  

to  th e  o n s e t  o f  CO  ̂ f i x a t i o n ,  f o r  in s t a n c e ,  W alker (1 9 8 1)  foun d  t h a t  th e  

s -m -t  o s c i l l a t i o n  was in h ib i t e d  b y  th e  a d d i t io n  o f  D - L - g ly c e r a ld e h y d e , 

a  s p e c i f i c  i n h i b i t o r  o f  COg a s s i m i la t i o n  (S to k e s  and W a lk e r, 1 9 7 2 ) . 

P erh a p s i t  i s  c y c l i c  e le c t r o n  f lo w  w h ich  h e lp s  to  b a la n c e  th e  ATP and 

NAEPH l e v e l s  so b o th  th e  "d a rk "  and " l i g h t "  r e a c t io n s  ca n  w ork e f f i c i ­

e n t l y .  I t  h a s  been  p o s t u la t e d  t h a t  th e  f lu o r e s c e n c e  o s c i l l a t i o n s  a r i s e  

b e c a u se  o f  th e  im b a lan ce  betw een  th e  two ATP-consum ing k in a s e s ,  p h o s- 

p h o r ib u lo k in a s e  and p h o s p h o g ly c e r a te  k in a s e ,  p r e s e n t  i n  th e  r e d u c t iv e  

p e n to s e  p h osph ate  pathw ay (Q u ick  and H orton , 1984a ) .  I t  i s  s u g g e s te d  

t h a t  th e  f lu o r e s c e n c e  ch an ges m a n ife s t  th e m se lv e s  th ro u gh  a l t e r a t i o n s

i n  Q re d o x  s t a t e  and pH g r a d ie n t ,  w h ich  depend on b o th  e le c t r o n
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t r a n s p o r t  r a t e  and COg a s s i m i la t i o n .  These id e a s  a r e  c o n s is t e n t  w ith  

th e  a n t i p a r a l l e l  r e la t i o n s h i p  betw een  f lu o r e s c e n c e  and CO g-dependent 

Og e v o lu t io n  (W alker e t  a l ,  1983) and PQ re d o x  s t a t e  (B ra d b u ry  and 

B a k e r , 1 9 8 1 ) .

U sin g  p ea  c h lo r o p l a s t s ,  i t  h a s  been  shown t h a t  ch an ges i n  re d o x  

s t a t e  and e n e r g y  s t a t e  a re  depen d en t on l i g h t  i n t e n s i t y ,  e le c t r o n  t r a n ­

s p o r t  r a t e ,  and th e  i n i t i a l  l e v e l s  o f  NAEPH, AEP and P-̂  (H orton , 1 9 8 3 a ) . 

T hese o b s e r v a t io n s  l e d  H orton to  s u g g e s t  t h a t  th e s e  f a c t o r s  i n t e r a c t  to  

p ro d u ce a  ra n g e  o f  s lo w  f lu o r e s c e n c e  c h a n g e s . T h is  w ork h as been  e x ­

ten d ed  u s in g  b ro k en  c h lo r o p la s t s  r e c o n s t i t u t e d  f o r  COg f i x a t i o n  (s e e  

L i l l e y  and W a lk er, 19 7 9 ) w h ich  b y  c a r e f u l  m a n ip u la tio n  ca n  p ro d u ce sim ­

i l a r  f lu o r e s c e n c e  t r a n s ie n t s  to  th o s e  o b se rv e d  i n  le a v e s  (H o rton , 19 8 3 c) 

I t  was se e n  t h a t  ch an g es i n  Og e v o lu t io n ,  A  pH, r e d o x  s t a t e  and f l u o r ­

e sce n c e  w ere evo ked  b y  a )  th e  a v a i l a b i l i t y  o f  e le c t r o n  a c c e p to r  a s  de­

term in ed  b y  th e a d d it io n  o f  NAEP and p h o s p h o g ly c e r a te  and b) th e  r a t i o  

o f  ATP to  AHP a s  c o n t r o l le d  b y  th e  a d d it io n  o f  r ib o s e -5 -p h o s p h a te  

(H o rton , 1 9 8 3 c ) . These o b s e r v a t io n s  h e lp  co n firm  th e  id e a s  o f  W alker 

( 1 9 8 1 ) ,  who s u g g e s te d  t h a t  i n  v iv o  th e  se co n d a ry  r i s e  and s lo w  f l u o r e s ­

ce n ce  d e c l in e  c o u ld  be p a r t i a l l y  e x p la in e d  b y  a l t e r a t i o n s  i n  a d e n y la te  

s t a t u s ,  P^ l e v e l s  and p h o s p h o g ly c e r a te  r e d u c t io n .

Many m echanism s a r e  th o u g h t to  be in v o lv e d  i n  b r in g in g  a b o u t th e

s lo w  f lu o r e s c e n c e  ch an ges and th e y  ca n  be d iv id e d  up i n t o  two b ro ad

c a t e g o r i e s ;  1 )  p h o to ch e m ica l q u en ch in g  (q^) and 2) n o n -p h oto  c h e m ic a l

q u en ch in g  (a ) .  The p h o to ch e m ic a l q u en ch in g  o c c u r s  b y  th e  o x id a t io n  *np
o f  PS2 e le c t r o n  a c c e p to r s  w h ich  le a d  to  an  in c r e a s e  i n  th e  r a t e  o f  e x ­

c i t a t i o n  e n e rg y  d i s s i p a t i o n  v i a  p h o to c h e m is tr y . N on -p h otoch em ica l 

q u en ch in g  a r i s e s  b e ca u se  o f  in c r e a s e s  i n  the r a t e  o f  c h lo r o p h y ll  de­
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e x c i t a t i o n  b y  r a d i a t i o n l e s s  d e ca y  p r o c e s s e s  o r  e n e r g y  t r a n s f e r  to  non­

f lu o r e s c i n g  c h lo r o p h y l l  p ig m e n t-b e d s . T h is  l a t t e r  q u en ch in g  can  be 

b ro u g h t a b o u t b y  a  number o f  p r o c e s s e s  in c lu d in g  th e  g e n e r a t io n  o f  a  

p ro to n  g r a d ie n t  a c r o s s  th e  t h y la k o id  membrane (B a rb e r  and T e l f e r ,  19 7 4 ; 

K ra u s e , 1974* 1 9 7 8 ) , th e  p re s e n c e  o f  re d u ce d  p h e o p h y tin  (K lim ov and 

K r a s n o v s k i, 19 8 1) o r  membrane c o n fo r m a tio n a l ch an ges b y  e i t h e r  a l t e r ­

a t io n s  i n  c a t io n  l e v e l s  (B a r b e r , 1 9 7 8 ) , p r o t e in  p h o s p h o r y la t io n  

(B e n n e tt  e t  a l . ,  1980) o r  l i g h t  q u a l i t y  ( T e l f e r  and B a r b e r , 1 9 8 1 ) .

1 . 5 . 1  H igh E n erg y  S ta t e  (HES) Q uenching o f  F lu o r e s c e n c e  (q _̂) :

S e v e r a l  w o rk e rs  h ave d em o n strated  t h a t  th e  s lo w  f lu o r e s c e n c e  de­

c l i n e  i s  s e n s i t i v e  to  u n c o u p le r s  (s e e  r e v ie w s  b y  G o v in d je e  and 

P a p a g e o rg io u , 1 9 7 1 ; P a p a g e o rg io u , 19 7 5 ; B a r b e r , 1 9 7 8 ) . S tu d ie s  i n t o  

t h i s  r e l a t i o n s h i p ,  u s in g  i s o l a t e d  c h lo r o p l a s t s ,  w ere i n i t i a t e d  b y  

M urata and S ugah ara ( 1 9 8 9 ) who fou n d  a  P M S -stim u la te d  q u en ch in g  o f  

f lu o r e s c e n c e  i n  th e  p re s e n c e  o f  DCMtf. T h is  was r e v e r s e d  i n  th e  d a rk  

o r  b y  th e a d d i t io n  o f  u n c o u p le r s  l i k e  CCCP o r  m eth y lam in e. I t  was 

co n clu d e d  t h a t  th e q u en ch in g  was due to  a  h ig h  e n e r g y  s t a t e  c r e a t e d  b y  

c y c l i c  e le c t r o n  f lo w  around P S 1 . W raigh t and C r o f t s  ( 1 9 7 0 ) , a ls o  ob­

s e r v e d  s i m i la r  f lu o r e s c e n c e  q u en ch in g  u s in g  th e  c y c l i c  e le c t r o n  f lo w  

c o - f a c t o r ,  DAB. They a t t r i b u t e d  th e  d e c r e a s e  i n  f lu o r e s c e n c e  to  th e  

n e t  u p ta k e  o f  p ro to n s  i n t o  th e  in t r a t h y la k o i d  sp ace  w h ich  p ro d u ced  a

pH g r a d ie n t  a c r o s s  th e membrane. K rause (19 7 4 ) p ro p o se d  t h a t  th e  f l u o r -

2+
e s c e n c e  q u en ch in g  was ca u se d  b y  th e  movement o f  Mg io n s  from  th e

i n t r a  t h y la k o id  sp ace  in t o  the strom a i n  re sp o n se  to  a  l ig h t - in d u c e d

ApH. The f o l lo w i n g  scheme sum m aries th e  c o n c e p t:

2+
l i g h t — * A pH„— * AMg — > A  c o n fo r m a tio n — > A / LJj

E x te n s io n s  o f  t h i s  id e a  w ere p r e s e n te d  i n  th e  p a p e rs  o f  B a rb e r  e t  

a l .  ( 19 74a ,b )  and T e l f e r  e t  a l .  (1974)>  who w ere th e  f i r s t  to  d em o n strate
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th e  e x c lu s iv e  a c t io n  o f  Mg i n  th e  HES phenomenon b y  th e  u se  o f  c a t io n -  

s p e c i f i c  io n o p h o re s  to  r e v e r s e  th e  q u en ch in g . W hile th e  in v o lv e m e n t o f  

a  c o n fo r m a tio n a l change was shown b y  th e  a b o l i t i o n  o f  th e  HES q u en ch in g  

b y  g lu ta r a ld e h y d e  f i x a t i o n ,  a lth o u g h  th e  p ro to n  pump was s t i l l  o p e r a t iv e  

(M ohanty e t  a l . ,  19 73 )*

I t  i s  b e l ie v e d  t h a t  th e  HES q u en ch in g  r e f l e c t s  an  in c r e a s e  i n  

th erm al d e a c t iv a t i o n  (k^ ) and n o t  a  change i n  e x c i t a t i o n  e n e rg y  r e d i s ­

t r i b u t i o n  b etw een  the two p hoto system s (k^.). B y e x a m in in g  s ta n d a r d is e d ,

77K f lu o r e s c e n c e  e m is s io n  s p e c t r a ,  K rause e t  a l .  (19 8 3 ) h ave shown t h a t  

b o th  P S 1 -  and P S 2 - a s s o c ia te d  f lu o r e s c e n c e  p ea k s a r e  quenched a s  a  r e ­

s u l t  o f  th e  HES. These o b s e r v a t io n s  w ould n o t  be e x p e c te d  i f  th e  

mechanism f o r  th e  f lu o r e s c e n c e  d e c r e a s e  in v o lv e d  a  change i n  k^..

The r e l a t i v e  e x t e n t  o f  th e  A  pH component in v o lv e d  i n  th e  s lo w  

f lu o r e s c e n c e  d e c l in e  can  e a s i l y  be e s t im a te d . The e a r l y  w ork o f  B a rb e r  

and T e l f e r  (1 9 7 4 ) and M i l l s  and B a rb e r  (19 7 5 )  showed t h a t  th e  a d d it io n  

o f  DCMC to  c h lo r o p l a s t s ,  w h ich  had undergone HES q u en ch in g , l e d  to  a  

b ip h a s ic  r e t u r n  to  a  h ig h  f lu o r e s c e n t  s t a t e .  They d is c u s s e d  t h i s  phen­

omena i n  term s o f  th e  f a s t  component r e f l e c t i n g  th e  r e d u c t io n  o f  o x i ­

d is e d  Q and th e  s lo w  p hase b e in g  th e  con sequ en ce o f  a  s lo w  c o l la p s i n g  

o f  th e  p ro to n  g r a d ie n t  i n d i c a t i v e  o f  the e x t e n t  o f  the HES q u en ch in g  

component in v o lv e d  i n  th e  t o t a l  f lu o r e s c e n c e  d e c l in e .

K rau se e t  a l .  (198 2) h ave shown t h a t  HES q u en ch in g  can  be a  p re ­

dom inant f a c t o r  i n  c o n t r ib u t in g  to  th e  s lo w  f lu o r e s c e n c e  d e c l in e  e x h ib ­

i t e d  b y  i n t a c t  c h lo r o p la s t s  and g r e e n  a lg a e .  As i n  th e  e a r l i e r  s t u d ie s  

th e y  added DCMU to  th e  p hoto s y n t h e t ic  m a t e r ia l  d u r in g  th e  s lo w  f l u o r e s ­

cen ce  ch an g es and m easured th e  f a s t  ( t i - 1 s )  and s lo w  ( t ^ - 5 - 1 5 3 ) com ponents.

2+
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I t  i s  " b e l i e v e d  t h a t  s u c h  a  l i g h t - m e d i a t e d  p r o t o n  g r a d i e n t  b e c o m e s  a n  

i m p o r t a n t  f a c t o r  i n  i n  v i v o  f l u o r e s c e n c e  q u e n c h i n g  w h e n  t h e  u t i l i s a t i o n  

o f  t h e  A  p H  b y  p h o t o p h o s p h o r y l a t i o n  i s  l i m i t e d ,  f o r  e x a m p l e , d u r i n g  t h e  

l a g  p h a s e  o f  C O g  a s s i m i l a t i o n  b e c a u s e  o f  a n  i n c r e a s e  i n  c y c l i c  e l e c t r o n  

f l o w  o r  i n  t h e  a b s e n c e  o f  C O ^  ( W a l k e r ,  1 9 8 1 ) *  H o w e v e r , w h e n  t h e  e x c i t ­

a t i o n  e n e r g y  i s  l o w ,  c h a n g e s  i n  q g q u e n c h i n g  h a v e  b e e n  s h o w n  n o t  t o  b e  

s u c h  a n  i m p o r t a n t  f a c t o r  ( Q u i c k  a n d  H o r t o n ,  1 9 8 4 b ) .

1 . 5 . 2  Q. r e o x i d a t i o n  d u r i n g  t h e  S l o w  F l u o r e s c e n c e  D e c l i n e :

R e c e n t  w o r k  b y  B r a d b u r y  a n d  B a k e r  ( 1 9 8 4 )  h a s  i n v e s t i g a t e d  t h e  e x ­

t e n t  o f  q ^  q u e n c h i n g  a s s o c i a t e d  w i t h  f l u o r e s c e n c e  c h a n g e s  o b s e r v e d  b y  

e x c i t i n g  h i g h e r  p l a n t  l e a v e s  w i t h  h i g h  o r  l o w  l i g h t  i n t e n s i t i e s .  F r o m  

a n a l y s i n g  f l u o r e s c e n c e  c h a n g e s  i n d u c e d  b y  a n  a d d i t i o n a l  s a t u r a t i n g  

l i g h t  f l a s h  ( s e e  B r a d b u r y  a n d  B a k e r ,  1 9 8 1 )  i t  w a s  s h o w n  t h a t  A q ^  w a s  o f  

o n l y  m i n o r  i m p o r t a n c e  a t  h i g h  a c t i n i c  l i g h t  i n t e n s i t i e s  a n d  d u r i n g  t h e  

m t o  t  d e c l i n e  a t  l o w  l i g h t  b u t  m ade a  l a r g e r  c o n t r i b u t i o n  t o  t h e  p - s - m  

t r a n s i e n t s  a t  l o w  l i g h t .  T h e s e  c o n t e n t i o n s ,  h o w e v e r , h a v e  n o t  b e e n  c o n ­

f i r m e d  w h e n  b a r l e y  p r o t o p l a s t s  w e r e  u s e d  t o  e x a m in e  t h e  e x t e n t  o f  q ^  q u e n c h in g  

d u r i n g  t h e  s l o w  d e c l i n e  ( Q u i c k  a n d  H o r t o n ,  1 9 8 4 b ) .  T h e y  u s e d  tw o  t e c h ­

n i q u e s  t o  m e a s u r e  c h a n g e s  i n  q ^  w h i c h  i n v o l v e d  t h e  a d d i t i o n  o f  D C M tJ, 

i n  a  s i m i l a r  m a n n e r  t o  K r a u s e  e t  a l .  ( 1 9 8 2 ) ,  a n d  a  m o d u l a t e d  l i g h t  

d o u b l i n g  t e c h n i q u e , w h i c h  i s  s i m i l a r  i n  p r i n c i p l e  t o  t h a t  u s e d  b y  

B r a d b u r y  a n d  B a k e r  ( 1 9 8 4 ) .  B o t h  t e c h n i q u e s  s h o w e d  t h a t  s i g n i f i c a n t  q ^  

q u e n c h i n g  t o o k  p l a c e  b e t w e e n  t h e  p  a n d  t  f l u o r e s c e n c e  l e v e l s  s o  t h a t  a t  

p  a l l  Qa  w a s  r e d u c e d  w h i l e  a t  t  a  p r o p o r t i o n  o f  Q ^  h a d  b e c o m e  r e o x i d i s e d .

T h i s  w a s  s e e n  a t  b o t h  h i g h  a n d  l o w  l i g h t  i n t e n s i t i e s  a n d  o s c i l l a t e d  i n  

p a r a l l e l  w i t h  t h e  r a t e  o f  0  ̂ e v o l u t i o n .  I t  w a s  a l s o  s e e n  t h a t  t h e

a d d i t i o n  o f  D C M J a t  t h e  t - f l u o r e s c e n c e  l e v e l  d i d  n o t  l e a d  t o  a  c o m p l e t e
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r e t u r n  t o  t h e  p - l e v e l  o f  f l u o r e s c e n c e .  T h i s  n o n - r e v e r s i h l e  q u e n c h i n g

w a s  t e r m e d  q_ a n d  i t  h a s  b e e n  s u g g e s t e d  t h a t  i t  m i g h t  i n v o l v e  p r o t e i n ­ic

p h o s p h o r y l a t i o n - i n d u c e d  c o n f o r m a t i o n a l  c h a n g e s , a s  h a s  b e e n  s h o w n  

t o  b e  i n c o r p o r a t e d  i n t o  L H C  d u r i n g  t h e  t i m e  c o u r s e  o f  t h e  f l u o r e s c e n c e  

d e c l i n e ,  o r  p e r h a p s  p h o t o i n h i b i t i o n  ( s e e  Q u i c k  a n d  H o r t o n ,  1 9 8 4 b ) .

1 . 6  C o n f o r m a t i o n a l  C h a n g e s :

I t  i s  b e l i e v e d  t h a t  p a r t  o f  t h e  s l o w  f l u o r e s c e n c e  d e c l i n e  r e p r e ­

s e n t s  a  r e d i s t r i b u t i o n  o f  e x c i t a t i o n  e n e r g y  t o  p i g m e n t - b e d s  w h i c h  h a v e  

a  l o w e r  f l u o r e s c e n c e  y i e l d  a t  r o o m  t e m p e r a t u r e .  S u c h  c h a n g e s  a r e  t h o u g h t  

t o  r e s u l t  f r o m  a n  a l t e r a t i o n  i n  p i g m e n t - p r o t e i n  o r g a n i s a t i o n  w i t h i n  t h e  

t h y l a k o i d  m e m b ra n e s  ( s e e  r e v i e w s  b y  B a r b e r ,  1 9 8 2 a ;  1 9 8 3 )  -

1 . 6 . 1  S t a t e  1 -  S t a t e  2 T r a n s i t i o n s :

B o n a v e n t u r a  a n d  fla ye rs ( 1 9 ^ 9 )  a n d  M u r a t a  ( 1 9 6 9 a )  w e r e  t h e  f i r s t  t o  

p r o d u c e  a  m o d e l t o  a c c o u n t  f o r  t h e  s l o w  d e c l i n e  i n  c h l o r o p h y l l  f l u o r e s ­

c e n c e , u n d e r  c e r t a i n  i l l u m i n a t i o n  c o n d i t i o n s .  I n d e p e n d e n t l y ,  t h e y  s u g ­

g e s t e d  t h a t  t h e  d e c r e a s e  i n  f l u o r e s c e n c e  r e f l e c t e d  a  r e d i s t r i b u t i o n  o f  

t r a p p e d  q u a n t a  i n  f a v o u r  o f  P S 1  a t  t h e  e x p e n s e  o f  P S 2 .  T h i s  w a s  a l s o  

h i n t e d  a t  b y  t h e  w o r k  o f  B u y s e n s  a n d  T a l e n s  ( 1 9 & 9 )  w h o  n o t i c e d  t h a t  a  

s l o w  f l u o r e s c e n c e  d e c l i n e  w a s  e x h i b i t e d  b y  a l g a e  d u r i n g  i l l u m i n a t i o n  

w h i c h  t h e y  a t t r i b u t e d  t o  t h e  g e n e r a t i o n  o f  Q * ,  a  q u e n c h e r  o f  f l u o r e s ­

c e n c e  w h i c h  w a s  a s s o c i a t e d  w i t h  r e o x i d a t i o n  b y  P S 1 .  B o n a v e n t u r a  a n d  

M y e r s  ( 1 9 ^ 9 )  u s e d  f l u o r e s c e n c e  s p e c t r o s c o p y  a n d  o x y g e n  p o l a r o g r a p h y  t o  

e x a m in e  t h e  s l o w  c h a n g e s  e x h i b i t e d  u n d e r  l i m i t i n g  l i g h t  i n t e n s i t i e s  b y  

C h l o r e l l a  p y r e n o i d o s a .  T h i s  i n v o l v e d  m o d u l a t e d  l i g h t  w h i c h  p r e f e r e n t ­

i a l l y  e x c i t e d  P S 2  ( l i g h t  2 )  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  s u p e r i m p o s i n g
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n o n - m o d u l a t e d  l i g h t  w h i c h  p r e f e r e n t i a l l y  e x c i t e d  P S 1  ( l i g h t  1 )  o n  t h e  

quanta! e f f i c i e n c y  o f  m o d u l a t e d  f l u o r e s c e n c e  a n d  o x y g e n  p r o d u c t i o n .

T h e  a d d i t i o n  o f  l i g h t  1 l e d  t o  a  d e c r e a s e  i n  f l u o r e s c e n c e  a n d  a n  i n ­

c r e a s e d  r a t e  o f  0 ^ e v o l u t i o n .  S u c h  a n  i n c r e a s e  i n  q u a n t a !  e f f i c i e n c y  

f o r  02 e m i s s i o n  b y  l i g h t  1 i s  a n  e x p r e s s i o n  o f  t h e  E m e r s o n  e n h a n c e m e n t  

e f f e c t  ( E m e r s o n  e t  a l . ,  1 9 5 7 ) -  I t  w a s  f o u n d  t h a t  e n h a n c e m e n t  d e c r e a s e d  

a s  f l u o r e s c e n c e  d e c r e a s e d  a n d  i f  l i g h t  1 w a s  l e f t  o n  f o r  s e v e r a l  m in ­

u t e s ,  i t s  r e m o v a l  t h e n  c a u s e d  b o t h  f l u o r e s c e n c e  a n d  e n h a n c e m e n t  t o  i n ­

c r e a s e .  T h e  h i g h  f l u o r e s c e n c e ,  h i g h  e n h a n c e m e n t  s i t u a t i o n  b r o u g h t  

a b o u t  b y  l i g h t  1 w a s  t e r m e d  S t a t e  1 ,  w h i l e  t h e  l o w  f l u o r e s c e n c e ,  l o w  

e n h a n c e m e n t  s t a t e  w a s  c a l l e d  S t a t e  2 a n d  t h i s  w a s  a c h i e v e d  b y  i l l u m i n ­

a t i o n  w i t h  e x c e s s  l i g h t  2 .

M u r a t a  ( 1 9 6 9 a ) ,  u s i n g  P o r p h y r i d i u m  c r u e n t u m ,  a r r i v e d  a t  t h e  sam e 

c o n c l u s i o n s  b y  e x a m i n i n g  7 7 &  f l u o r e s c e n c e  s p e c t r a . .  H e  n o t i c e d  t h a t  t h e  

P S 1 -  a n d  P S 2 - a s s o c i a t e d  p e a k s  v a r i e d  a c c o r d i n g  t o  w h e t h e r  t h e  a l g a e  h a d  

b e e n  i l l u m i n a t e d  p r i o r  t o  f r e e z i n g .  I l l u m i n a t i o n  l e d  t o  a  d e c r e a s e d  •

P S 2  e m i s s i o n  a n d  a n  i n c r e a s e d  P S 1  p e a k ,  w h i c h  w a s  r e v e r s e d  b y  p r o l o n g e d  

l i g h t  1 t r e a t m e n t .

S i n c e  t h e s e  p i o n e e r i n g  o b s e r v a t i o n s  t h e  c o  c a l l e d  S t a t e  1 - S t a t e  2 

t r a n s i t i o n  h a s  b e e n  d e m o n s t r a t e d  i n  a  w i d e  v a r i e t y  o f  a l g a e  ( R e i d  e t  a l . ,  

1 9 7 7 ;  R e i d  a n d  R e i n h a r d t ,  1 9 7 7  a n d  1 9 8 0 ;  W i l l i a m s  e t  a l . ,  1 9 8 0 )  w h i l e  

t h e  f i r s t  e v e r  d e m o n s t r a t i o n  i n  h i g h e r  p l a n t  l e a v e s  w a s  s h o w n  b y  C h o w  

e t  a l .  ( 1 9 8 1 b ) .  R e c e n t l y  c h a n g e s  s i m i l a r  t o  t h o s e  o b s e r v e d  b y  B o n a v e n t u r a  

a n d  M y e r s  ( 1 9 6 9 )  h a v e  b e e n  d e m o n s t r a t e d  i n  i n t a c t  h i g h e r  p l a n t  l e a v e s .

T h i s  h a s  i n v o l v e d  t h e  m e a s u r e m e n t  o f  m o d u l a t e d  o x y g e n  e v o l u t i o n  r a t e s  

u s i n g  a  p h o t o a c o u s t i c  t e c h n i q u e  ( B u l t s  e t  a l . ,  1 9 8 2 )  s i m u l t a n e o u s l y  

w i t h  t h e  w e l l  c h a r a c t e r i s e d  f l u o r e s c e n c e  c h a n g e s  ( C a n a a r i  e t  a l . ,  1 9 8 2  

a n d  1 9 8 4 ) .
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T h i s  r e g u l a t o r y  m e c h a n is m  h a s  b e e n  d e t e c t e d  i n  a  v i d e - r a n g e  o f  

p l a n t s  b u t  d o e s  n o t  a p p e a r  i n  a n  L H C - l a c k i n g  b a r l e y  m u t a n t  (C h o w  e t  a l . ,  

1 9 8 1 b ) ,  a n d  h a s  b e e n  s h o w n  t o  b e  i n h i b i t e d  b y  g l u t a r a l d e h y d e  f i x a t i o n  

( V e m o t t e  e t  a l . ,  1 9 7 4 )  s u g g e s t i n g  t h e  i n v o l v e m e n t  o f  a  c o n f o r m a t i o n a l  

c h a n g e .

1 . 6 . 2  T h e  e f f e c t  o f  c a t i o n  c o n c e n t r a t i o n  o n  f l u o r e s c e n c e  y i e l d :

A t  t h e  sam e t i m e  a s  t h e  o b s e r v a t i o n  a n d  i n v e s t i g a t i o n  o f  t h e  S t a t e  

1 - S t a t e  2 t r a n s i t i o n  i n  a l g a e ,  M u r a t a  ( 19 6 9 b )  n o t i c e d  t h a t  b o t h  r o o m  

t e m p e r a t u r e  a n d  7 7 K  c h l o r o p h y l l  f l u o r e s c e n c e  c o u l d  b e  a l t e r e d  i n  h i g h e r  

p l a n t  c h l o r o p l a s t s  b y  m a n i p u l a t i n g  t h e  M g C lg  l e v e l .  H o m a n n  ( 1 9 6 9 )  a l s o  

n o t i c e d  t h a t  b r o k e n , D C M U - i n h i b i t e d  c h l o r o p l a s t s  s u s p e n d e d  i n  a  " l o w "  

c a t i o n  m e d iu m  c o u l d  p r o d u c e  a  h i g h e r  f l u o r e s c e n c e  s t a t e  b y  t h e  a d d i t i o n
n ,

o f  M g  .  M u r a t a  e t  a l .  ( I 9 7 0 ) a n d  M u r a t a  ( 1 9 7 1 )  e x t e n d e d  t h i s  o r i g i n a l

w o r k  t o  d e m o n s t r a t e  t h a t  a  w i d e  r a n g e  o f  d i v a l e n t  c a t i o n s  a s  w e l l  a s

h i g h e r  c o n c e n t r a t i o n s  o f  m o n o v a l e n t  c a t i o n s  c o u l d  b r i n g  a b o u t  s i m i l a r

2+c h a n g e s  i n  f l u o r e s c e n c e  y i e l d  a s  M g  ,  L a t e r ,  w o r k  b y  B a r b e r  a n d  S e a r l e

( 1 9 7 8 )  s h o w e d  t h a t  t r i v a l e n t  c a t i o n s  c o u l d  a l s o  s t i m u l a t e  c h l o r o p h y l l

f l u o r e s c e n c e  a f t e r  e a r l i e r  o b s e r v a t i o n s  d i d  n o t  s h o w  s u c h  c h a n g e s

( M u r a t a  e t  a l . ,  1 9 7 0 ;  M i l l s  a n d  B a r b e r ,  1 9 7 8 ) .  H o w e v e r  a  f e w  c a t i o n s  

2+ 2+ 2+l i k e  Z n  ,  C d  a n d  E b  h a v e  b e e n  s h o w n  n o t  t o  s t i m u l a t e  f l u o r e s c e n c e  

( M u r a t a  e t  a l . ,  1 9 7 0 ;  M i l l s  a n d  B a r b e r ,  1 9 7 8 ) .

B y  u s i n g  7 7 K  f l u o r e s c e n c e  s p e c t r a  i t  w a s  s h o w n  t h a t  s a l t  a d d i t i o n  

i n c r e a s e d  P S 2 - a s s o c i a t e d  f l u o r e s c e n c e  e m i s s i o n  a t  t h e  e x p e n s e  o f  P S 1  

( M u r a t a ,  1 9 6 9 b ; M u r a t a  e t  a l . ,  1 9 7 0 ;  K r a u s e  e t  a l . ,  1 9 8 2 ) .  T h i s  l e d  

M u r a t a  t o  p o s t u l a t e  t h a t  t h e  p r e s e n c e  o f  c a t i o n s  d e c r e a s e d  t h e  d e g r e e  

o f  s p i l l o v e r  o f  e x c i t a t i o n  e n e r g y  f r o m  P S 2  t o  P S 1  g i v i n g  t h e  o r i g i n a l
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" b a s is  t o  t h e  f o r m u l a t i o n  o f  a  p o s s i b l e  m e c h a n is m  f o r  t h e  S t a t e  1 - S t a t e  

2 t r a n s i t i o n  w h i c h  i n v o l v e d  l i g h t - d r i v e n  c a t i o n  m o v e m e n ts  a c r o s s  t h e  

t h y l a k o i d  m e m b ra n e  l e a d i n g  t o  c h a n g e s  i n  s p i l l o v e r  ( s e e  B a r b e r ,  1 9 7 6 ) .

T h e  l i n k  b e t w e e n  s p i l l o v e r  a n d  s a l t  l e v e l s  h a s  b e e n  s t u d i e d  i n t e n ­

s i v e l y ,  n o t  o n l y  b y  f l u o r e s c e n c e  m e a s u r e m e n t s , b u t  a l s o  b y  c o r r e l a t i o n  

w i t h  a  n u m b e r  o f  d i f f e r e n t  m e a s u r e m e n ts  i n c l u d i n g  e n h a n c e m e n t  o f  f u l l  

c h a i n  e l e c t r o n  t r a n s f e r  ( S i n c l a i r ,  1 9 7 2 ;  S u n  a n d  S a u e r ,  1 9 7 2 ) ,  P Q  r e d o x

s t a t e  ( M a r s h o  a n d  K o k ,  1 9 7 4 ) >  a n d  P S 1  a n d  P S 2  p a r t i a l  r e a c t i o n s  s o  t h a t

2+t h e  a d d i t i o n  o f  M g  i n c r e a s e s  t h e  q u a n t a l  e f f i c i e n c y  o f  P S 2  r e a c t i o n s  

b u t  d e c r e a s e s  P S 1 - m e d i a t e d  e l e c t r o n  t r a n s f e r  ( M u r a t a ,  1 9 7 1 ;  B e n - H a y y i m  

a n d  A v r o n ,  1 9 7 1 ;  M a r s h o  a n d  K o k ,  1 9 7 4 )  •

A c c o m p a n y i n g  t h e  s a l t - i n d u c e d  f l u o r e s c e n c e  c h a n g e s  a r e  g r o s s  mem­

b r a n e  c o n f o r m a t i o n a l  c h a n g e s . A t  l o w  c a t i o n  c o n c e n t r a t i o n s ,  t h y l a k o i d s  

a r e  u n s t a c k e d  ( i z a w a  a n d  G o o d , 1 9 6 6 ;  M u r a k a m i a n d  P a c k e r ,  1 9 7 1 ;  G r o s s  

a n d  P r a s h e r ,  1 9 7 4 )  a n d  m e m b ra n e  p r o t e i n s  a p p e a r  t o  b e  r a n d o m l y  d i s t r i b ­

u t e d  t h r o u g h o u t  t h e  m e m b ra n e  ( G o o d e n o u g h  a n d  S t a e h l i n ,  1 9 7 1 ) .  T h e  

a d d i t i o n  o f  c a t i o n s  l e a d s  t o  m e m b ra n e  r e o r g a n i s a t i o n  a n d  t h e  d i f f e r e n ­

t i a t i o n  o f  t h e  t h y l a k o i d s  i n t o  s t a c k e d  a n d  u n s t a c k e d  r e g i o n s  w h i c h  c o n ­

t a i n  d i f f e r e n t  t y p e s  o f  p r o t e i n - c o m p l e x  ( s e e  r e v i e w  b y  B o a r d m a n  e t  a l . ,  

1 9 7 8 ) .

F r o m  t h e  w o r k  o f  G r o s s  a n d  H e s s  ( 1 9 7 3  send 1 9 7 4 )  > w ho c a r r i e d  o u t  

s t u d i e s  o n  s a l t - i n d u c e d  f l u o r e s c e n c e  c h a n g e s  a n d  t h y l a k o i d  s t a c k i n g  

c h a n g e s  o v e r  a  w i d e  r a n g e  o f  e l e c t r o l y t e  c o n d i t i o n s ,  s h o w i n g  a n  a n t a g -  

a n is m  b e t w e e n  m o n o v a l e n t  a n d  d i v a l e n t  c a t i o n s ,  i t  b e c a m e  e v i d e n t  t h a t  

t h e  a s s o c i a t e d  s p i l l o v e r  c h a n g e s  r e f l e c t e d  a n  a l t e r a t i o n  o f  t h e  m e m b r a n e 's  

e l e c t r o s t a t i c  p r o p e r t i e s  ( B a r b e r  e t  a l . ,  1 9 7 7 ;  D u n i e c  e t  a l . ,  1 9 7 9 ) *
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1 . 6 . 3  T h e  R o l e  o f  S u r f a c e  C h a r g e :

T h e  e l e c t r i c a l  n a t u r e  o f  t h e  c a t i o n  e f f e c t  -was s u g g e s t e d  "by t h r e e  

p h e n o m e n a ; a )  t h e  a n t a g o n i s m  b e t w e e n  m o n o v a l e n t s  a n d  d i v a l e n t s ,  b )  t h e  

a n t a g o n i s m  b e t w e e n  l o w  l e v e l s  o f  m o n o v a l e n t s  a n d  h i g h  l e v e l s  o f  m ono­

v a l e n t s  a n d  c )  t h e  d e p e n d e n c e  o n  t h e  v a l e n c y  r a t h e r  t h a n  t h e  c h e m i c a l  

n a t u r e  o f  t h e  c a t i o n s .  I t  w a s  B a r b e r  a n d  M i l l s  ( 1 9 7 6 )  a n d  B a r b e r  e t  a l .  

( 1 9 7 7 ) ,  w ho f i r s t  s h o w e d  t h a t  t h e s e  t h r e e  e f f e c t s  c o u l d  b e  e x p l a i n e d  i n  

t e r m s  o f  c h a n g e s  i n  t h e  p o s i t i v e  s p a c e  c h a r g e  d e n s i t y  a d j a c e n t  t o  t h e  

m e m b r a n e 's  s u r f a c e  b y  t h e  a p p l i c a t i o n  o f  t h e  G o u y - C h a p m a n  d i f f u s e  

d o u b l e  l a y e r  t h e o r y  f o r  m i x e d  e l e c t r o l y t e  c o n d i t i o n s  ( s e e  a l s o  R u b i n  

a n d  B a r b e r ,  1 9 8 0 ) .  T h i s  t h e o r e t i c a l  a p p r o a c h  p r e d i c t e d  t h e  v a l e n c y  

d e p e n d e n c e  a n d  a n t a g o n i s t i c  c h a r a c t e r  o f  t h e  c a t i o n - i n d u c e d  c h a n g e s .

T h e  p o s i t i v e  s p a c e  c h a r g e  d e n s i t y  i m m e d i a t e l y  a d j a c e n t  t o  t h e  

m e m b r a n e 's  s u r f a c e ,  i s  a  d i f f u s a b l e ,  b o u n d a r y  o f  e l e c t r i c a l  c h a r g e  

s c r e e n i n g  f i x e d  n e g a t i v e  c h a r g e s  o n  t h e  m e m b r a n e 's  s u r f a c e  a n d  c o n ­

t r o l l i n g  t h e  c o u l o m b i c  i n t e r a c t i o n  b e t w e e n  t h e  s u r f a c e s  o f  e x p o s e d  

m e m b ra n e  p r o t e i n s  a n d  a d j a c e n t  m e m b ra n e s  ( B a r b e r ,  1 9 8 0 a , b  a n d  1 9 8 2 a , b ) .  

N o r m a l l y  t h e  s u r f a c e s  o f  m a c r o s c o p i c  s y s t e m s  e x p e r i e n c e  s t r o n g  l o n g  

r a n g e  a t t r a c t i v e ,  Y a n  d e r  W a a ls  f o r c e s  w h i c h  t e n d  t o  d r a w  th e m  t o g e t h e r .  

H o w e v e r , w h e n  t h e  s u r f a c e s  c a r r y  n e t  e l e c t r i c a l  c h a r g e  t h e  a t t r a c t i v e  

f o r c e s  a r e  c o u n t e r b a l a n c e d  b y  c o u l o m b i c  r e p u l s i v e  f o r c e s .  T h e  ' s c r e e n i n g '  

o f  f i x e d  s u r f a c e  c h a r g e  w i t h  d i f f u s i b l e  c o u n t e r  i o n s  l e a d s  t o  a  r e ­

d u c t i o n  o f  t h e  r e p u l s i v e  f o r c e s  e n a b l i n g  t h e  tw o  s u r f a c e s  t o  a p p r o a c h  

e a c h  o t h e r ,  u n t i l  a  b a l a n c e  i s  a c h i e v e d  b e t w e e n  a t t r a c t i o n  a n d  r e p u l ­

s i o n  a n d  a  ''m in im u m  e n e r g y  d i s t a n c e "  a t t a i n e d .

A n o t h e r  w a y  o f  a c h i e v i n g  t h i s  i s  t h r o u g h  c h a r g e  n e u t r a l i s a t i o n  b y  

e i t h e r  c a t i o n - b i n d i n g  t o  t h e  s u r f a c e  o r  b y  p r o t o n a t i o n  o f  t h e  s u r f a c e
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s o  t h a t  t h e  l o n g  r a n g e  c o u l o m b i c  f o r c e s  n o  l o n g e r  e x i s t  b e c a u s e  o f  t h e  

r e m o v a l  o f  t h e  f i x e d  c h a r g e .  T h i s  c o n c e p t  w a s  a d v o c a t e d  b y  D u n i e c  e t  

a l .  ( 1 9 7 9 )  t o  e x p l a i n  t h e  c a t i o n - i n d u c e d  c h a n g e s . T h e y  p r o p o s e d  t h a t  

p r o t o n a t i o n  o f  t h e  m e m b ra n e  w a s  i n v o l v e d ,  h o w e v e r , t h i s  w a s  l a t e r  d i s -  

p r o v e n  b y  B a r b e r  a n d  S e a r l e  ( 1 9 7 9 )  w h o  s h o w e d  t h a t  t h e  s a l t - i n d u c e d  

c h a n g e s  s t i l l  o c c u r r e d  a t  p H - v a l u e s  w h i c h  w o u l d  n o t  a l l o w  a  s u f f i c i e n t  

l o w e r i n g  o f  t h e  p H  a t  t h e  m e m b r a n e 's  s u r f a c e  t o  t a k e  p l a c e .

C h a r g e  n e u t r a l i s a t i o n  c a n  b e  a c h i e v e d  b y  l o w e r i n g  t h e  p H  t o  4 * 3  

w h i c h  l e a d s  t o  e x t e n s i v e  m e m b ra n e  s t a c k i n g  ( B a r b e r  e t  a l . ,  1 9 8 0 ;  C h o w  

e t  a l . ,  1 9 8 0 ;  S c o u f f l a i r e  e t  a l . ,  1 9 8 2 ) .  T h i s ,  h o w e v e r , g i v e s  r i s e  t o  

a  d i f f e r e n t  t y p e  o f  s t a c k i n g  t o  t h a t  a s s o c i a t e d  w i t h  t h e  s a l t - i n d u c e d  

p h e n o m e n a , s o  t h a t  t h e  t h y l a k o i d - p r o t e i n s  r e m a i n  r a n d o m i s e d  a n d  n o  l a r g e  

f l u o r e s c e n c e  i n c r e a s e  i s  o b s e r v e d , a s  t h e r e  a r e  n o  c h a n g e s  i n  s p i l l o v e r  

( B a r b e r  e t  a l . ,  1 9 8 0 ) .  T h e r e f o r e ,  t h e  s a l t - i n d u c e d  c h a n g e s  a p p e a r  t o  

a r i s e  b e c a u s e  o f  t h e  r e d u c t i o n  o f  s u r f a c e  p o t e n t i a l  d u e  t o  ' s c r e e n i n g *  

w h i l e  m a i n t a i n i n g  a  c o n s t a n t  s u r f a c e  c h a r g e  d e n s i t y  ( B a r b e r  1 9 8 0 a , b )  a n d  

n o t  t o  c h a r g e  n e u t r a l i s a t i o n  b y  e i t h e r  p r o t o n a t i o n  a s  a d v o c a t e d  b y  

D u n i e c  e t  a l .  ( 1 9 7 9 )  o r  c a t i o n - b i n d i n g  a s  p o s t u l a t e d  b y  S c u l l e y  e t  a l .  

( 1 9 8 0 ) .

I t  h a s  b e e n  p r o p o s e d  t h a t  d u e  t o  t h e  f l u i d  n a t u r e  o f  t h e  t h y l a J c o i d  

m e m b ra n e  ( F o r d  a n d  B a r b e r ,  1 9 8 0 )  a  l a t e r a l  d i s p l a c e m e n t  o f  p r o t e i n -  

c o m p l e x e s  o c c u r s  o n  t h e  a d d i t i o n  o f  s a l t .  T h e  p r o t e i n s  w h i c h  c a r r y  l e s s  

e l e c t r i c a l  c h a r g e  com e t o g e t h e r  t o  f o r m  t h e  a p p r e s s e d , g r a n a l  m e m b r a n e s , 

w h i l e  t h e  h i g h l y  n e g a t i v e l y  c h a r g e d  p r o t e i n s  b e c o m e  d i s p l a c e d  i n t o  t h e  

n o n - a p p r e s s e d , s t r o m a l  r e g i o n s .  T h i s  s e q u e n c e  o f  e v e n t s  r e q u i r e s  t h e  

p r e s e n c e  o f  L H C  t o  t a k e  p l a c e  ( V e m o t t e  e t  a l . ,  1 9 7 6 ) ,  a n d  l e a d s  t o  

c l o s e  m e m b ra n e  a p p r e s s i o n  b y  c h a r g e  d i s p l a c e m e n t  r a t h e r  t h a n  t h e  s i m p l e r
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c h a r g e  n e u t r a l i z a t i o n  p r o c e s s .  I n  t h e  p r e s e n c e  o f  " l o w "  c a t i o n  l e v e l s  

t h e  e l e c t r o s t a t i c  s c r e e n i n g  i s  l o w ,  t h e r e f o r e  t h e  h i g h l y  c h a r g e d  p r o ­

t e i n s  r e p e l  e a c h  o t h e r  a n d  m o ve  i n t o  t h e  a p p r e s s e d  r e g i o n s  p r o d u c i n g  

a n  i n c r e a s e  i n  c o u l o m b i c  r e p u l s i o n  b e t w e e n  a d j a c e n t  m e m b ra n e s  l e a d i n g  

t o  d e s t a c k i n g  a n d  p r o t e i n  r a n d o m i s a t i o n .  T h e s e  p r o c e s s e s  w h i c h  o c c u r  

u n d e r  p o o r  e l e c t r o s t a t i c  s c r e e n i n g  c o n d i t i o n s  l e a d  t o  a  d e c r e a s e d  

s p a t i a l  s e p a r a t i o n  o f  P S 2  a n d  P S 1  a n d  t h u s  t o  a  l o w  c h l o r o p h y l l  f l u o r -  

e s c a n c e  y i e l d  d u e  t o  i n c r e a s e d  s p i l l o v e r .  W hen e l e c t r o s t a t i c  s c r e e n i n g  

i s  h i g h  ( i . e .  i n  t h e  p r e s e n c e  o f  " h i g h "  s a l t  l e v e l s )  t h e n  d o m a in s  o f  

l o w - c h a r g e ,  f l u o r e s c e n t  p i g m e n t - p r o t e i n - c o m p l e x e s  ( P S 2 )  b e c o m e  s e g r e ­

g a t e d  f r o m  d o m a in s  o f  h i g h - c h a r g e ,  q u e n c h i n g  c o m p l e x e s  ( P S 1 )  r e s u l t i n g  

i n  a  h i g h  f l u o r e s c e n c e  s t a t e  a n d  l o w  s p i l l o v e r  ( s e e  B a r b e r ,  1 9 8 2 a , b ) .

1 . 6 . 4  T h e  L a t e r a l  S e g r e g a t i o n  o f  T h y l a k o i d  P r o t e i n s ;

T h e  t h e o r e t i c a l  a r g u m e n t s  a n d  a s s o c i a t e d  e x p e r i m e n t a l  r e s u l t s  r e ­

g a r d i n g  s u r f a c e  c h a r g e  d i s t r i b u t i o n  a l o n g  w i t h  m e m b ra n e  f l u i d i t y  s t u d i e s  

s u p p o r t  t h e  c o n t e n t i o n  t h a t  a  s a l t - i n d u c e d  l a t e r a l  d i f f u s i o n  a n d  s e g ­

r e g a t i o n  o f  P S 2  a n d  P S 1  t a k e s  p l a c e  ( B a r b e r  a n d  C h o w , 1 9 7 9 ?  B a r b e r ,  1 9 8 0 a  

C h o w  a n d  B a r b e r ,  1 9 8 0 b ;  C h o w  e t  a l . ,  1 9 8 1 a ) .  A s  a  c o n s e q u e n c e  P S 2  a n d  

L H C  b e c o m e  l o c a t e d  i n  t h e  a p p r e s s e d , g r a n a l  l a m e l l a e  w h i l e  P S 1  a n d  t h e  

A T P  s y n t h e t a s e  c o m p l e x  a r e  l o c a t e d  i n  t h e  n o n - a p p r e s s e d , s t r o m a l  

l a m e l l a e  ( B a r b e r ,  1 9 8 0 a ) .  T h i s  v i e w  i s  s h a r e d  b y  A n d e r s s o n  ( 1 9 7 8 )  a n d  

A n d e r s o n  ( 1 9 8 1 ) ,  w ho b o t h  b a s e  t h e i r  a r g u m e n t s  o n  t h e  a n a l y s i s  o f  d i f ­

f e r e n t  m e m b ra n e  f r a g m e n t s .  T h e s e  s t u d i e s  h a v e  i n v o l v e d  t h e  m e c h a n i c a l  

s h e a r i n g  o f  t h y l a k o i d  m e m b ra n e s  b y  a  Y e d a  p r e s s  f o l l o w e d  b y  a n  a q u e o u s  

p o l y m e r  t w o - p h a s e  p a r t i t i o n  t e c h n i q u e  ( A n d e r s s o n  e t  a l . ,  1 9 8 1 ) .  T h i s  

a l l o w s  t h e  s e p a r a t i o n  o f  f r a g m e n t s  a c c o r d i n g  t o  t h e i r  s u r f a c e  p r o p e r t i e s  

( A l b e r t s s o n ,  1 9 7 8 )  a n d  p r o d u c e  v e s i c l e s  w h i c h  a r e  r i g h t - s i d e  o u t ,  a  

p o p u l a t i o n  d e r i v e d  f r o m  t h e  a p p r e s s e d  r e g i o n s  w h i c h  a r e  i n s i d e - o u t ,  a n d  

f r a g m e n t s  f r o m  t h e  s t r o m a l  l a m e l l a e .  B y  c o m p a r i n g  t h e  p i g m e n t —p r o t e i n
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c o m p l e x  c o n t e n t  a n d  p h o t o s y n t h e t i c  r e a c t i o n s  f r o m  t h e s e  f r a g m e n t s  i t  

w a s  c o n c l u d e d  t h a t  m o s t  o f  t h e  P S 2  a n d  L H C  w e r e  l o c a t e d  i n  t h e  i n s i d e -  

o u t  v e s i c l e s  w h i l e  t h e  s t r o m a l - d e r i v e d  f r a g m e n t s  c o n t a i n e d  P S 1  a n d  t h e  

A T P a s e  ( A n d e r s s o n  a n d  A n d e r s o n , 1 9 8 0 ;  A n d e r s s o n  a n d  H a e h n e l ,  1 9 8 2 ) .

T h e s e  s t u d i e s  h a v e  b e e n  e x t e n d e d  b y  t h e  c h a r a c t e r i s a t i o n  o f  d e t e r g e n t -  

t r e a t e d  t h y l a k o i d s  w h i c h  y i e l d  m e m b ra n e s  e n r i c h e d  i n  P S 2 - a s s o c i a t e d  

p r o t e i n s  ( B e r t h o l d  e t  a l . ,  1 9 8 1 ;  L a m  e t  a l . ,  1 9 8 3 ) *  A  d i a g r a m  w h i c h  

r e p r e s e n t s  a  p r e s e n t  d a y  u n d e r s t a n d i n g  o f  m e m b ra n e  p r o t e i n  l o c a t i o n  i s  

s h o w n  i n  P i g .  1 . 7 *  S u c h  a n  a r r a n g e m e n t  o f  t h e  p i g m e n t - p r o t e i n  c o m p l e x e s  

w i t h i n  t h e  t h y l a k o i d  m e m b ra n e  a l l o w s  t h e  r e g u l a t i o n  o f  e x c i t a t i o n  

e n e r g y  d i s t r i b u t i o n  t o  o c c u r  i n  h i g h e r  p l a n t s .  I t  i s  n o w  b e l i e v e d  t h a t  

t h i s  i s  a c h i e v e d  b y  t h e  p h o s p h o r y l a t i o n  a n d  d e p h o s p h o r y l a t i o n  o f  t h e  

L H C .

1 . 7  T h y l a k o i d  M e m b ra n e  P r o t e i n  P h o s p h o r y l a t i o n :

A  s i g n i f i c a n t  a d v a n c e  i n  t h e  u n d e r s t a n d i n g  o f  t h e  m e c h a n is m  o f  t h e  

S t a t e  1 - S t a t e  2 t r a n s i t i o n  h a s  b e e n  t h e  f i n d i n g  t h a t  u n d e r  c e r t a i n  c o n ­

d i t i o n s  a  n u m b e r o f  t h y l a k o i d  p r o t e i n s  b e co m e  p h o s p h o r y l a t e d  ( B e n n e t t ,  

1 9 7 9 a , b , c ,  1 9 7 7  a n d . 1 9 8 0 ) .  P r o t e i n - p h o s p h o r y l a t i o n  h a s  n o w  b e e n  l i n k e d  

t o  s e v e r a l  d i f f e r e n t  e f f e c t s  i n  a d d i t i o n  t o  c h a n g e s  i n  e x c i t a t i o n  

e n e r g y  d i s t r i b u t i o n  ( A l l e n  e t  a l . ,  1 9 8 1 )  w h i c h  i n c l u d e  a )  a n  e n h a n c e d  

a f f i n i t y  f o r  DC M C  b i n d i n g  t o  t h e  ( ^ - p r o t e i n  ( S h o c h a t  e t  a l . ,  1 9 8 2 ) ,  b )  

a n  i n c r e a s e d  c h a r g e  d e n s i t y  a r o u n d  Q,^ ( K y l e  a n d  A r n t z e n ,  1 9 8 3 ) >  c )  a n  

g i h a n c e d  s t a b i l i t y  o f  t h e  s e m iq u o n o n e  s p e c i e s ,  ( j u r s i n i c  a n d  K y l e ,

1 9 8 3 ) ,  d )  a  s t i m u l a t i o n  o f  a  d i s s i p a t i v e  c y c l i n g  o f  e l e c t r o n s  a r o u n d  

P S 2  ( H o r t o n  a n d  L e e ,  1 9 8 3 )  a n d . e )  a n  i m p r o v e d  p r o t e c t i o n  f r o m  p h o t o ­

i n h i b i t i o n  ( H o r t o n  e t  a l . ,  1 9 8 4 ) .  T h e  f o l l o w i n g  s e c t i o n  w i l l ,  h o w e v e r , 

c o n c e n t r a t e  s o l e l y  o n  t h e  r o l e  o f  p r o t e i n - p h o s p h o r y l a t i o n  i n  b r i n g i n g
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O  LHCP-PS2 pigment protein ^  coupling factor (CF, ♦ CFQ)
•  PS1 pigment protein fl cyt bg-f protein

F i g .  1 . 7  A  m o d e l f o r  t h e  d i s t r i b u t i o n  o f  t h e  t h y l a k o i d  c o m p l e x e s

b e t w e e n  a p p r e s s e d  a n d  s t r o m a - e x p o s e d  t h y l a k o i d  m e m b r a n e s . 

T a k e n  f r o m  C h a p m a n  a n d  B a r b e r  ( 1 9 8 4 ) •
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a b o u t  e x c i t a t i o n  e n e r g y  r e d i s t r i b u t i o n ,  t h e r e b y  i n f l u e n c i n g  t h e  s l o w  

c h l o r o p h y l l  f l u o r e s c e n c e  d e c l i n e  ( a l s o  s e e  t h e  r e v i e w s  b y  B a r b e r ,  1 9 8 3 ;  

B e n n e t t ,  1 9 8 3 ;  A l l e n ,  1 9 8 3 ;  S t a e h l i n  a n d  A m t z e n ,  1 9 8 3 ;  H o r t o n ,  1 9 8 3 b ) .

1 . 7 . 1  T h e  E n z y m e s  I n v o l v e d :

C h l o r o p l a s t  t h y l a k o i d  m e m b ra n e s  p o s s e s s  a  m e m b r a n e -b o u n d  k i n a s e  

( B e n n e t t ,  1 9 7 9 a )  w h i c h  c a n  b e  r e m o v e d  b y  o c t y l - g l u c o s i d e  ( A l f o n z o  e t  a l . ,

1 9 8 0 )  a n d  a  p h o s p h a t a s e  w h i c h  b r i n g s  a b o u t  t h e  p h o s p h o r y l a t i o n / d e p h o s -  

p h o r y l a t i o n  o f  a  n u m b e r  o f  t h y l a k o i d  p r o t e i n s ,  i n c l u d i n g  L H C  ( B e n n e t t ,  

1 9 7 9 a ,  1 9 8 0 ) .  T h e  k i n a s e  h a s  a n  A T P  d e p e n d e n c e  w i t h  a  k ffi =  90  |iM 

( B e n n e t t  e t  a l . ,  1 9 8 0 ) .  T h e  m a j o r  p h o s p h o r y l a t e d  s p e c i e s  a r e  t h e  tw o  

L H C  p o l y p e p t i d e s  (MV/ o f  2 4  k d a  a n d  2 6  k d a )  w h i c h  a p p e a r  t o  b e  e q u a l l y  

l a b e l l e d  ( B e n n e t t  e t  a l . ,  1 9 8 0 ) ,  a l t h o u g h  o n l y  5 0 %  o f  t h e  t o t a l  L H C  i s  

a f f e c t e d  ( H a w o r t h  e t  a l . ,  1 9 8 2 b ) .  A  v a r i e t y  o f  o t h e r  p r o t e i n s  b e co m e  

l a b e l l e d  i n c l u d i n g  9 k d a ,  32 k d a ,  35 k d a  a n d  45  k d a  p o l y p e p t i d e s  w h i c h  

a l l  a p p e a r  t o  b e  a s s o c i a t e d  w i t h  P S 2  f u n c t i o n  (O w e n s  a n d  C h a d , 1 9 8 2 ;  

S t e i n b a c k  e t  a l . ,  1 9 8 2 ) .  I t  i s  s t i l l  n o t  k n o w n , h o w e v e r , w h e r e  t h e  

k i n a s e  i s  s i t u a t e d  w i t h i n  t h e  t h y l a k o i d  m e m b r a n e , i n  w h a t  c o n c e n t r a t i o n  

i t  i s  p r e s e n t ,  o r  w h e t h e r  t h e  m u l t i p l e  f o r m s  w h i c h  h a v e  b e e n  r e p o r t e d  

b y  M a r k w e l l  e t  a l .  ( 1 9 8 3 )  p h o s p h o r y l a t e  d i f f e r e n t  p o l y p e p t i d e s .

T h e  p h o s p h a t a s e , w h i c h  i s  a l s o  m e m b r a n e - b o u n d ,  c a t a l y s e s  t h e  d e ­

p h o s p h o r y l a t i o n  o f  L H C  a n d  t h e  o t h e r  p h o s p h o r y l a t e d  p o l y p e p t i d e s ,  b u t  

o n l y  t h e  L H C  b e c o m e s  d e p h o s p h o r y l a t e d  a t  a  r a t e  w h i c h  w o u l d  i m p l y  t h a t  

i t  i s  i n v o l v e d  i n  e x c i t a t i o n  e n e r g y  d i s t r i b u t i o n  c o n t r o l  a s  t h e  o t h e r s  

a r e  d e p h o s p h o r y l a t e d  a t  s l o w e r  r a t e s  ( S t e i n b a c k  e t  a l . ,  1 9 8 2 ) .  T h e

p h o s p h a t a s e  c a n  b e  i n h i b i t e d  b y  t h e  a d d i t i o n  o f  N a P  o r  m o l y b d a t e*
( B e n n e t t ,  1 9 8 0 ) .
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1 . 7 . 2  C o n t r o l  o f  K i n a s e  A c t i v i t y :

T h e  k i n a s e  i s  l i g h t - a c t i v a t e d  a l t h o u g h  i t  i s  n o t  s t r i c t l y  l i g h t -  

d e p e n d e n t  ( B e n n e t t ,  1 9 7 9 ^ )  a m i r e q u i r e s  t h e  p r e s e n c e  o f  M g ( o p t i m a l  

c o n c e n t r a t i o n  f o r  k i n a s e  a c t i v i t y  b e i n g  3 - 5  mM; B e n n e t t ,  1 9 8 3 ) .  I t  i s  

b e l i e v e d  t h a t  t h e  a c t i v e  s i t e  c o n t a i n s  a  t h i o l  g r o u p  ( M i l l n e r  e t  a l . ,  

1 9 8 2 ) .  F r o m  i n h i b i t o r  a n d  e l e c t r o n  d o n o r  s t u d i e s  i t  w a s  c o n c l u d e d  t h a t  

t h e  r e d u c t i o n  o f  a n  i n t e r s y s t e m  c o m p o n e n t  o f  e l e c t r o n  t r a n s f e r  w a s  r e ­

q u i r e d  f o r  a c t i v a t i o n  ( H o r t o n  a n d  B l a c k ,  1 9 8 1 a ;  A l l e n  e t  a l . ,  1 9 8 1 ) .

T h e  e n zy m e  c o u l d  b e  a c t i v a t e d  i n  t h e  d a r k  b y  r e d u c t a n t s  o f  P Q  l i k e  d i -  

t h i o n i t e  ( A l l e n  e t  a l . ,  1 9 8 1 ) ,  d u r o q u i n o l  ( A l l e n  a n d  H o r t o n ,  1 9 8 1 )  a n d  

f e r r e d o x i n  ( B e n n e t t ,  1 9 7 9 ^ ;  C h o w  e t  a l . ,  1 9 8 1 b ) .  R e d o x  t i t r a t i o n s  o f  

k i n a s e  a c t i v i t y  s h o w e d  t h e  r e q u i r e m e n t  o f  t h e  r e d u c t i o n  o f  a  tw o  e l e c ­

t r o n  a c c e p t o r  h a v i n g  a  m i d p o i n t  p o t e n t i a l  ( p H  7 . 8 )  o f  0 m V w h i c h  s u g ­

g e s t e d  P Q  ( H o r t o n  a n d  B l a c k ,  1 9 8 0 ;  H o r t o n  e t  a l . ,  1 9 8 1 ) .  T h e  i n v o l v e m e n t  

o f  P Q  w a s  f u r t h e r  h i g h l i g h t e d  f r o m  s i n g l e - t u r n o v e r  l i g h t  f l a s h  t i t r a ­

t i o n s ,  t h e  e f f e c t  o f  E B M T B  ( A l l e n  e t  a l . ,  1 9 8 1 )  a n d  f r o m  t h e  a n t a g o n i s t i c  

e f f e c t  o f  l i g h t  1 a n d  l i g h t  2 ( H o r t o n  a n d  B l a c k ,  1 9 8 0 ;  T e l f e r  a n d  

B a r b e r ,  1 9 8 1 ;  B e n n e t t ,  1 9 8 3 ) .  T h i s  g i v e s  t h e  p l a n t  a  s e n s i t i v e  m e t h o d  

o f  m o n i t o r i n g  q u a n t a l  i m b a l a n c e  b u t  t h e  d i r e c t  r e l a t i o n s h i p  b e t w e e n  

t h e  F Q  r e d o x  s t a t e  a n d  k i n a s e  a c t i v i t y  i s  s t i l l  u n k n o w n .

I t  i s  u n l i k e l y  t h a t  s p e c t r a l  i m b a l a n c e  i s  t h e  o n l y  p a r a m e t e r  c o n ­

t r o l l i n g  t h e  e x t e n t  o f  p r o t e i n  p h o s p h o r y l a t i o n .  I t  h a s  b e e n  s h o w n  t h a t  

t h e  k i n a s e  c a n  r e s p o n d  t o  c h a n g e s  i n  c e r t a i n  c a r b o n  a s s i m i l a t i o n  r e a c ­

t i o n s  w h i c h  c o n s u m e  A T P  a n d  N A B P H . A l l e n  a n d  B e n n e t t  ( 1 9 8 1 ) ,  f i r s t  

r e p o r t e d  t h a t  t h e  k i n a s e  w a s  m o re  a c t i v e  d u r i n g  t h e  l a g  p e r i o d  o f  C C ^  

f i x a t i o n ,  w h e n  n o n - c y c l i c  e l e c t r o n  f l o w  i s  l i m i t e d  b y  c e r t a i n  c a r b o n  

m e t a b o l i s m  i n t e r m e d i a t e s  b e c a u s e  o f  a  l i m i t e d  A T P / A H P  b a l a n c e  ( W a l k e r  

a n d  R o b i n s o n , 1 9 7 8 ) .  T h i s  s i t u a t i o n  l e a d s  t o  t h e  o v e r  r e d u c t i o n  o f  P Q ,
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t h e  p h o s p h o r y l a t i o n  o f  L H C ,  a  s t i m u l a t i o n  o f  c y c l i c  e l e c t r o n  f l o w  w h i c h  

s u b s e q u e n t l y  i n c r e a s e s  t h e  A T P  l e v e l s  e n a b l i n g  c a r b o n  m e t a b o l i s m  t o  

t u r n  o v e r  m o re  r a p i d l y .  T h i s  i n v e r s e  r e l a t i o n s h i p  b e t w e e n  k i n a s e  

a c t i v i t y  a n d  C O  ̂ f i x a t i o n  s u g g e s t e d  t h a t  p h o s p h o r y l a t i o n  c o u l d  r e g u ­

l a t e  t h e  b a l a n c e  b e t w e e n  c y c l i c  a n d  n o n - c y c l i c  e l e c t r o n  f l o w  t o  m a i n ­

t a i n  s u f f i c i e n t  A T P  a n d . TTATfPTT l e v e l s  f o r  C O g  m e t a b o l i s m  ( A l l e n  a n d  

B e n n e t t ,  1 9 8 1 ) .  I t  h a s  a l s o  b e e n  p r o p o s e d  t h a t  t h e  a d e n y l a t e  s t a t u s  

o f  t h e  c h l o r o p l a s t  s y s t e m  c o n t r o l s  t h e  d e g r e e  o f  p h o s p h o r y l a t i o n ,  a s  

t h e  k i n a s e  i s  i n h i b i t e d  b y  A B P  a n d  r e s p o n d s  t o  c h a n g e s  i n  e n e r g y  c h a r g e  

( M a r k w e l l  e t  a l . ,  1 9 8 2 ;  B a k e r  e t  a l . ,  1 9 8 3 ) *  U s i n g  a  r e c o n s t i t u t e d  

c h l o r o p l a s t  s y s t e m , H o r t o n  a n d  F o y e r  ( 1 9 8 3 )  * h a v e  s h o w n  t h a t  t h e  p r o ­

t e i n  k i n a s e  c a n  b e  c o n t r o l l e d  b y  b o t h  P Q  r e d o x  s t a t e  a n d  e n e r g y  s t a t e  

w h i c h  a p p e a r s  t o  p r o v i d e  a  m e c h a n is m  f o r  a d a p t i n g  l i g h t  h a r v e s t i n g  t o  

t h e  d e m a n d s  o f  c a r b o n  a s s i m i l a t i o n .  A l l e n  ( 1 9 8 4 )  h a s  p r o p o s e d , h o w ­

e v e r ,  t h a t  u n d e r  n o r m a l  p h y s i o l o g i c a l  c o n d i t i o n s  r e g u l a t i o n  b y  a d e n y l a t e  

s t a t u s  i s  u n l i k e l y  a s  s u c h  a  c o n t r o l  m e c h a n is m , w h e t h e r  b y  p o s i t i v e  o r  

n e g a t i v e  f e e d b a c k ,  w o u l d  a l w a y s  m ak e  t h e  s i t u a t i o n  w o r s e . H e  h a s  p o s ­

t u l a t e d  t h a t  p h o s p h o r y l a t i o n  h a s  a  r o l e  t o  p l a y  i n  t h e  r e d o x  p o i s i n g  

o f  c y c l i c  a n d  n o n - c y c l i c  e l e c t r o n  f l o w ,  c o n t r o l l e d  b y  t h e  P Q  r e d o x  

s t a t e ,  c o r r e c t i n g  i m b a l a n c e s  i n  t h e  r a t i o  o f  A T P  t o  N A H P H  b y  n e g a t i v e  

f e e d b a c k  c o n t r o l .  F e r n y h o u g h  e t  a l .  ( 1 9 8 3 )  h a v e  b e e n  u n a b l e  t o  c o r ­

r e l a t e  k i n a s e  a c t i v i t y  w i t h  a d e n y l a t e  s t a t u s .  B y  u s i n g  m a i z e  m e s o p h y l l  

c h l o r o p l a s t s ,  w h i c h  c o n t a i n  b o t h  C a l v i n  c y c l e  a n d  e n z y m e s , t h e  l e v e l s  

o f  A T P  a n d  N A H P H  w e r e  m a n i p u l a t e d ,  b y  a d d i n g  e i t h e r  p y r u v a t e  (c o n s u m e s  

A T P ) ,  o x a l o a c e t a t e  (c o n s u m e s  N A D P H )  o r  3 - p h o s p h o g l y c e r a t e  (c o n s u m e s  

b o t h ) ,  a n d  c o r r e l a t e d  w i t h  k i n a s e  a c t i v i t y .  T h i s  s y s t e m  s h o w e d  t h a t  

t h e r e  w a s  a  c l e a r  e f f e c t  o f  r e d o x  s t a t e  o n  p r o t e i n  k i n a s e  a c t i v i t y  a n d  

t h a t  h i g h  r a t e s  o f  c y c l i c  e l e c t r o n  f l o w  w e r e  n e c e s s a r y  t o  i n d u c e  m a x i ­

mum k i n a s e  a c t i v i t y .  T h e y  s u g g e s t e d  t h a t  p r o t e i n  p h o s p h o r y l a t i o n
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f u n c t i o n s  a t  t h e  i n t e r f a c e  "b e tw e e n  e l e c t r o n  t r a n s p o r t  a n d  c a r b o n  a s ­

s i m i l a t i o n  a n d  n o t  j u s t  i n  t h e  S t a t e  1 - S t a t e  2 t r a n s i t i o n .  R e c e n t l y ,  

F e m y h o u g h  e t  a l .  ( 1 9 8 4 ) »  u s i n g  m a i z e  m e s o p h y l l  c h l o r o p l a s t s  i n  w h i c h  

l i n e a r  e l e c t r o n  t r a n s p o r t  w a s  a b s e n t ,  h a v e  s h o w n  t h a t  p r o t e i n  k i n a s e  

a c t i v i t y  c o u l d  b e  s t i m u l a t e d  w h e n  t h e  A  p H  g r a d i e n t  ( f o r m e d  b y  c y c l i c  

a n d  p s e u d o  c y c l i c  e l e c t r o n  f l o w )  w a s  d i m i n i s h e d , b y  t h e  a d d i t i o n  o f  

n i g e r i c i n .  T h e y  c o n c l u d e d , l i k e  A l l e n  ( 1 9 8 4 )  t h a t  p r o t e i n  p h o s p h o r y ­

l a t i o n  c o u l d  b e  a  c o n t r o l l i n g  f a c t o r  i n  t h e  r a t i o  o f  c y c l i c  a n d  n o n -  

c y c l i c  e l e c t r o n  t r a n s f e r  p o s s i b l y  b y  r e d o x  p o i s e .

1 . 7 . 3  T h e  C o n s e q u e n c e s  o f  P r o t e i n  P h o s p h o r y l a t i o n :

A n  A T P - d e p e n d e n t  d e c r e a s e  i n  r o o m ^ t e m p e r a t u r e  c h l o r o p h y l l  f l u o r ­

e s c e n c e  i n  i n t a c t  a n d  s h o c k e d  c h l o r o p l a s t s  h a s  b e e n  o b s e r v e d  ( B e n n e t t  

e t  a l . ,  1 9 8 0 ;  H o r t o n  a n d  B l a c k ,  1 9 8 0 ,  1 9 8 1 a ,  1 9 8 2 ;  A l l e n  a n d  H o r t o n ,  

1 9 8 1 ;  H o r t o n  e t  a l . ,  1 9 8 1 ;  T e l f e r  a n d  B a r b e r ,  1 9 8 1 ;  C h o w  e t  a l . ,  1 9 8 1 b )  

w h i c h  h a s  b e e n  c o r r e l a t e d  w i t h  t h e  d e g r e e  o f  L H C  p h o s p h o r y l a t i o n  

( H o r t o n  e t  a l . ,  1 9 8 1 ;  T e l f e r  e t  a l . ,  1 9 8 2 ) .  T h i s  d e c r e a s e  w a s  r e v e r ­

s i b l e  a n d  c o u l d  b e  a f f e c t e d  b y  N a F ,  s o  t h a t  t h e  r e v e r s a l  w a s  i n h i b i t e d  

a n d  t h e  d e c r e a s e  w a s  f a s t e r .  D u r i n g  t h i s  c h a n g e  i n  f l u o r e s c e n c e  a n  

a l t e r a t i o n  i n  e x c i t a t i o n  e n e r g y  d i s t r i b u t i o n  w a s  d e t e c t e d  f r o m  7 7 K  

f l u o r e s c e n c e  s p e c t r o s c o p y  ( B e n n e t t  e t  a l . ,  1 9 8 0 ;  H o r t o n  a n d  B l a c k ,  1 9 8 0 ;  

T e l f e r  a n d  B a r b e r ,  1 9 8 1 ;  S t e i n b a c k  e t  a l . ,  1 9 8 2 ;  S c o u f f l a i r e  e t  a l . ,  

1 9 8 3 ;  K r a u s e  a n d  B e h r e n d , 1 9 8 3 ) -  F u r t h e r m o r e ,  i t  l e d  t o  a  d e c r e a s e d  

r a t e  o f  P S 2  e l e c t r o n  t r a n s f e r  ( S t e i n b a c k  e t  a l . ,  1 9 8 2 ;  F a r c h a u s  e t  a l . ,  

1 9 8 2 )  a n d  a  s u b s e q u e n t  i n c r e a s e  i n  P S 1  e l e c t r o n  t r a n s f e r  r a t e s  ( H o r t o n  

a n d  B l a c k ,  1 9 8 2 ;  F a r c h a u s  e t  a l . ,  1 9 8 2 )  a t  l i m i t i n g  l i g h t  i n t e n s i t i e s .

I t  h a s  a l s o  b e e n  s h o w n  t h a t  p h o s p h o r y l a t i o n  c o u l d  a l t e r  l i g h t - i n d u c e d  

r e d o x  c h a n g e s  a s s o c i a t e d  w i t h  c y t  f  i n  a  w a y  w h i c h  i n d i c a t e d  l o w e r  r a t e s
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o f  P S 2  e l e c t r o n  f l o w  ( H o r t o n  a n d  B l a c k ,  1 9 8 1 b ) .  H o w e v e r , r e c e n t l y  

H a w o r t h  a n d  M e l i s  ( 1 9 8 3 )  h a v e  s u g g e s t e d  t h a t  p r o t e i n  p h o s p h o r y l a t i o n  

d o e s  n o t  a l t e r  P S 1  a b s o r p t i o n  c r o s s  s e c t i o n ,  a s  P 7 0 0  r e d u c t i o n  k i n e t i c s  

w e r e  u n a l t e r e d  b y  t h e  p h o s p h o r y l a t i o n  t r e a t m e n t .  T h e s e  e x p e r i m e n t s  

w e r e  c a r r i e d  o u t  a t  2 mM M g C lg  "b u t t h e  f l u o r e s c e n c e  c h a n g e s  o b s e r v e d  

d u e  t o  p h o s p h o r y l a t i o n  d i d  n o t  s h o w  t h e  p r e f e r e n t i a l  l a r g e  d e c r e a s e  i n  

F v  a n d  d e c r e a s e  i n  F 0 p r e v i o u s l y  r e p o r t e d  b y  H o r t o n  a n d  B l a c k  ( 1 9 8 3 )  

w h i c h  m a y  s u g g e s t  t h a t  u n d e r  t h e  c o n d i t i o n s  u s e d  b y  H a w o r t h  a n d  M e l i s  

p h o s p h o r y l a t i o n  h a d  n o t  t a k e n  p l a c e .  T h e i r  c o n c l u s i o n s  h a v e  s i n c e  

b e e n  c o n t r a d i c t e d  b y  T e l f e r  e t  a l .  ( 1 9 8 4 ) »  w h o  b y  m e a s u r i n g  P S 1  p h o t o ­

o x i d a t i o n  a t  8 2 0  nm d i d  d e t e c t  a  c h a n g e  i n  P S 1  p h o t o c h e m i c a l  e f f i c i e n c y  

a f t e r  p h o s p h o r y l a t i o n .

1 . 7 . 4  T h e  M e c h a n is m  I n v o l v e d ;

T h e  f l u o r e s c e n c e  c h a n g e s  s u g g e s t  t h a t  p h o s p h o r y l a t i o n  b r i n g s  a b o u t  

a  l o w e r  e x t e n t  o f  e x c i t a t i o n  e n e r g y  g o i n g  t o  P S 2  w i t h  a  s u b s e q u e n t  i n ­

c r e a s e  i n  e x c i t a t i o n  e n e r g y  a r r i v i n g  a t  P S 1 .  T h i s  c a n  b e  a c h i e v e d  b y  

tw o  m e c h a n is m s ; e i t h e r  a  c h a n g e  i n  p h o t o s y s t e m  a b s o r p t i o n  c r o s s  s e c t i o n  

o r  a n  a l t e r a t i o n  i n  s p i l l o v e r  ( s e e  B u t l e r  a n d  K i t a y a m a , 1 9 7 5 ) *  P r o m  

t h e  a n a l y s i s  o f  7 7 K  f l u o r e s c e n c e  i n d u c t i o n  c u r v e s  u s i n g  t h e  b i p a r t i t e  

a n d  t r i p a r t i t e  k i n e t i c  m o d e l s  p r o p o s e d  b y  B u t l e r  a n d  K i t a y a m a  ( 1 9 7 5 ) »  

B u t l e r  a n d  S t r a s s e r  ( 1 9 7 8 )  a n d  r e v i e w e d  b y  B u t l e r  ( 1 9 7 8 )  i n f o r m a t i o n  

r e l a t i n g  t o  t h e s e  tw o - p r o c e s s e s  c a n  b e  d e t e r m i n e d  b y  a n a l y s i n g  c h a n g e s  

i n  F 0 a n d  F ^ . a t  b o t h  69O nm a n d  7 3 0  n m . H a w o r t h  e t  a l .  ( 1 9 8 2 a )  c a r r i e d  

o u t  s u c h  a n  a n a l y s i s  a n d  a s  a  r e s u l t  c o n c l u d e d  t h a t  p h o s p h o r y l a t i o n  

l e d  t o  a  c h a n g e  i n  b o t h  s p i l l o v e r  a n d  a b s o r p t i o n  c r o s s  s e c t i o n  s o  t h a t  

L H C - P S 2  c o u p l i n g  w a s  d e c r e a s e d  a n d  e x c i t o n  t r a n s f e r  f r o m  P S 2  t o  P S 1  

i n c r e a s e d .  H o w e v e r , i t  h a s  b e e n  p o s t u l a t e d  t h a t  a t  h i g h  s a l t  l e v e l s
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p h o s p h o r y l a t i o n - i n d u c e d  f l u o r e s c e n c e  c h a n g e s  a r e  b r o u g h t  a b o u t  s o l e l y  

b y  a  c h a n g e  i n  P S 2  a b s o r p t i o n  c r o s s  s e c t i o n  ( H o r t o n  a n d  B l a c k ,  1 9 8 1 a  

a n d  1 9 8 3 ) *  S u c h  c o n t e n t i o n s  a r e  d e a l t  w i t h  i n  m o re  d e t a i l  i n  s e c t i o n  

1 .8 .2.

B i o c h e m i c a l  a n d  s t r u c t u r a l  i n f o r m a t i o n  h a s  b e e n  o b t a i n e d  w h i c h  

s u g g e s t s  t h a t  t h e  m o v e m e n t o f  p h o s p h o r y l a t e d  p r o t e i n s  f r o m  t h e  a p p r e s s e d  

t o  t h e  n o n - a p p r e s s e d  m e m b ra n e  r e g i o n s  t a k e s  p l a c e ,  a s  p r e d i c t e d  b y  

B a r b e r  ( 1 9 8 2 a ) .  F r e e z e - f r a c t u r e  e l e c t r o n  m i c r o s c o p y  s t u d i e s  h a v e  s h o w n  

t h e  m o v e m e n t o f  p a r t i c l e s  f r o m  t h e  g r a n a l  t o  t h e  s t r o m a l  l a m e l l a e  u p o n  

p h o s p h o r y l a t i o n .  K y l e  e t  a l .  ( 1 9 8 3 L )  r e p o r t e d  t h e  m o v e m e n t o f  a  p o p ­

u l a t i o n  o f  8 nm p a r t i c l e s  u p o n  p h o s p h o r y l a t i o n  o f  t h y l a k o i d s  w h i c h  w a s  

r e v e r s e d  b y  d e p h o s p h o r y l a t i o n  a n d  p o s t u l a t e d  t h e  i n v o l v e m e n t  o f  a  

'm o b i l e  p o o l '  o f  L H C .  S im p s o n  ( 1 9 8 3 )  a l s o  n o t i c e d  t h e  m o v e m e n t o f  

p a r t i c l e s  o u t  o f  t h e  g r a n a ,  b u t  w i t h  a  s u b s e q u e n t  i n c r e a s e  i n  a n o t h e r  

p o p u l a t i o n  o f  p a r t i c l e s  w i t h i n  t h e  g r a n a  w h i c h  h e  p r o p o s e d  m a y  h a v e  

a r i s e n  f r o m  a  c o n f o r m a t i o n a l  c h a n g e  i n  P S 2  o r  t h e  m o v e m e n t o f  P S 1  i n t o  

t h e  a p p r e s s e d  r e g i o n s .  R a d i o a c t i v e  l a b e l l i n g  e x p e r i m e n t s  f o l l o w e d  b y  

t h y l a k o i d  f r a g m e n t a t i o n  h a v e  r e v e a l e d  t h e  p r e s e n c e  o f  m o re  l a b e l l e d  

L H C  i n  t h e  s t r o m a l  f r a g m e n t s  ( A n d e r s s o n  e t  a l . ,  1 9 8 2 )  w h i l e  a l l  t h e  

o t h e r  p h o s p h o r y l a t e d  p o l y p e p t i d e s  r e m a i n e d  i n  t h e  g r a n a l  f r a g m e n t s  

( L a r s s o n  e t  a l . ,  1 9 8 4 ) .  K y l e  e t  a l .  ( 1 9 8 4 )  h a v e  r e c e n t l y  s u p p o r t e d  

t h e  n o t i o n  t h a t  p h o s p h o r y l a t i o n  l e a d s  t o  t h e  m o v e m e n t o f  a  s u b - p o p u ­

l a t i o n  o f  p h o s p h o r y l a t e d  L H C  f r o m  g r a n a l  t o  s t r o m a l  m e m b ra n e s  b y  f r a g ­

m e n t a t i o n  s t u d i e s ,  i n  w h i c h  c h l a / b  r a t i o s  a n d  7 7 K  f l u o r e s c e n c e  c h a r ­

a c t e r i s t i c s  w e r e  m e a s u r e d , a n d  f r o m  p u l s e - c h a s e  e x p e r i m e n t s .  I t  w a s  

n o t e d  t h a t  n o t  a l l  o f  t h e  p h o s p h o r y l a t e d  L H C  m o v e d  f r o m  t h e  g r a n a  b u t  

t h a t  t h e  L H C  w h i c h  d i d  m i g r a t e  o u t  b e c a m e  " e n e r g e t i c a l l y - a s s o c i a t e d "  

w i t h  P S 1 ,  s i n c e  t h e  a b i l i t y  t o  e x c i t e  7 3 5  m i  f l u o r e s c e n c e  a t  7 7 K  b y  

c h l o r o p h y l l  b  w a s  i n c r e a s e d  f o l l o w i n g  p h o s p h o r y l a t i o n .
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L i t t l e  e v i d e n c e  h a s  b e e n  r e p o r t e d  c o n c e r n i n g  t h e  o c c u r r e n c e  o f  

c o n f o r m a t i o n a l  c h a n g e s  d u r i n g  t h e  i n  v i v o  S t a t e  t r a n s i t i o n s .  Y e m o t t e  

e t  a l .  ( 1 9 7 5 )  o b s e r v e d  n o  l a r g e  c h a n g e  i n  c h l o r o p l a s t  u l t r a s t r u c t u r e  

w h e n  l e a v e s  w e r e  p r e i l l u m i n a t e d  w i t h  l i g h t  1 o r  l i g h t  2 ,  w h i l e  B e n n o u n  

a n d  J u p i n  ( 1 9 7 4 )  r e p o r t e d  a  33%  d e c r e a s e  i n  s t a c k i n g  w h e n  C h la m y d o m o n a s  

r e i n h a r d i  w e r e  i n  S t a t e  2 c o m p a r e d  w i t h  S t a t e  1 .  P u n n e t t  ( 1 9 7 0 )  h a s  

d e t e c t e d  l a r g e  l i g h t - i n d u c e d  c h a n g e s  i n  i n  v i v o  s t a c k i n g  w h i c h  w a s  c o r ­

r e l a t e d  w i t h  a l t e r a t i o n s  i n  e n h a n c e m e n t . T h e s e  o b s e r v a t i o n s  w e r e  

a c h i e v e d ,  h o w e v e r , b y  a  m u ch  l o n g e r  l i g h t  t r e a t m e n t  t h a n  t h a t  r e q u i r e d  

t o  b r i n g  a b o u t  S t a t e  c h a n g e s . K y l e  e t  a l .  ( 1 9 8 3 b )  a n d  B i g g i n s  ( 1 9 8 2 )  

h a v e  b o t h  r e p o r t e d  a  1 0 - 1 5 %  d e c r e a s e  i n  m e m b ra n e  s t a c k i n g  b y  e l e c t r o n  

m i c r o s c o p y , a f t e r  i n  v i t r o  p r o t e i n  p h o s p h o r y l a t i o n  w h i l e  C h o w  e t  a l .  

( 1 9 8 1 b ) h a v e  a l s o  d e t e c t e d  a  s m a l l  d e g r e e  o f  u n s t a c k i n g  u s i n g  a  d i g i t o n  

m e t h o d  w h i c h  p r o d u c e d  s t r o m a l  l a m e l l a e  w i t h  a l t e r e d  c h i  a / b  r a t i o s  a n d  

c h l o r o p h y l l  c o n t e n t  a f t e r  i n  v i t r o  p h o s p h o r y l a t i o n .  F u r t h e r  i n d i r e c t  

m e a s u r e m e n ts  o f  c o n f o r m a t i o n a l  c h a n g e , o b s e r v e d  d u r i n g  t h e  A T P - i n d u c e d  

f l u o r e s c e n c e  d e c l i n e  h a v e  b e e n  m ade u s i n g  9 0 °  l i g h t  s c a t t e r i n g  ( S c o u f f l a i r e  

e t  a l . ,  1 9 8 3 ) .

I t  i s  b e l i e v e d  t h a t  t h e  p r o t e i n  p h o s p h o r y l a t i o n  p r o c e s s  i s  u n d e r  

e l e c t r o s t a t i c  c o n t r o l  ( B a r b e r  1 9 8 2 a  b u t  a l s o  s e e  B a r b e r ,  1 9 8 C h ) .  T h e  

p h o s p h o r y l a t i o n  t a k e s  p l a c e  o n  t h r e o n i n e  g r o u p s  l o c a t e d  o n  a  p o s i t i v e l y  

c h a r g e d  2 k d a ,  t r y p s i n - d i g e s t a b l e  s e g m e n t o f  t h e  L H C  ( B e n n e t t ,  1 9 8 0 ) .  

R e m o v a l  o f  t h i s  2 k d a  s e g m e n t i n h i b i t s  b o t h  t h e  p h o s p h o r y l a t i o n - i n d u c e d  

f l u o r e s c e n c e  c h a n g e s  a n d  g r a n a  f o r m a t i o n  ( J e n n i n g s  e t  a l . ,  1 9 7 8 ,  1 9 8 0 ;  

S t e i n b a c k  e t  a l . ,  1 9 7 9 ) *  T h e  a d d i t i o n  o f  p h o s p h a t e  g r o u p s  o n t o  t h e  e x ­

p o s e d  s u r f a c e  o f  t h e  L H C  i n c r e a s e s  t h e  n e t  n e g a t i v e  c h a r g e  o n  t h e  a l ­

r e a d y  n e g a t i v e l y  c h a r g e d  L H C  ( s e e  N a k a t a n i  a n d  B a r b e r ,  1 9 8 0 ) .  I t  i s  p o s ­

t u l a t e d  t h a t  t h e  c h a n g e  i n  t h e  p r o t e i n ' s  s u r f a c e  c h a r g e  c h a r a c t e r i s t i c s
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a l t e r s  t h e  b a l a n c e  b e t w e e n  t h e  a t t r a c t i v e  a n d  r e p u l s i v e  f o r c e s  w h i c h  

c a u s e  t h e  m o v e m e n t o f  p h o s p h o r y l a t e d  ’ m o b i l e '  L H C  f r o m  g r a n a l  t o  s t r o m a l  

l a m e l l a e  w h e r e  i t  t h e n  i n t e r a c t s  w i t h  P S 1 .

1 . 8  F a s t  F l u o r e s c e n c e  T r a n s i e n t s  i n  t h e  P r e s e n c e  o f  P C M U ;

I n  t h e  p r e s e n c e  o f  D C M U , o r  o t h e r  s i m i l a r  P S 2  i n h i b i t o r s ,  i l l u m i n ­

a t i o n  o f  d a r k  p r e t r e a t e d  t h y l a k o i d s  b r i n g s  a b o u t  a  f a s t  r i s e  i n  c h l o r o ­

p h y l l  f l u o r e s c e n c e  t o  t h e  F q  l e v e l ,  f o l l o w e d  b y  a  r a p i d  i n c r e a s e  t o  a  

s t e a d y  m a x im a l l e v e l  ( F  ) .  T h i s  f l u o r e s c e n c e  r i s e  r e p r e s e n t s  t h e  p h o t o ­

r e d u c t i o n  o f  t o  Q ~  ( D u y s e n s  a n d  S w e e r s , 1 9 ^ 3 )  • T h e  k i n e t i c s  o f  t h e  

i n d u c t i o n  c u r v e  w a s  o r i g i n a l l y  t r e a t e d  a s  d i r e c t l y  r e f l e c t i n g  t h e  e x ­

t e n t  o f  r e d u c e d  Q,^ a c c u m u l a t i o n  a t  a n y  o n e  p o i n t  i n  t i m e ,  h o w e v e r , t h i s  

h a s  b e e n  s h o w n  n o t  t o  b e  t h e  c a s e  ( M a l k i n ,  1 9 7 1 ;  D o s c h e k  a n d  K o k ,  1 9 7 2 ) .  

A  q u a n t i t a t i v e  t r e a t m e n t  b y  M u r a t a  e t  a l .  ( 1 9 6 6 )  s u g g e s t e d  t h a t  t h e  a r e a  

o v e r  t h e  f l u o r e s c e n c e  r i s e  w a s  p r o p o r t i o n a l  t o  t h e  n u m b e r  o f  q u a n t a  

r e q u i r e d  t o  r e d u c e  Q ^ .  T h i s  w a s  c o n f i r m e d  b y  B e n n o u n  a n d  L i  ( 1 9 7 3 )  w h o  

o b s e r v e d  a  l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  a r e a  g r o w t h  a n d  p h o t o c h e m i c a l  

r a t e .

T h e  f l u o r e s c e n c e  r i s e  d o e s  n o t  f o l l o w  s i m p l e  f i r s t  o r d e r  k i n e t i c s ,  

w h i c h  w o u l d  b e  e x p e c t e d  f o r  a  s i n g l e  p h o t o c h e m i c a l  e v e n t .  I n  t h e  p r e ­

s e n c e  o f  " h i g h ”  c a t i o n  l e v e l s  t h e r e  a r e  tw o  d i s t i n c t  p h a s e s  t o  t h e  

r i s e ;  a  f a s t ,  s i g m o i d a l  c o m p o n e n t a n d  a  s l o w e r ,  e x p o n e n t i a l  p h a s e .

T h i s  b i p h a s i c  e f f e c t  c a n  e a s i l y  b e  s h o w n  t h r o u g h  t h e  k i n e t i c s  o f  t h e  

g r o w t h  o f  t h e  a r e a  o v e r  t h e  f l u o r e s c e n c e  i n d u c t i o n  c u r v e  ( M e l i s  a n d  

H o m a n n , 1 9 7 5  > 1 9 7 6 ) .  E x p o n e n t i a l  k i n e t i c s  w o u l d  b e  e x p e c t e d  i f  e a c h  P S 2  

r e a c t i o n  c e n t r e  a n d  a s s o c i a t e d  a n t e n n a - c h l o r o p h y l l s  b e h a v e d  a s  a  s e p a r a t e  

u n i t  ( s e e  r e v i e w  b y  B a r b e r ,  1 9 7 8 ) *  S i g m o i d i c i t y  c a n  b e  a c c o m m o d a te d  b y
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e i t h e r  a )  som e d e g r e e  o f  e x c i t a t i o n  e n e r g y  t r a n s f e r  b e t w e e n  P S 2  r e ­

a c t i o n  c e n t r e s  ( j o l i o t  a n d  J o l i o t ,  1 9 6 4 ;  L a v o r e l  a n d  J o l i o t ,  1 9 7 2 ;  

B r i a n t a i s  e t  a l . ,  1 9 7 3 ;  P a i l l o t i n ,  1 9 7 6 ;  H i p k i n s ,  1 9 7 8 )  o r  b )  t h e  

r e q u i r e m e n t  f o r  a  tw o  e l e c t r o n  p r o c e s s  t o  c l o s e  e a c h  P S 2  t r a p  ( M o r i n ,  

1 9 6 4 ;  D o s c h e k  a n d  K o k ,  1 9 7 2 ) .

J o l i o t  a n d  J o l i o t  ( 1 9 6 4 )  f o r m u l a t e d  t h e  f o l l o w i n g  e q u a t i o n  t o  e x ­

p l a i n  t h e  r e l a t i o n s h i p  b e t w e e n  P  a n d  Q  ,  w h i c h  r e l a t e d  c h l o r o p h y l l
V  A

f l u o r e s c e n c e  t o  t h e  c o n c e n t r a t i o n  o f  a n d  t h e  p r o b a b i l i t y  o f  e n e r g y  

t r a n s f e r  f r o m  a  c l o s e d  P S 2  r e a c t i o n  c e n t r e  ( p ) #

* V  =  o - p ) ( i - [ c y  ) / i - p ( i - f e A] )

T h e y  s h o w e d  t h a t  t h e  r a t e  o f  o x y g e n  e v o l u t i o n  ( Y o ^ )  a s  a  f u n c t i o n  o f  

c o n c e n t r a t i o n  f o l l o w e d  t h e  a b o v e  l a w ,  w i t h  a  p  v a l u e  o f  b e t w e e n  0 .5  

a n d  0 . 6  i n  C h l o r e l l a  s p . .  T h e i r  o r i g i n a l  i d e a s  h a v e  s i n c e  b e e n  c r i t i -  

s i s e d ,  m o d i f i e d  a n d  e x t e n d e d .  T h e  m a in  c r i t i c i s m  b e i n g  t h a t  t h e  f o r m u l a  

a s s u m e d  a n  e q u a l  p r o b a b i l i t y  o f  e n e r g y  t r a n s f e r  b e t w e e n  P S 2  u n i t s .  I t  

w a s  s u g g e s t e d  t h a t  a s  Q,^ b e c a m e  r e d u c e d  t h e  v a l u e  o f  p  w o u l d  c h a n g e  a n d  

t h a t  t h e  s i t u a t i o n  w a s  f u r t h e r  c o m p l i c a t e d  b y  t h e  n o n - r a n d o m  g r o u p i n g  

o f  c l o s e d  P S 2  c e n t r e s  ( t h e  i l e t  e f f e c t )  w h i c h  w o u l d  a f f e c t  t h e  r e ­

l a t i o n s h i p  b e t w e e n  Q .  a n d  J Z L  ( L a v o r e l  a n d  J o l i o t ,  1 9 7 2 ) .  A  n e w  t h e o r y  

p r e s e n t e d  b y  P a i l l o t i n  ( 1 9 7 6 )  a s s u m e d  t h a t  P S 2  w a s  d i v i d e d  i n t o  p h o t o ­

s y n t h e t i c  d o m a in s  c o n t a i n i n g  a  c e r t a i n  n u m b e r  o f  r e a c t i o n  c e n t r e s  a n d  

t h e  f a t e  o f  a n  e x c i t o n  w a s  m a i n l y  d e t e r m i n e d  b y  c o m p e t i t i o n  b e t w e e n  t h e  

d i f f e r e n t  c e n t r e s  f o r  i t s  c a p t u r e  w h i c h  d e p e n d e d  o n  t h e  s t a t e  o f  t h e  

c e n t r e s .  I t  i s  t h e r e f o r e  b e l i e v e d  t h a t  d o m a in s  o f  P S 2  r e a c t i o n  c e n t r e s  

a r e  r a n d o m l y  d i s t r i b u t e d  i n  a n  a r r a y  o f  L H C  s o  t h a t  t h e r e  i s  a  l i m i t e d  

i n t e r a c t i o n  b e t w e e n  P S 2  a n d  n e i g h b o u r i n g  L H C  ( P a i l l o t i n ,  1 9 7 6 ;  B u t l e r '  

a n d  S t r a s s e r ,  1 9 7 8 ) .  E a r l i e r  w o r k  b y  J o l i o t  e t  a l .  ( 1 9 7 3 )  h a d  p r e ­

v i o u s l y  s u g g e s t e d  t h a t  e n e r g y  t r a n s f e r  c o u l d  o c c u r  b e t w e e n  a t  l e a s t  

t h r e e  c o n n e c t e d  P S 2  p h o t o  s y n t h e t i c  u n i t s .  H o w e v e r , e v e n  t h e  l a t e r
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m o d e ls  c a n n o t  g e n e r a t e  t h e o r e t i c a l  c u r v e s  t o  f i t  t h e  e x p e r i m e n t a l  

f l u o r e s c e n c e  d a t a  p e r f e c t l y  ( H i p k i n s ,  1 9 7 8 ;  D o h n t  a n d  R e n g e r ,  1 9 8 4 ) .

I n  q u a l i t a t i v e  t e r m s , t h e  p h o t o r e d u c e d  c a n  t r a n s f e r  e n e r g y  t o  

a  l i m i t e d  n u m b e r  o f  o p e n  P S 2  r e a c t i o n  c e n t r e s  a n d  t h e r e f o r e  a  l a g  i s  

o b s e r v e d  b e t w e e n  t h e  l e v e l  o f  c h l o r o p h y l l  f l u o r e s c e n c e  a n d  Q,”  a c c u m u ­

l a t i o n .  T h i s  l e a d s  t o  a  p l o t  o f  Q  v e r s u s  P  b e i n g  h y p e r b o l i c  i n  n a t -
A  ^

u r e  i n  a  s i m i l a r  m a n n e r  t o  t h e  o r i g i n a l  v e r s u s  Q ~  p l o t  m ad e  b y  

J o l i o t  a n d  J o l i o t  ( 1 9 6 4 ) .  T h e r e f o r e  i t  se e m s  t h a t  t h e  b i p h a s i c  n a t u r e  

o f  t h e  f l u o r e s c e n c e  r i s e  c a n  e a s i l y  b e  a c c o m m o d a te d  b y  tw o  f o r m s  o f  P S 2  

w h i c h  d i f f e r  i n  t h e i r  d e g r e e  o f  " c o n n e c t i v i t y  T h e  i n a b i l i t y  t o  e x ­

p l a i n  t h e  o b s e r v e d  f l u o r e s c e n c e  c u r v e s  b y  o n e  t y p e  o f  e l e c t r o n  a c c e p t o r  

a n d  o n e  t y p e  o f  p i g m e n t  b e d  w a s  s u g g e s t e d  b y  D o s c h e k  a n d  K o k  ( 1 9 7 2 )  w ho 

f i r s t  n o t i c e d  a  s l o w  t a i l  i n  t h e  f l u o r e s c e n c e  s i g n a l .  T h i s  w a s  l a t e r  

q u a n t i f i e d  b y  M e l i s  a n d  H o m a n n  ( 1 9 7 5 >  1 9 7 8 )  a n d  e v e n t u a l l y  M e l i s  a n d  

D u y s e n s  ( 1 9 7 9 )  s h o w e d  t h a t  t h e  b i p h a s i c  r e d u c t i o n  o f  Q ^ ,  a s  d e t e c t e d  b y  

t h e  a r e a  g r o w t h  k i n e t i c s  o f  f l u o r e s c e n c e  i n d u c t i o n  c u r v e s ,  c o r r e l a t e d  

w i t h  A A ^ q  c h a n g e s  a t t r i b u t e d  t o  r e d u c t i o n .  T h i s  g a v e  f u r t h e r  e v i ­

d e n c e  t h a t  t h e  b i p h a s i c  n a t u r e  o f  t h e  r i s e  w a s  d u e  t o  tw o  f o r m s  o f  P S 2 .  

T h e  f a s t ,  s i g m o i d a l  p h a s e  r e p r e s e n t i n g  c o n n e c t e d  P S 2  c e n t r e s  a n d  t h e  

s l o w , e x p o n e n t i a l  c o m p o n e n t b e i n g  d u e  t o  s e p a r a t e  P S 2  c e n t r e s  ( M e l i s  

a n d  H o m a n n , 1 9 7 8 ;  M e l i s  a n d  O w , 1 9 8 2 ) .  T h i s  i d e a  o f  P S 2  h e t e r o g e n e i t y  

w a s  n o t  a  n o v e l  c o n c e p t ,  a s  J o l i o t  a n d  J o l i o t  ( 1 9 7 3 )  a n d . J o l i o t  e t  a l .

a n d  Q g , w h i c h  t h e y  

b e l i e v e d  r e p r e s e n t e d  a  h e t e r o g e n e i t y  i n  e i t h e r  P S 2  s t r u c t u r e  o r  a n t e n n a  

s i z e .  T h e s e  tw o  f l u o r e s c e n c e  q u e n c h e r s  w e r e  e a s i l y  d i s t i n g u i s h e d  a s  

Q p  ( f a s t  c e n t r e s )  c o u l d  b e  r e d u c e d  b y  a  s i n g l e  s a t u r a t i n g  f l a s h  w h i l e  

( s l o w  c e n t r e s )  w e r e  o n l y  r e d u c e d  u n d e r  c o n t i n u o u s  i l l u m i n a t i o n .

( 1 9 7 3 )  h a d . a l r e a d y  r e p o r t e d  tw o  f o r m s  o f  Q, c a l l e d
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1 . 8 . 1  T h e  C o n s e q u e n c e s  o f  C h a n g e s  i n  A b s o r p t i o n  C r o s s  S e c t i o n  o r  

S p i l l o v e r

F r o m  t h e o r e t i c a l  a s s u m p t i o n s  i t  w o u l d  b e  p r e d i c t e d  t h a t  t h e  tw o  

d i f f e r e n t  m e c h a n is m s  w h i c h  c a n  a l t e r  e x c i t a t i o n  e n e r g y  d i s t r i b u t i o n  b e ­

t w e e n  t h e  tw o  p h o t o  s y s t e m s  w o u l d  l e a d  t o  d i f f e r e n t  c h a n g e s  i n  t h e  ro o m - 

t e m p e r a t u r e  c h l o r o p h y l l  f l u o r e s c e n c e  i n d u c t i o n  c u r v e  e x h i b i t e d  b y  DCMtJ- 

i n h i b i t e d  t h y l a k o i d s .  A  d e c r e a s e  i n  P S 2  a b s o r p t i o n  c r o s s  s e c t i o n

w o u l d  r e s u l t  i n  a  d e c r e a s e  i n  b o t h  F  a n d  F  s o  t h a t  t h e  r a t i o  F _ / Fo m v / m

w a s  l e f t  u n c h a n g e d , w h i l e  a n  i n c r e a s e  i n  s p i l l o v e r  w o u l d  c a u s e  a  p r e f ­

e r e n t i a l  d e c r e a s e  i n  F ^  w i t h  l i t t l e  c h a n g e  i n  F q  so F ^ F  d e c r e a s e d .

I n d u c t i o n  c u r v e s  h a v e  b e e n  u s e d  f r e q u e n t l y  i n  t h e  d e t e r m i n a t i o n  o f  

t h e  m e c h a n is m ( s )  i n v o l v e d  a s  a  r e s u l t  o f  p r o t e i n  p h o s p h o r y l a t i o n  a n d  

c a t i o n - i n d u c e d  p h e n o m e n a . S u c h  a n  a p p r o a c h  h a s  l e d  t o  c o n f l i c t i n g  r e ­

s u l t s  i n  t h e  l i t e r a t u r e .  A  l a r g e  n u m b e r  o f  w o r k e r s  h a v e  s h o w n  t h a t

p h o s p h o r y l a t i o n  a t  " h i g h "  M g C l 0 l e v e l s  l e a d s  t o  a  d e c r e a s e  i n  b o t h  Fc m

a n d  F q  so F ^ F  r e m a i n e d  u n a l t e r e d ,  i n d i c a t i v e  o f  a  d e c r e a s e  i n  P S 2  

a b s o r p t i o n  c r o s s  s e c t i o n  ( H o r t o n  a n d  B l a c k ,  1 9 8 1 a , 1 9 8 3 ;  K r a u s e  a n d  

B e h r e n d , 1 9 8 3 ;  G e r o l a  e t  a l . ,  1 9 8 4 ) *  M e a n w h i l e , K y l e  e t  a l .  ( 1 9 8 2  a n d  

1 9 8 3 b )  h a v e  c o n s i s t e n t l y  f o u n d  t h a t  p h o s p h o r y l a t i o n ,  u n d e r  s i m i l a r  c o n ­

d i t i o n s  a s  t h e  a b o v e  r e p o r t s ,  l e d  t o  a  d e c r e a s e  i n  F ^ F  a n d  a n  i n ­

c r e a s e  i n  F q .  T h i s  m e t h o d  h a s  a l s o  i n d i c a t e d  t h a t  i n  v i t r o  p h o s p h o r y ­

l a t i o n - i n d u c e d  f l u o r e s c e n c e  c h a n g e s  a r e  d e p e n d e n t  u p o n  t h e  b a c k g r o u n d  

M g  c o n c e n t r a t i o n  b e c a u s e  a t  l o w e r  M g  l e v e l s  (  1 mM) p h o s p h o r y l a t i o n  

p r o d u c e s  a  p r e f e r e n t i a l  F ^ . q u e n c h i n g  l e a d i n g  t o  a  l o w e r  F ( H o r t o n  

a n d  B l a c k ,  1 9 8 3 ) *

S i m i l a r  s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  u s i n g  a l g a e  p r e a d a p t e d  t o  

S t a t e  1 o r  S t a t e  2 b y  l i g h t  q u a l i t y  p r e t r e a t m e n t s .  B e n n o u n  ( 1 9 7 4 )  s h o w e d
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t h a t  c o m p a r e d  w i t h  S t a t e  1 ,  S t a t e  2 a d a p t e d  C h l o r e l l a  p y r e n o i d o s a  e x ­

h i b i t e d  a  l o w e r  a n d  F r a t i o .  S a i t o  e t  a l .  ( 1 9 8 3 )  h a v e  s h o w n  

s i m i l a r  d i f f e r e n c e s  b e t w e e n  t h e  tw o  a d a p t i v e  S t a t e s  a n d  s u c h  o b s e r ­

v a t i o n s  w o u l d  s u g g e s t  t h a t  t h e  i n  v i v o  S t a t e  t r a n s i t i o n s  o c c u r  v i a  a l ­

t e r a t i o n s  i n  b o t h  a b s o r p t i o n  c r o s s - s e c t i o n  a n d  s p i l l o v e r .

2+T h e  a b s e n c e  o f  M g  i o n s  a l t e r s  b o t h  t h e  k i n e t i c s  a n d  t h e  I*  l e v e lm

o f  i n d u c t i o n  c u r v e s  ( e . g .  H o m a n n , 1 9 6 9 ;  M u r a t a ,  1 969b ; B e n n o u n , 1 9 7 4 ;

M e l i s  a n d  H o m a n n , 1 9 7 6 ,  1 9 7 8 ) .  I t  h a s  a l s o  b e e n  r e p o r t e d  b y  som e

a u t h o r s  t h a t  t h e  l o w  c a t i o n  s i t u a t i o n  p r o d u c e s  a  l o w e r  c o m p a r e d  w i t h

t h e  h i g h  s a l t  c o n d i t i o n  ( B e n n o u n , 1 9 7 4 ;  B u t l e r ,  1 9 7 8 ;  H i p k i n s ,  1 9 7 8 ) .

T h e s e  c h a n g e s  h a v e  b e e n  i n t e r p r e t e d  a s  b e i n g  d u e  t o  a  d i s r u p t i o n  o f  t h e

s t a t i s t i c a l  p i g m e n t  b e d  ( B r i a n t a i s  e t  a l . ,  1 9 7 3 ;  M e l i s  a n d  H b m a n n ,

1 9 7 8 ) ,  t h e r e b y  h a v i n g  a  g r e a t e r  e f f e c t  o n  t h e  f a s t ,  s i g m o i d a l  c o m p o n e n t

p e r h a p s  b y  t r a n s f o r m i n g  th e m  i n t o  t h e  s l o w e r ,  e x p o n e n t i a l  P S 2  c e n t r e s

( M e l i s  a n d  H o m a n n , 1 9 7 8 ) .  T h e  d e c r e a s e  i n  F m i s  s e e n  t o  a r i s e  f r o m  a n

a l t e r e d  f l u o r e s c e n c e  e m i s s i o n  y i e l d  f r o m  t h o s e  d i s r u p t e d  P S 2  r e a c t i o n

c e n t r e s ,  a s  t h e A A ^ Q  k i n e t i c s  h a v e  b e e n  s h o w n  t o  r e m a i n  u n a l t e r e d  b y

t h e  a b s e n c e  o f  M g  ( M e l i s  a n d  O w , 1 9 8 2 ) .  I t  h a s  b e e n  s u g g e s t e d  t h a t

t h i s  a r i s e s  b e c a u s e  o f  a n  i n c r e a s e  i n  t h e r m a l  d e a c t i v a t i o n  ( k ^ )  d u e  t o  

2+a  M g - s p e c i f i c  e f f e c t  o n  t h e  c o n n e c t e d  P S 2  r e a c t i o n  c e n t r e s  ( M e l i s  a n d  

O w , 1 9 8 2 ) ,  w h i l e  o t h e r s  b e l i e v e  t h a t  i t  i s  a  c o n s e q u e n c e  o f  P S 2  r a n d o m ­

i s a t i o n  l e a d i n g  t o  a n  i n c r e a s e d  s p i l l o v e r  f r o m  P S 2  t o  P S 1  ( B a r b e r ,  

1 9 8 2 a )  a n d  p e r h a p s  a n  u n c o u p l i n g  o f  L H C  f r o m  t h e  P S 2  c o r e  c o m p l e x  

( N a i r n  e t a l . ,  1 9 8 3 ;  J e n n i n g s ,  1 9 8 4 ) *
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1 . 9  P S 2  H e t e r o g e n e i t y :

1 . 9 . 1  a  a n d  3 c e n t r e s :

M e l i s  a n d  H o m a n n  ( 1 9 7 5 )  f i r s t  i n t r o d u c e d  t h e  n o w , w e l l - e s t a b l i s h e d ,  

k i n e t i c  a n a l y s i s  o f  t h e  g r o w t h  o f  t h e  a r e a  o v e r  t h e  r o o m  t e m p e r a t u r e  

c h l o r o p h y l l  f l u o r e s c e n c e  i n d u c t i o n  c u r v e  i n  D C M U - i n h i h i t e d  t h y l a k o i d s .

B y  p l o t t i n g  t h e  n a t u r a l  l o g a r i t h m  o f  t h e  n o r m a l i s e d  a r e a  g r o w t h  i t  w a s  

s h o w n  t h a t  a c c u m u l a t i o n  o c c u r r e d  i n  tw o  d i s t i n c t  k i n e t i c  p h a s e s .

Tw o  p o s s i b i l i t i e s  w e r e  c o n s i d e r e d  t o  e x p l a i n  t h e  b i p h a s i c  n a t u r e  o f  t h e  

a r e a  g r o w t h ;  a  s e q u e n t i a l  d o u b l e  r e d u c t i o n  o f  t h e  p r i m a r y  e l e c t r o n  

a c c e p t o r  o f  P S 2  o r  a  h e t e r o g e n e i t y  o f  P S 2  p h o t o c h e m i c a l  c e n t r e s  ( M e l i s  

a n d  H o m a n n , 1 9 7 6 ) .  H o w e v e r , t h e  k i n e t i c  p r o p e r t i e s  o f  t h e  a r e a  g r o w t h  

a f t e r  t h e  f i r i n g  o f  a  s i n g l e ,  s a t u r a t i n g  f l a s h  p r o v e d  t o  b e  i n c o m p a t i b l e  

w i t h  t h e  p r e d i c t i o n s  o f  t h e  ’ ’ s e q u e n t i a l  d o u b l e  r e d u c t i o n ”  m o d e l .  T h i s  

c o n c l u s i o n  w a s  c o r r o b o r a t e d  b y  r e s u l t s  o b t a i n e d . f r o m  a  k i n e t i c  a n a l y s i s  

o f  t h e  d a r k - r e s t o r e d  a r e a  ( M e l i s  a n d  H o m a n n , 1 9 7 6 ) .  I t  w a s  t h e r e f o r e  

a s s u m e d  t h a t  a  h e t e r o g e n o u s  p o o l  o f  P S 2  r e a c t i o n  c e n t r e s  e x i s t e d ,  w i t h  

t h e  f a s t  s i g m o i d a l  p h a s e  t e r m e d  t h e  a - c o m p o n e n t  o r  P S 2 a  a n d  t h e  s l o w , 

e x p o n e n t i a l  c o m p o n e n t  c a l l e d  t h e  (3 -c o m p o n e n t o r  P S 2 ^ .  F u r t h e r  s t u d i e s  

l e d  M e l i s  a n d  H o m a n n  ( 1 9 7 8 )  and. M e l i s  a n d  Ow ( 1 9 8 2 )  t o  p r o p o s e  t h a t  

P S 2 a  w a s  l o c a t e d  i n  a  s t a t i s t i c a l  p i g m e n t  b e d  a r r a n g e m e n t , w i t h  e n e r g y  

t r a n s f e r  b e t w e e n  r e a c t i o n  c e n t r e s ,  i n  t h e  g r a n a l  l a m e l l a e ,  w h i l e  P S 2 ^  

w e r e  s e p a r a t e  u n i t s ,  w i t h  l o o s e l y  c o u p l e d  L H C ,  a  s m a l l e r  a b s o r p t i o n  

c r o s s  s e c t i o n  a n d  l o c a t e d  i n  t h e  s t r o m a l  l a m e l l a e .

O t h e r  s i g n a l s  a t t r i b u t e d  t o  P S 2  l i k e  t h e  C ^ q  a n d . X ^ q  a b s o r b a n c e  

c h a n g e s  h a v e  a l s o  b e e n  s h o w n  t o  e x h i b i t  a  s i m i l a r  k i n e t i c  h e t e r o g e n e i t y  

a s  t h e  a r e a  g r o w t h  a n a l y s i s  ( M e l i s  a n d  D u y s e n s , 1 9 7 9 ;  M e l i s  a n d  

S c h r e i b e r ,  1 9 7 9 ) .  H o w e v e r , a  C ^ q  c h a n g e  a s s o c i a t e d  w i t h  P S 2 p  h a s
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r e c e n t l y  "been d i s p u t e d  b y  D i n e r  a n d  D e ls o m e  ( 1 9 8 3 )  w h i c h  c o n f i r m e d  t h e  

e a r l i e r  o b s e r v a t i o n s  o f  J o l i o t  a n d  J o l i o t  ( 1 9 7 9 )  w ho c o u l d  n o t  s h o w  a  

s i m i l a r  r e l a t i o n s h i p  b e t w e e n  a n d  C a s  t h a t  e x h i b i t e d  b e t w e e n  

a n d  Q ^ .  T h e y  c o n c l u d e d  t h a t  t h e  f l u o r e s c e n c e  y i e l d  w a s  c o n t r o l l e d  b y  

tw o  q u e n c h e r s  w h i l e  t h e  C ^ q  c h a n g e  w a s  o n l y  a  p r o b e  o f  o n e  o f  t h e  

q u e n c h e r s .

O v e r  t h e  p a s t  f e w  y e a r s  o t h e r  d i f f e r e n c e s  b e t w e e n  t h e  tw o  P S 2  r e ­

a c t i o n  c e n t r e s  h a v e  b e e n  i n v e s t i g a t e d .  A n d e r s o n  a n d  M e l i s  ( 1 9 8 3 ) »  

u s i n g  m e m b ra n e  f r a g m e n t a t i o n  t e c h n i q u e s ,  h a v e  s h o w n  v i a  t h e  a r e a  g r o w t h  

a n a l y s i s  t h a t  o n l y  P S 2 p  i s  f o u n d  i n  s t r o m a l  f r a g m e n t s  w h i l e  P S 2 a  i s  

e n r i c h e d  i n  t h e  g r a n a l  f r a g m e n t s .  T h i s  l a t t e r  p o i n t  h a s  b e e n  c o n f i r m e d  

b y  a n a l y s i n g  d i g i t o n i n - p r o d u c e d  P S 2  v e s i c l e s  ( L a m  e t  a l . ,  1 9 8 3 )  w h i c h  

a p p e a r  o n l y  t o  c o n t a i n  P S 2 a  c e n t r e s .  T o b a c c o  m u t a n t s ,  w h i c h  a p p a r e n t l y  

e x h i b i t  d i f f e r e n t  p r o p o r t i o n s  o f  t h e  tw o  P S 2  c e n t r e s ,  h a v e  p r o v i d e d  

e v i d e n c e  t h a t  P S 2 ^  a r e  a s s o c i a t e d  w i t h  l e s s  l i g h t  h a r v e s t i n g  a n t e n n a  

p i g m e n t s  ( T h i e l e n  a n d  v a n  G o r k o m , 1 9 8 1 a ) ,  w h i c h  a r e  c o m p o s e d  o f  

c h l o r o p h y l l  m o l e c u l e s  s h o w in g  d i f f e r e n t  a b s o r p t i o n  c h a r a c t e r i s t i c s  t o  

t h o s e  a s s o c i a t e d  w i t h  P S 2 a  i n  t h a t  t h e y  a r e  f a r - r e d  s h i f t e d  ( T h i e l e n  

e t  a l . ,  1 9 8 1 ) .  T h e s e  s t u d i e s  h a v e  a l s o  s h o w n  t h a t  t h e r e  i s  a  r e l a t i v e  

i n c r e a s e  i n  P S 2 ^  c o r r e l a t e d  t o  a  d e c r e a s e  i n  t h y l a k o i d  m e m b ra n e  s t a c k i n g  

( T h i e l e n  a n d  v a n  G o r k o m , 1 9 8 1 b ) .  O t h e r  d i f f e r e n c e s  i n c l u d e  a n  a b s e n c e  

o f  t h e  h e r b i c i d e  b i n d i n g  p r o t e i n  ( Q g )  a s s o c i a t e d  w i t h  P S 2 p  ( T h i e l e n  a n d

v a n  G o r k o m ,-  1 9 8 1 c )  a n d  t h e  i n s e n s i t i v i t y  o f  P S 2 p  c h l o r o p h y l l  f l u o r e s -

2+c e n c e  e m i s s i o n  t o  M g  l e v e l s  ( M e l i s  a n d  O w , 1 9 8 2 ) .

D i f f e r e n c e s  i n  t h e  r e d o x  p r o p e r t i e s  o n  t h e  a c c e p t o r  s i d e  o f  P S 2 a  

a n d  P S 2 p  ( Q ^  a n d  r e s p e c t i v e l y )  h a v e  a l s o  b e e n  r e p o r t e d  ( H o r t o n ,

1 9 8 1 ;  T h i e l e n  a n d  v a n  G o r k o m , 1 9 8 1 d ) .  T h e  m i d p o i n t  p o t e n t i a l  ( E ffi)  f o r
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h a s  b e e n  f o u n d  t o  b e  a p p r o x i m a t e l y  + 1 2 0  mV ( a t  p H  7 . 0 )  a s  d e t e r m i n e d

b y  r e d o x  t i t r a t i o n s  o f  t h e  r e m o v a l  o f  t h e  s l o w , e x p o n e n t i a l  c o m p o n e n t

a c c e p t o r  a s  t h e  d a t a  f i t s  a  H e m s t  e q u a t i o n  w i t h  n  =  1 .  T h i s  o b s e r ­

v a t i o n  d o e s  n o t  f i t  t h e  p r e v i o u s  r e d o x  t i t r a t i o n s  o f  c h l o r o p h y l l  f l u o r -  

e s c e n c e  w h i c h ,  a s  w i l l  b e  d i s c u s s e d  l a t e r ,  i n d i c a t e d  tw o  q u e n c h e r s  

w i t h  E m v a l u e s  o f  - 2 5 0  mV a n d  0 m V ( e . g .  M a l k i n  a n d  B a r b e r ,  1 9 7 9 ) -

I n  c o n t r a s t  t o  t h e  i n t e r p r e t a t i o n  o f  M e l i s  a n d  c o w o r k e r s , o t h e r  

i d e a s  h a v e  b e e n  p u t  f o r w a r d  t o  e x p l a i n  t h e  k i n e t i c  h e t e r o g e n e i t y  o f  t h e  

f l u o r e s c e n c e  r i s e .  B o w e s  a n d  H o r t o n  ( 1 9 8 2 ) ,  u s i n g  P S 2  p a r t i c l e s  p r e ­

p a r e d  f r o m  P h o r m i d i u m  l a m i n o s i u m ,  h a v e  s u g g e s t e d  t h a t  t o  o b t a i n  h e t e r ­

o g e n e i t y  i n  t h e  f l u o r e s c e n c e  i n d u c t i o n  c u r v e  d o e s  n o t  r e q u i r e  t h e  p r e ­

s e n c e  o f  a p p r e s s e d  a n d  n o n - a p p r e s s e d  m e m b ra n e s  n o r  d i f f e r e n c e s  i n  p i g ^  

m e n t a n t e n n a  s i z e ,  a s  t h e  p r e p a r a t i o n  c o n t a i n e d  o n l y  4 0  c h l o r o p h y l l s  

p e r  r e a c t i o n  c e n t r e  a n d  w e r e  n o t  d i f f e r e n t i a t e d  i n t o  g r a n a l  a n d  s t r o m a l  

l a m e l l a e  r e g i o n s .  T h e i r  e x p l a n a t i o n  w a s  t h a t  t h e  p r e s e n c e  a n d  e x t e n t  

o f  t h e  tw o  k i n e t i c  c o m p o n e n ts  c o u l d  b e  a  c o n s e q u e n c e  o f  d i f f e r i n g  d e ­

g r e e s  o f  MP S 2  c o n n e c t i v i t y " .  F u r t h e r  c o n f u s i o n  h a s  a r i s e n  c o n c e r n i n g  

w h a t  l e a d s  t o  t h e  a  a n d  (3 c o m p o n e n ts  f r o m  r e p o r t s  t h a t  t h e  e x t e n t  o f  

t h e  s l o w  p h a s e  i s  r e f l e c t e d  i n  t h e  d e g r e e  o f  c h l o r o p l a s t  i n t a c t n e s s  

( S c h r e i b e r  a n d  P f i s t e r ,  1 9 8 2 )  a n d  t h a t  t h e  tw o  P S 2  c e n t r e s  a p p e a r  t o  

s h o w  d i f f e r e n t  a f f i n i t i e s  f o r  DCM H ( B r e a r l e y  a n d  H o r t o n ,  1 9 8 4 ;  H o r v a t h  

e t  a l . ,  1 9 8 4 ) .

A  n u m b e r  o f  o t h e r  t y p e s  o f  P S 2  h e t e r o g e n e i t y  h a v e  b e e n  p r o p o s e d  

m a i n l y  f r o m  o b s e r v e d  d i f f e r e n c e s  a n d  c h a n g e s  i n  P S 2  f l u o r e s c e n c e  y i e l d

f r o m  i n d u c t i o n  c u r v e s  ( H o r t o n ,  1 9 8 1 ) .

a s  Q .  b e c o m e s  r e d u c e d . A
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1 . 9 . 2  Cf c  a n d  Qj. ;

Tw o  c o m p o n e n ts  w h i c h  a c t  a s  ’ p r i m a r y '  a c c e p t o r s  o f  P S 2  h a v e  "been 

d e t e r m i n e d  "by r e d o x  t i t r a t i o n s  o f  c h l o r o p h y l l  f l u o r e s c e n c e  y i e l d  

( C r a m e r  a n d  B u t l e r ,  1 9 6 9 ;  H o r t o n  a n d  C r o z e ,  1 9 7 9 ;  M a l k i n  a n d  B a r b e r ,  

1 9 7 9 ;  G o l h e c k  a n d  K o k ,  1 9 7 9 ) *  B a s e d  o n  t h e i r  r e d o x  m i d p o i n t  p o t e n t i a l s  

t h e y  h a v e  b e e n  c a l l e d  ( E ^  0 m V ) a n d  - 2 5 0  m V ) .  R e ­

d u c t i o n  o f  b o t h  q u e n c h e r s  b r i n g  a b o u t  a  P ^ g  a b s o r p t i o n  c h a n g e , i n d i ­

c a t i v e  o f  a  tr a n s m e m b r a n e  p o t e n t i a l  ( M i a l k i n , 1 9 7 8 )  w h i l e  i t  a p p e a r s  

t h a t  o n l y  i s  a f f e c t e d  b y  p H  o r  l o w  c a t i o n  c o n c e n t r a t i o n s  ( H o r t o n ,

1 9 8 1 )  a n d  i s  a s s o c i a t e d  w i t h  t h e  C ^ q  a b s o r b a n c e  c h a n g e  ( D i n e r  a n d  

D e l s o m e , 1 9 8 3 ) *  T h e  p h o t o r e d u c t i o n  o f  l e a d s  t o  a  c h a n g e  i n  t h e  r e ­

d u c t i o n  o f  Q g  a n d  t h e r e f o r e  i t  h a s  b e e n  p o s t u l a t e d  t h a t  t h e y  s h a r e  t h e  

sam e p i g m e n t - b e d  ( H o r t o n ,  1 9 8 1 ) .  H o r t o n  a n d  N a y l o r  ( 1 9 7 9 ) »  u s i n g  

a g r a n a l  c h l o r o p l a s t s ,  p r o d u c e d  f r o m  i n t e r m i t t e n t  l i g h t  g r o w n  p l a n t s ,  

h a v e  s h o w n  t h a t  w a s  o n l y  o b s e r v e d  w h e n  c h l o r o p l a s t s  e x h i b i t e d  c o m p le x  

m e m b ra n e  o r g a n i s a t i o n .  T h i s  t r a i t  w a s  n o t  o b s e r v e d  i n  b l u e - g r e e n  a l ­

g a l  d e r i v e d  P S 2  p a r t i c l e s  w h i c h  h a v e  b e e n  s h o w n  o n l y  t o  c o n t a i n  

(B o w e s  a n d  H o r t o n ,  1 9 8 2 ) .  T h e s e  p a r t i c l e s  d i d ,  h o w e v e r , e x h i b i t  

s i g m o i d i c i t y  i n  t h e i r  f l u o r e s c e n c e  i n d u c t i o n  c u r v e s  w h i c h  h i g h l i g h t s  

t h e  n o n - r e q u i r e m e n t  f o r  Q^. a n d  t o  b e  p r e s e n t  i n  P S 2 a  c e n t r e s .

1 . 9 . 3  a n d  Q ^ :

T h i s  f o r m  o f  P S 2  h e t e r o g e n e i t y  i s  a  k i n e t i c  d i f f e r e n c e  w h i c h  h a s  

e m e r g e d  t h r o u g h  t h e  w o r k  o f  J o l i o t  a n d  J o l i o t  ( 1 9 7 7  * 1 9 7 9 >  1 9 8 1 b ) .

T h e y  n o t i c e d  t h a t  o n l y  7 0 %  o f  t h e  v a r i a b l e  f l u o r e s c e n c e  c o u l d  b e  e l i m ­

i n a t e d  b y  a  s i n g l e  s a t u r a t i n g  l i g h t  f l a s h  i n  t h e  p r e s e n c e  o f  DCM H a n d
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h y d r o x y l a m i n e  ( t e r m e d  Q ^ )  w h i l e  t h e  r e m a i n i n g  30%  o f  t h e  v a r i a b l e  

f l u o r e s c e n c e  r e q u i r e d  s e v e r a l  s u c h  f l a s h e s  t o  r e m o v e  i t  ( t e r m e d  Q ^ ) .

A  n u m b e r  o f  d i f f e r e n t  p r o p e r t i e s  h a v e  b e e n  a t t r i b u t e d  t o  a n d  a s

a  r e s u l t  o f  t h e  a b o v e  m e n t i o n e d  w o r k  b y  J o l i o t  a n d  J o l i o t .  T h e  r e d u c ­

t i o n  o f  l e a d s  t o  a  C ^ q  a b s o r p t i o n  c h a n g e  a n d  t h e  f o r m a t i o n  o f  a  

tr a n s m e m b r a n e  p o t e n t i a l .  I n  t h e  p r e s e n c e  o f  h y d r o x y l a m i n e , i s  p h o t o -  

r e d u c e d  i n  a n  e f f i c i e n t  p r o c e s s .  r e o x i d i s e s  a f t e r  p h o t o r e d u c t i o n ,  

i n  t h e  p r e s e n c e  o f  DCM tJ a n d  h y d r o x y l a m i n e ,  e x t r e m e l y  s l o w l y  w i t h  a  t ^  

a t  r o o m  t e m p e r a t u r e  o f  2 0  m i n u t e s  o r  m o r e . O n  t h e  o t h e r  h a n d , p h o t o ­

r e d u c t i o n  c a n n o t  b e  a s s o c i a t e d  w i t h  e i t h e r  a  0 , - ^  c h a n g e  o r  t h e  f o r m -b b O

a t i o n  o f  a  m e m b ra n e  p o t e n t i a l .  I n  t h e  p r e s e n c e  o f  I X M J  a n d  h y d r o x y l a ­

m in e  i t  i s  r e o x i d i s e d  b y  a  f a s t ,  m u l t i - p h a s i c  p r o c e s s .  F u r t h e r m o r e  Qg 

a p p e a r s  t o  b e  I X M J - i n s e n s i t i v e  a n d  c a n  b e  a s s o c i a t e d  w i t h  a  s e c o n d a r y  

e l e c t r o n  a c c e p t o r  w h i c h  i s  p r o b a b l y  c y t  b ^ ^ • A s  § 2  ^ o e s  n o ^  g i v e  r i s e  

t o  a A A ^ Q  a b s o r b a n c e  c h a n g e  i t  c a n n o t  b e  a  p l a s t o q u i n o n e  m o l e c u l e  

( J o l i o t  a n d  J o l i o t ,  1 9 8 1 a ) .  I t  i s  t h o u g h t  t h a t  i s  e q u i v a l e n t  t o  t h e  

P S 2  e l e c t r o n  a c c e p t o r  c a l l e d  X  ( E c k e r t  a n d  R e n g e r , 1 9 8 0 ) .
cL

1 . 9 - 4  B - t y p e  a n d  n o n - B - t y p e :

T h e  b a c k - t r a n s f e r  o f  a n  e l e c t r o n  f r o m  t h e  s e m i - r e d u c e d  s e c o n d a r y  

a c c e p t o r ,  Q ^ ,  t o  t h e  p r i m a r y  s t a b l e  e l e c t r o n  a c c e p t o r ,  Q ~ , i n d u c e d  b y  

m i x i n g  p r e - f l a s h e d  t h y l a k o i d s  w i t h  I X M J  o n l y  a f f e c t s  5 0 %  o f  t h e  t o t a l  

v a r i a b l e  f l u o r e s c e n c e .  T h e  q u e n c h e r  i n v o l v e d  i n  t h i s  p r o c e s s  h a s  b e e n  

d e n o t e d  " B - t y p e "  w h i l e  t h e  c o m p l e m e n t a r y  p a r t  o f  t h e  f l u o r e s c e n c e  i s  

a s s u m e d  t o  b e  c o n t r o l l e d  b y  " n o n - B - t y p e "  q u e n c h e r s . L a v e r g n e  a n d  

E t i e n n e  ( 1 9 8 0 )  p r o p o s e d  t h a t  t h e  B - t y p e  a c c e p t o r s  w e r e  c o n n e c t e d  t o  t h e  

p r o t e i n  w h i l e  t h e  n o n - B - t y p e  w e r e  i n  som e w a y  d i s c o n n e c t e d .  I t  h a s  

b e e n  s h o w n  t h a t  i n  t h e  p r e s e n c e  o f  I X M J ,  t h e  B - t y p e  a c c e p t o r s  c a n  o n l y
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r e c o m b i n e  w i t h  t h e  S 0 a n d  S ,  s t a t e s  o f  t h e  o x y g e n - e v o l v i n g  s y s t e m  

w h i l e  t h e  n o n - B - t y p e  q u e n c h e r s  a r e  t o t a l l y  r e o x i d i s e d  g i v e n  a n y  n u m b e r  

o f  p r e i l l u m i n a t i o n  f l a s h e s  ( L a v e r g n e ,  1 9 8 2 a ) .  I n  t h e  p r e s e n c e  o f  DC M U 

a n d  h y d r o x y l a m i n e ,  t h e  B - t y p e  q u e n c h e r s  l i k e  ,  w e r e  v e r y  s t a b l e  w h e n  

r e d u c e d  w h i l e  t h e  n o n - B - t y p e  b e c a m e  r a p i d l y  o x i d i s e d  ( L a v e r g n e ,  1 9 8 2 b ) .  

F u r t h e r m o r e ,  t h e  n o n - B - t y p e  a c c e p t o r s  c a n  o n l y  b e c o m e  r e d u c e d  a f t e r  

p r i o r  r e d u c t i o n  o f  t h e  B - t y p e .  R e c e n t l y  i t  h a s  b e e n  p r o p o s e d  t h a t  

i s  e q u i v a l e n t  t o  t h e  B - t y p e  q u e n c h e r  w h i l e  i s  a s s o c i a t e d  w i t h  t h e  

n o n - B - t y p e  ( L a v e r g n e ,  1 9 8 2 d ) .  T h e  r e l a t i o n s h i p  b e t w e e n  t h e s e  v a r i o u s  

f o r m s  o f  P S 2  h e t e r o g e n e i t y  i s  s t i l l  n o t  c l e a r ,  h o w e v e r  b a s e d  o n  t h e i r  

r e p o r t e d  d i f f e r e n c e s  a n d  s i m i l a r i t i e s  c e r t a i n  l i n k s  h a v e  b e e n  m ad e  ( s e e  

H o r t o n ,  1 9 8 2 ;  J o l i o t  a n d  J o l i o t ,  1 9 8 3 ) *  F o r  i n s t a n c e  b o t h  a n d  

a p p e a r  t o  b e  a s s o c i a t e d  w i t h  P S 2 a  a l t h o u g h  t h e i r  p r e s e n c e  i s  n o t  r e ­

q u i r e d  t o  s e e  f l u o r e s c e n c e  s i g m o i d i c i t y  ( H o r t o n ,  1 9 8 1 ;  B o w e s  a n d  

H o r t o n ,  1 9 8 2 ) .  h a s  b e e n  l i n k e d  w i t h  Q g w h i l e  h a s  b e e n  l i n k e d  t o  

( s e e  r e v i e w  b y  B o u g e s - B o c q u e t ,  1 9 8 0 ) .  F u r t h e r m o r e ,  t h e  f u n c t i o n a l  

r o l e  o f  t h e s e  d i f f e r e n t  P S 2  e l e c t r o n  a c c e p t o r s  i s  n o t  k n o w n  a t  t h i s  

t i m e .

1 . 1 0  O b .j e c t i v e s  o f  t h i s  T h e s i s :

T h e  w o r k  p r e s e n t e d  i n  t h i s  t h e s i s  i s  p r i m a r i l y  d i r e c t e d  t o w a r d s  a  

c l e a r e r  u n d e r s t a n d i n g  o f  t h e  m e c h a n is m s  i n v o l v e d  i n  p h o t o  s y n t h e t i c  

l i g h t  a d a p t a t i o n .  T h e  a p p r o a c h  i n  t h i s  s t u d y  h a s  b e e n  t o  u s e  a  n u m b e r  

o f  c h l o r o p h y l l  f l u o r e s c e n c e  t e c h n i q u e s  t o  c o m p a re  t h y l a k o i d  m e m b ra n e  

s t r u c t u r a l  c h a n g e s  i n d u c e d  i n  v i t r o  b y  t h e  m a n i p u l a t i o n  o f  c a t i o n  l e v e l s  

a n d  t h e  u s e  o f  p r o t e i n  p h o s p h o r y l a t i o n  w i t h  t h e  i n  v i v o  c h a n g e s  b r o u g h t  

a b o u t  b y  a d a p t a t i o n  t o  l i g h t  q u a l i t y  ( t e r m e d  S t a t e  1 -  S t a t e  2 t r a n s ­

i t i o n s ) .  T h e  r e s u l t s  b e i n g  a n a l y s e d  i n  t e r m s  o f  d i s t i n g u i s h i n g  b e t w e e n
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s p i l l o v e r  a n d  a b s o r p t i o n  c r o s s  s e c t i o n  c h a n g e s  b r o u g h t  a b o u t  b y  t h e  

v a r i o u s  t r e a t m e n t s  a n d  c o r r e l a t i n g  t h e  f l u o r e s c e n c e  c h a n g e s  w i t h  t h e  

d e g r e e  o f  t h y l a k o i d  r e o r g a n i s a t i o n .

T h e  e f f e c t  o f  c a t i o n s  o n  f l u o r e s c e n c e  y i e l d ,  t h y l a k o i d  o r g a n i s a t i o n

a n d  e n e r g y  r e d i s t r i b u t i o n  h a s  b e e n  r e e x a m i n e d  i n  C h a p t e r  3 a s  a  r e s u l t

2+o f ,  1 )  t h e  c l a i m  t h a t  a  M g  - s p e c i f i c  a l t e r a t i o n  i n  k ^  a t  P S 2 a  r e a c t i o n

24-c e n t r e s  c a u s e s  t h e  f l u o r e s c e n c e  d e c r e a s e  o b s e r v e d  o n  l o w e r i n g  t h e  M g

l e v e l  a n d  2 )  t h e  i n c o n s i s t e n t  r e p o r t s  i n  t h e  l i t e r a t u r e  c o n c e r n i n g  t h e

c a t i o n  e f f e c t  o n  P Q .  T h e  e f f e c t  o f  p r o t e i n  p h o s p h o r y l a t i o n  o n  e n e r g y

r e d i s t r i b u t i o n  h a s  b e e n  i n v e s t i g a t e d  i n  C h a p t e r  4  and. t h e  r e l a t i o n s h i p

2+b e t w e e n  b a c k g r o u n d  M g  l e v e l s  a n d  p h o s p h o r y l a t i o n  i n  t e r m s  o f  t h e  

d  e g r e e  o f  s t r u c t u r a l  a n d  f l u o r e s c e n c e  c h a n g e s  c a r r i e d  o u t  i n  v i e w  o f  

t h e  c o n t r a d i c t a r y  r e p o r t s  c o n c e r n i n g  t h e  m e c h a n is m s  i n v o l v e d .  B y  com­

p a r i n g  t h e  r e s u l t s  p r e s e n t e d  i n  C h a p t e r  3 w i t h  t h o s e  o f  C h a p t e r  4  t h e  

e f f e c t  o f  p h o s p h o r y l a t i o n  i n  t e r m s  o f  c h a n g e s  i n  s p i l l o v e r  a n d  a b s o r p ­

t i o n  c r o s s  s e c t i o n  h a s  b e e n  c l a r i f i e d .  H o w e v e r , p h o s p h o r y l a t i o n  h a s  

b e e n  r e p o r t e d  t o  a l t e r  a  n u m b e r  o f  o t h e r  p r o c e s s e s  w h i c h  i n c l u d e s  a  

s t i m u l a t e d  c y c l i n g  o f  e l e c t r o n s  a r o u n d  P S 2 .  T h i s  l e d  t o  t h e  w o r k  p r e ­

s e n t e d  i n  C h a p t e r  5> w h i c h  h a s  i n v e s t i g a t e d  t h e  e f f e c t  o f  p h o s p h o r y ­

l a t i o n  o n  c y t  r e ( ^o x  c h a n g e s . T h i s  l e d  t o  t h e  p l a c i n g  o f  c y t  b j ^

L P  i n  a  Q - c y c l e  m e c h a n is m . T h e  w o r k  c a r r i e d  o u t  i n  C h a p t e r s  3 a n d  4> 

u s i n g  r o o m  t e m p e r a t u r e  f l u o r e s c e n c e  i n d u c t i o n  c u r v e s ,  c r e a t e d  a n  i n t e r ­

e s t  i n  t h e  P S 2  k i n e t i c  h e t e r o g e n e i t y ,  P S 2 a  a n d  P S 2 f 3 .  T h i s  l e d  t o  t h e  

i n v e s t i g a t i o n  p r e s e n t e d  i n  C h a p t e r  6 i n  w h i c h  v a r i o u s  p r e t r e a t m e n t s  

w e r e  u s e d  t o  m o d i f y  t h e  f l u o r e s c e n c e  r i s e  a n d  t o  a l t e r  t h e  e x t e n t  o f  

t h e  tw o  k i n e t i c  c o m p o n e n t s , a n d  i n  d o i n g  s o  t h e  c o n c e p t  o f  tw o  d i s t i n c t  

f o r m s  o f  P S 2 ,  a s  s u g g e s t e d  b y  M e l i s  a n d  H o m a n n  ( 1 9 7 8 ) ?  h a s  b e e n  q u e s t ­

i o n e d .
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C h a p t e r  7  c o m p a r e s  c h a n g e s  i n  f l u o r e s c e n c e  i n d u c t i o n  c u r v e s  b r o u g h t  

a b o u t  b y  l i g h t  q u a l i t y  p r e t r e a t m e n t s ,  i n d i c a t i v e  o f  t h e  S t a t e  1 -  S t a t e  

2 t r a n s i t i o n ,  w i t h  t h e  i n  v i t r o  s t u d i e s  p r e s e n t e d  i n  C h a p t e r s  3 a n d  4  

t o  t r y  a n d  e l u c i d a t e  i f  t h e  i n  v i v o  c h a n g e s  a r e  a c c o m p l i s h e d  b y  a l t e r ­

a t i o n s  i n  s p i l l o v e r  a n d / o r  a b s o r p t i o n  c r o s s  s e c t i o n .

C h a n g e s  i n  c h l o r o p l a s t  u l t r a s t r u c t u r e  i n d u c e d  b y  g r o w i n g  p l a n t s  

u n d e r  d i f f e r e n t  e n v i r o n m e n t a l  c o n d i t i o n s  h a v e  b e e n  u s e d  t o  i n v e s t i g a t e  

t h e  e f f e c t  o f  t h y l a k o i d  s t r u c t u r e  o n  t h e  p l a n t ’ s a b i l i t y  t o  c a r r y  o u t  

S t a t e  1 -  S t a t e  2 t r a n s i t i o n s  ( C h a p t e r  8 ) .  T h i s  c h a p t e r  a l s o  s h o w s  t h e  

u s e  o f  c h l o r o p h y l l  f l u o r e s c e n c e  i n  d e t e r m i n i n g  c h l o r o p l a s t  s t r u c t u r a l  

c h a n g e s  e v o k e d  b y  t r a n s f e r r i n g  p l a n t s  f r o m  g r o w t h  u n d e r  h i g h  l i g h t  t o  

l o w  l i g h t .  C h a p t e r  9 s h o w s  t h e  u s e  o f  c h l o r o p h y l l  f l u o r e s c e n c e  t r a n s ­

i e n t s  i n  i n v e s t i g a t i n g  p r o p o s e d  s t r u c t u r a l  a n d  f u n c t i o n a l  c h a n g e s  

b r o u g h t  a b o u t  i n  p l a n t s  e x h i b i t i n g  a t r a z i n e - r e s i s t a n c e ,

T h e  f i n a l  c h a p t e r  b r i n g s  t h e  c h l o r o p h y l l  f l u o r e s c e n c e  a n d  c h l o r o ­

p l a s t  s t r u c t u r a l  c h a n g e s  t o g e t h e r  i n  a  g e n e r a l  d i s c u s s i o n  a n d  i n  s o  

d o i n g  d i s t i n g u i s h e s  b e t w e e n  t h e  c h a n g e s  i n d u c e d  b y  c a t i o n s ,  p r o t e i n  

p h o s p h o r y l a t i o n  a n d  l i g h t  q u a l i t y .
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C H A P T E R  2

Materials and Methods

2 . 1  C h l o r o p l a s t  P r e p a r a t i o n :

T h e  c h l o r o p l a s t  p r e p a r a t i o n  u s e d  i n  t h i s  s t u d y  w a s  a  m o d i f i c a t i o n  

o f  t h a t  d e s c r i b e d  b y  N a k a t a n i  a n d  B a r b e r  ( 1 9 7 7 )  w h i c h  y i e l d e d  C l a s s  I  

t y p e  c h l o r o p l a s t s .  T h e s e  m a i n t a i n  a n  i n t a c t  o u t e r  e n v e l o p e  a n d  u s i n g  

C O g a s  t h e  t e r m i n a l  a c c e p t o r ,  a r e  c a p a b l e  o f  p h o t o s y n t h e t i c  e l e c t r o n  

t r a n s f e r  r e a c t i o n s .  F o r  e x p e r i m e n t a t i o n  t h e s e  i n t a c t  c h l o r o p l a s t s  

w e r e  s u b j e c t e d  t o  a  1 5  s e c o n d  o s m o t i c  s h o c k .

T h r o u g h o u t  m o s t  o f  t h i s  s t u d y ,  l e a v e s  o f  1 0 - d a y  o l d  p e a s  ( P i s u m  

s a t i v u m ,  v a r .  P e l t h a m  F i r s t )  g r o w n  f r o m  m i c o l d u s t e d  s e e d s ,  i n  v e r m i c -  

u l i t e ,  u n d e r  s u p p l e m e n t a r y  l i g h t i n g  ( 1 6  h r .  d a y ) ,  i n  a  g r e e n h o u s e , w e r e  

u s e d  f o r  t h e  c h l o r o p l a s t  p r e p a r a t i o n .

2 . 1 . 1  P r e p a r a t i o n  o f  C l a s s  I  C h l o r o p l a s t s :

7 0 g .  o f  f r e s h l y  h a r v e s t e d  p e a  l e a v e s  w e r e  m a c e r a t e d , u s i n g  a  

P o l y t r o n  ( t y p e  P T  35 0 D ) ,  i n  2 0 0 m l i c e - c o l d  g r i n d i n g  m e d iu m  c o n s i s t i n g  

o f  0 . 3 3 M  s o r b i t o l ,  0 .2 m M  M g C l g *  20mM M E S  ( p H  6 . 5 >  T r i s ) .  T h e  r e s u l t ­

i n g  h o m o g e n a te  w a s  f i l t e r e d  t h r o u g h  1 0  l a y e r s  o f  m u s l i n ,  o f  w h i c h  t h e  

f i r s t  tw o  l a y e r s  w e r e  s e p a r a t e d  b y  c o t t o n  w o o l .  T h e  f i l t r a t e  w a s  c o l ­

l e c t e d  a n d  c e n t r i f u g e d  a t  2 2 0 0 x g  f o r  4 5  s a t  4 ° C .  T h e  s u p e r n a t a n t  w a s  

r e m o v e d , a n d  t h e  p e l l e t  w a s  r e s u s p e n d e d  i n  0 . 3 3 M  s o r b i t o l  ( p H  7 » 5 >  T r i s ) ,  

b e f o r e  b e i n g  c e n t r i f u g e d  a t  2 2 0 0 x g  f o r  2 0 s  a t  4 ° C .  T h e  s u p e r n a t a n t  a n d  

s o f t  p e l l e t  w e r e  r e m o v e d  b y  a s p i r a t i o n  a n d  t h e  r e m a i n i n g  h a r d  p e l l e t  

w a s  r e s u s p e n d e d  a s  a  c o n c e n t r a t e d  s t o c k  i n  0 . 3 3 M  s o r b i t o l ,  3mM M g C ^
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( p H  7 . 5 ,  T r i s )  a n d  s t o r e d  o n  i c e .  T h e  c h l o r o p l a s t s  w e r e  u s u a l l y  6 0 -  

7 0 %  i n t a c t ,  a s  e s t i m a t e d  b y  c o m p a r i n g  t h e  a b i l i t y  o f  p o t a s s i u m  f e r r i -  

c y a n i d e  t o  a c c e p t  e l e c t r o n s  b e f o r e  a n d  a f t e r  a n  o s m o t i c  s h o c k .

2 . 1 . 2  Preparation of Broken Chloroplasts:

A  s l i g h t l y  m o d i f i e d  c h l o r o p l a s t  i s o l a t i o m  m e t h o d  w a s  u s e d  f o r  t h e  

a t r a z i n e - s u s c e p t i b l e  a n d  r e s i s t a n t  p l a n t  b i o t y p e s .  1 0 g  o f  l e a v e s  w e r e

m a c e r a t e d  u s i n g  a  p o l y t r o n  i n  a  m e d ia  c o n t a i n i n g  0 . 4 M  s o r b i t o l ,  3mM 

M g C l g , 50mM s o d iu m  a s c o r b a t e ,  0 . 5 %  B S A  a n d  0 . 1 M  T r i c i n e  ( p H  7 . 8 ,  N a O H ) .  

T h e  h o m o g e n a t e  w a s  p a s s e d  t h r o u g h  1 6  l a y e r s  o f  w e t  m u s l i n  a n d  t h e  f i l ­

t r a t e  w a s  s p u n  a t  2 2 0 0 x g  f o r  3 m i n u t e s  a t  4 ° C .  T h e  r e s u l t i n g  p e l l e t  

w a s  s h o c k e d  i n  w a t e r  c o n t a i n i n g  3mM M g C l^  t h e n  b u f f e r  w a s  a d d e d  t o  g i v e  

f i n a l  c o n c e n t r a t i o n s  o f  0 . 3 3 M  s o r b i t o l ,  2mM E D T A ,  1mM M h C ^ *  5mM M g C lg  

a n d  0 . 1 M  H E P E S  ( p H  7 . 8 ,  N a O H ) .  T h i s  w a s  s p u n  a t  3 0 0 0 x g  f o r  5 m i n u t e s  

a n d  t h e  p e l l e t  w a s  r e s u s p e n d e d  a s  a  c o n c e n t r a t e d  s t o c k  i n  0 . 3 3 M  s o r b i ­

t o l ,  2mM E D T A ,  1mM M n C l g , 3mM M g C l 2 ,  0 . 5 %  B S A  a n d  0 . 1 4 1  H E P E S  ( p H  7 . 6 ,  

N a O H ) .

2 . 1 . 3  Chlorophyll Determination:

T h e  a m o u n t o f  c h l o r o p h y l l  p r e s e n t  i n  t h e  c o n c e n t r a t e d  c h l o r o p l a s t  

s t o c k  s u s p e n s i o n  w a s  d e t e r m i n e d  b y  t h e  m e t h o d  o f  A m o n  ( 1 9 4 9 ) .  A n  

a l i q u o t  o f  t h e  c o n c e n t r a t e d  s t o c k ,  u s u a l l y  5 0 ^ 1 ,  w a s  a d d e d  t o  80 %  

a c e t o n e  i n  a  v o l u m e t r i c  f l a s k ,  s o  t h e  f i n a l  v o lu m e  w a s  1 0 m l .  T h i s  w a s  

s h a k e n  a n d  f i l t e r e d  t o  r e m o v e  a n y  c o a g u l a t e d  p r o t e i n  p a r t i c l e s .  T h e  

a b s o r p t i o n  o f  t h e  s u p e r n a t a n t  w a s  m e a s u r e d  u s i n g  a  P e r k i n - E l m e r  5 5 4  

s p e c t r o p h o t o m e t e r  a g a i n s t  a n  80 %  a c e t o n e  b l a n k  a t  6 4 5 n m , 663nm  a n d  

7 5 0 n m . T h e  l a t t e r  m e a s u r e m e n t , u s e d  t o  d e t e r m i n e  t h e  e x t e n t  o f  l i g h t  

s c a t t e r i n g  f r o m  t h e  s a m p l e , w a s  s u b t r a c t e d  f r o m  t h e  o t h e r  tw o  r e a d i n g s .
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The c h lo r o p h y l l  c o n c e n tr a t io n  was c a lc u la t e d  from  th e  f o l lo w i n g  equa­

t io n s

T o t a l  c h lo r o p h y ll  = ^ (8 .0 2x A ,-^ )  + ( 2 0 .2x A ^ ,,-)} x  d i l u t i o n  f a c t o r  
(|ig/m l)  ̂ ^

2 .2  P la n t  M a t e r ia l  f o r  i n  v iv o  M easurem ents:

2 .2 .1  L ig h t  I n t e n s i t y :

M ost e s^ e rim e n ts  w ere p erfo rm ed  w ith  p ea  p la n t s  grow n i n  v e r m ic u l-

i t e  i n  a  P i  so n s m odel 600G5/TTL grow th  c a b in e t  u n d er 5 l i g h t  in t e n -

—2 —2 —2
s i t i e s ;  h ig h  (70Wm ) ,  medium (50Vfin~ ) and lo w  (20Win ) .  Y/hite l i g h t

was g e n e r a te d  b y  1 2 x 40W, c o ld - w h ite  f lu o r e s c e n t  tu b e s  sup plem ented  b y  

4x40W, tu n g s te n  b u lb s . The lo w e r  i n t e n s i t i e s  w ere a c h ie v e d  b y  s h a d in g  

th e  p la n t s  w ith  v a r io u s  l a y e r s  o f  m u s lin . Seeds w ere p la n te d  a p p r o x i­

m a te ly  4cm a p a r t  to  m in im ise  sh a d in g  from  n e ig h b o u r in g  p la n t s .  A l l  e x ­

p e rim e n ts  w ere co n d u cted  on p la n t s  grown to  th e  t h i r d  l e a f  p a i r .  A l l  

m a t e r ia l  was grown d u r in g  a  1 6 h r-8 h r d a y - n ig h t  c y c le  o v e r  a  1 4 -1 7 ° C  

tem p e ra tu re  r a n g e .

P o r some e x p e r im e n ts , w h ich  w ere c a r r ie d  o u t a t  th e  G la ssh o u se

C rops R e s e a rc h  I n s t i t u t e  ( G . C . R . I . ) ,  L it t le h a m p to n , tom ato p la n t s ,

L y c o p e r s ic o n  escu len tu m  ( M i l l . )  c v  P ind on C r o s s , w ere grown i n  H oagland

n o .1  s o lu t io n  i n  a  c o n t r o l le d  en viron m en t a t  20°C, a  v . p . d .  o f  0 .7K Pa

—2 —2and a  12 h r p h o to p e r io d  o f  e i t h e r  80Yftn (h ig h  l i g h t )  o r  20Vfin ( lo w  

l i g h t ) .  The 5 th  l e a f ,  u s e d  f o r  a l l  e x p e r im e n ts , was m a in ta in e d  h o r i ­

z o n t a l  and un sh ad ed . Some p la n t s  w ere t r a n s f e r r e d ,  when th e  5 th  l e a f  

w as o n ly  15-20%  f u l l y  expand ed , to  th e  lo w  l i g h t  re g im e .
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2 .2 .2  T em p era tu re:

h ig h  and 

a  4 - 7 °C

2 .2 .3  A lg a e :

P ea  p la n t s  w ere grown a s  d e s c r ib e d  above e x c e p t  o n ly  th e  

lo w  l i g h t  i n t e n s i t i e s  w ere u s e d . A l l  m a t e r ia l  was grown o v e r  

tem p e ra tu re  r a n g e .

C h lo r e l l a  p y r e n o id o s a  w ere grown i n  a  medium c o n t a in in g  5mM KNO^,

0.5mM K^HPO^, 2mM MgSO^, 0.5mM EHgPO^, 1mM EC1 and 0.2%  (v / v )  H u tn e r 's  

m ic r o n u t r ie n t s ,  u n d er w h ite  l i g h t  e m itte d  from  1x250W in c a n d e s c e n t  b u lb

_2  q
( 3 4 0 ^  ) a t  20 C. The g row th  medium was c o n t in u o u s ly  a e r a t e d  w ith  a i r

w h ich  had been  f i l t e r e d  b y  p a s s in g  th ro u g h  c o t t o n  w ool and w a te r .

A n a c y s t is  n id u la n s  w ere grown u n d er th e  same c o n d it io n s  a s  above 

e x c e p t  th e  gro w th  medium c o n ta in e d  1mM MgSO^, 0.6mM K^HPO^, 10mM KNO^,

0.6mM sodium  c i t r a t e ,  10pM P e2 (SO^)^, 0 . 1 5mM Ca(N0^)2 and was sup­

p lem en ted  w ith  1% (v / v )  Hughes m ic r o n u t r ie n t s .

2 .3  Room T em perature C h lo r o p h y ll  F lu o r e s c e n c e :

2 .3 .1  S t e a d y - s t a t e :

C h lo r o p h y ll  f lu o r e s c e n c e  was in d u c e d  b y  b ro ad  band a c t i n i c  l i g h t  

o b ta in e d  from  a  tu n g s te n -h a lo g e n  l i g h t  s o u rc e  p a s s e d  th ro u g h  S c h o tt  

BG18 (2mm) and S c h o tt  BG38 (2mm) c u t - o f f  f i l t e r s  ( i n t e n s i t y ,  30Vfin™ )̂.

The r e s u l t i n g  f lu o r e s c e n c e  was d e t e c te d  a t  90° b y  an  EMI 9558B S20 p h o to­

m u l t i p l i e r  p r o t e c t e d  b y  a  B a lz a r  686nm in t e r f e r e n c e  f i l t e r .  The p h o to ­

m u l t i p l i e r  o u tp u t was d is p la y e d  d i r e c t l y  on to  a  pen c h a r t  r e c o r d e r .

A l l  e x p e rim e n ts  w ere c a r r ie d  o u t a t  room te m p e ra tu re .



81

To i n v e s t i g a t e  th e  c a t io n - in d u c e d  r i s e ,  i n t a c t  c h lo r o p la s t s  were 

o s m o t ic a l ly  sh ock ed  a t  tw ic e  th e  f i n a l  c a t io n  c o n c e n t r a t io n  and f i n a l l y  

re su sp e n d e d  to  g iv e  th e  f o l lo w i n g  c o n c e n t r a t io n s :  5ng c h l/ m l, 10mM 

T r i c i n e  (pH 8 .2 ,  EQH), 0.33M s o r b i t o l  and 10mM EC1. The e f f e c t  o f  th e  

a d d i t io n  o f  5mM MgClg on f lu o r e s c e n c e  b e fo r e  and 5 m in u tes a f t e r  th e  

a d d it io n  o f  1% (v / v )  g lu ta r a ld e h y d e  was m easured u s in g  th e  a p p a ra tu s  

d e t a i l e d  a b o v e .

2 .3 .2  C h lo r o p h y ll  F lu o r e s c e n c e  I n d u c t io n  C u r v e s :

2 .3 .2 .1  E f f e c t  o f  C a t io n s :

To i n v e s t i g a t e  th e  e f f e c t  o f  c a t io n s ,  i n t a c t  c h lo r o p la s t s  w ere o s­

m o t i c a l l y  sh o ck ed  a t  tw ic e  th e  f i n a l  c a t io n  c o n c e n tr a t io n  and r e s u s ­

pended to  g iv e  th e  f o l lo w i n g  f i n a l  c o n c e n t r a t io n s :  5|ig c h l/ m l, 10mM 

T r ic in e  (pH 8 .2 ,  EOH), 0.33M s o r b i t o l  and e i t h e r  5mM M gClgj 100mM EC1, 

5mM EC1 o r  0.1mM T r i s ( e th y le n e d ia m in e ) c o b a l t i c  ( i l l )  c a t io n  (TEC^+) .

A l l  sam ples w ere d ark  a d a p te d  f o r  4*5 m in u te s , 20|iM HCMU was added and 

f lu o r e s c e n c e  m easured a f t e r  a  t o t a l  d a rk  tim e o f  5 m in u te s .

2 .3 .2 .2  E f f e c t  o f  G lu ta r a ld e h y d e :

G lu ta r a ld e h y d e  was u se d  to  i n v e s t i g a t e  th e  re q u ire m e n t f o r  membrane 

c o n fo r m a tio n a l change i n  b r in g in g  a b o u t a l t e r a t i o n s  i n  v a r io u s  f l u o r e s ­

ce n ce  p a r a m e te rs . Shocked c h lo r o p la s t s  w ere re su sp en d ed  a s  i n  2 . 3 .2 .1  

i n  e i t h e r  1mM MgClg o r  5mM EC1 and a llo w e d  to  e q u i l i b r a t e  f o r  5 m in u tes 

b e fo r e  th e  a d d it io n  o f  1% (v / v )  g lu t a r a ld e h y d e . F o llo w in g  a  f u r t h e r  4 

m inute d ark  in c u b a t io n  to  f i x  th e  t h y la k o id s ,  5mM MgClg was added to  

some o f  th e  low  c a t io n  (5mM E C l) sa m p les. 20[iM DCMU was ^added a f t e r  

a n o th e r  5 m inute d a rk  in c u b a t io n  and f lu o r e s c e n c e  m easured . C o n tr o l
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sam p les w ere th o se  in c u b a te d  i n  th e  a b se n ce  o f  g lu ta r a ld e h y d e  a t  d i f ­

f e r e n t  c a t io n  l e v e l s  f o r  a  t o t a l  d ark  tim e o f  1 4  m in u te s .

2 .3 .2 .3  E f f e c t  o f  R e d u c ta n ts  and O x id a n ts :

To i n v e s t i g a t e  th e  e f f e c t  o f  th e  PQ, p o o l re d o x  s t a t e  on th e  f l u o r ­

e s c e n c e  r i s e ,  i n t a c t  c h lo r o p la s t s  w ere sh ock ed  and re su sp e n d e d  a s  i n

2 . 3 .2 . 1  e x c e p t  o n ly  i n  th e  p re s e n c e  o f  5mM M gClg. 20|iM DOME was i n t r o ­

duced a f t e r  4  m in u tes d a rk  in c u b a t io n  f o l lo w e d  b y  e i t h e r  2.4mM sodium 

d i t h i o n i t e  ( f r e s h l y  p re p a re d  i n  b u f f e r  f o r  e a ch  s a m p le ) , o r  4«2^M 

S p ir u l in a  maxima f e r r e d o x in  and 0.5mM NAPPE, o r  0.3mM m eth y l v io lo g e n ,  

o r  0.5mM p o ta ss iu m  f e r r i c y a n id e  ( b e fo r e  and a f t e r  DOME a d d it io n )  o r  

4*5|±M A n t-2 p . F lu o r e s c e n c e  was m easured a f t e r  a  f u r t h e r  2 m inute d a rk ­

tim e .

2.3.3 Effect of Protein Phosphorylation:

I n t a c t  c h lo r o p la s t s  w ere o s m o t ic a l ly  sh ocked  a t  tw ic e  th e  c a t io n  

c o n c e n t r a t io n  u se d  and re su sp e n d e d  to  g iv e  th e  f o l lo w i n g  f i n a l  concen­

t r a t i o n s :  30|ig c h l/ m l, 10mM T r ic in e  (pH 8 .2 ,  KOH), 0.33M s o r b i t o l ,

0.5mM NAPPE , 4*2|iM S p ir u l in a  maxima f e r r e d o x in  and 0-5mM M gClg. 10mM 

NaP and 0 .1 5mM ATP w ere added to  th e  sam p les to  be p h o s p h o r y la te d  and

when ATP was p r e s e n t  on e q u im o la r  amount o f  MgClg was added to  compen- 

2+
s a t e  f o r  f r e e  Mg c h e la t i o n  b y  th e  n u c le o t id e .

N orm ally  p h o s p h o r y la te d  sam ples w ere in c u b a te d  i n  th e  d a rk  a t  room 

tem p e ra tu re  f o r  60 m in u te s  i n  th e  p re s e n c e  o f  NaP and ATP. N on-phos- 

p h o r y la te d  sam ples w ere in c u b a te d  u n d er th e  same c o n d it io n s  e x c e p t  i n  

th e  a b se n ce  o f  ATP. D e -p h o sp h o ry la te d  sam p les w ere in c u b a te d  i n  the 

p re s e n c e  o f  ATP b u t i n  th e  a b se n ce  o f  NaP f o r  30 m in u tes a f t e r  w h ich  1mM
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NATfP+ was added to  o x id is e  th e  PQ p o o l and a f t e r  a  t o t a l  tim e o f  60 

m in u tes NaP was ad d ed .

A f t e r  a  60 m in u te  in c u b a t io n  a l l  sam p les w ere d i lu t e d  to  5 US ch l/m l 

i n  10mM T r ic in e  (pH 8 .2 ,  KOH), 0.33M s o r b i t o l ,  10mM NaP, 0-5mM M gC^* 

2.5|iM v a lin o m y c in , 2.5[iM n i g e r i c i n ,  1mM NA77P+ and 0 . 1 7mM m eth y l v io lo g e n  

f o r  a n a l y s i s .  The d i lu t e d  sam ples w ere d a rk  in c u b a te d  f o r  4 -5  m in u te s , 

20|iM DCMIJ was added and th e  in d u c t io n  c u r v e s  w ere m easured  a f t e r  a  5 

m inute t o t a l  d a rk  tim e .

P r o t e in - p h o s p h o r y la t io n  was a l s o  b ro u g h t ab o u t b y  u s in g  sodium  d i -  

t h i o n i t e  a s  th e r e d u c t a n t .  I n  t h i s  c a s e ,  a  s to c k  s u s p e n s io n  o f  t h y la -  

k o id s  (I00|ig/m l c h lo r o p h y ll)  w ere susp en d ed  i n  a  s e a le d  r e a c t i o n  v e s s e l  

i n  a  medium c o n t a in in g  10mM T r i c i n e  (pH 8 .2 ,  KOH), 0 .3 3 idM s o r b i t o l ,

5mM MgOlg? 10mM NaP and 2mM sodium d i t h i o n i t e .  A l l  t h y la k o id s  w ere i n ­

cu b a te d  f o r  30 m in u te s , th e  p h o s p h o r y la te d  sam ples c o n ta in e d  0 . 1 5mM 

ATP w h ile  th e  n o n -p h o s p h o ry la te d  t h y la k o id s  had no ATP ad d ed . A f t e r  

th e  in c u b a t io n , a l l  t h y la k o id s  w ere d i lu t e d ,  washed and re su sp e n d e d  to  

g iv e  th e  f o l lo w i n g  c o n c e n t r a t io n s ;  30[ig c h l/ m l, 0.33i°M s o r b i t o l ,  10mM 

T r i c i n e  (pH 8 .2 ,  KOH), 5mM MgOl^, 10mM NaP and 10mM XOH. P o r f l u o r e s ­

ce n ce  a n a ly s is  th e  th y la k o id s  w ere f u r t h e r  d i lu t e d  to  5|ig ch l/m l and 

suspended a t  v a r io u s  MgClg c o n c e n t r a t io n s .

2 .3 .4  E f f e c t  o f  MgCl^ C o n c e n tr a t io n :

C h lo r o p la s t s  w ere o s m o t ic a l ly  sh o ck ed  and re su sp e n d e d  a t  v a r io u s  

M gC^ l e v e l s  i n  a  r e a c t i o n  medium c o n t a in in g  the f o l lo w i n g  f i n a l  con­

c e n t r a t io n s :  5ng c h l/ m l, 10mM T r i c i n e  (pH 8 .2 ,  KOH), 0.33M s o r b i t o l ,

5mM KC1 and 0-5mM MgClg* A l l  sam p les w ere d ark  a d a p te d  f o r  4*5 m in u te s ,
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20jiM DCMC was added and c h lo r o p h y ll  f lu o r e s c e n c e  m easured a f t e r  a  5 

m inu te d a rk  t im e .

2 .3 .5  E f f e c t  o f  S t a t e  1 and S ta t e  2 A d a p ta t io n  i n  A lg a e :

C h lo r e l l a  p y r e n o id o s a  c e l l s  w ere d i lu t e d  in t o  w a te r  to  g iv e  a  m axi­

m al f lu o r e s c e n c e  l e v e l  o f  a p p ro x . 90 r e l a t i v e  f lu o r e s c e n c e  u n i t s  a t  th e

_2
100% l i g h t  i n t e n s i t y  (8Vfa ) .  A l l  sam p les w ere d a rk -a d a p te d  f o r  2 min­

u t e s ,  50nM DCMC was added and f lu o r e s c e n c e  m easured o v e r  a  ra n g e  o f  

l i g h t  i n t e n s i t i e s ,  a c h ie v e d  b y  u s in g  v a r io u s  n e u t r a l  d e n s i t y  f i l t e r  

c o m b in a tio n s .

C h lo r e l l a  s p . c e l l s  w ere p r e t r e a t e d  w ith  e i t h e r  l i g h t  1 (g e n e r a te d

_2
b y  a  B a lz a r  706nm in t e r f e r e n c e  f i l t e r ,  8Wm ) o r  l i g h t  2 (g e n e r a te d  b y  

S c h o tt  BG18 (2mm) and S c h o tt  BG38 (2mm) c u t - o f f  f i l t e r s  to  g iv e  b ro ad

_P
band b lu e - g r e e n  l i g h t ,  8\to~ ) f o r  10 m in u tes to  d r iv e  them i n t o  S ta t e  1 

o r  S ta t e  2 r e s p e c t i v e l y .  The a lg a e  w ere d i lu t e d  and d a rk  a d a p te d  f o r  1 

m in u te , 50|iM DCMC was added and f lu o r e s c e n c e  m easured u s in g  th e  100% 

l i g h t  i n t e n s i t y .

2 .3 .6  F lu o r e s c e n c e  M easurem ent:

A l l  f lu o r e s c e n c e  in d u c t io n  c u r v e s  w ere i n i t i a t e d  b y  th e  o p e n in g  o f  

a  Compur m e ch a n ica l s h u t t e r  (a p p r o x im a te ly  1ms o p en in g  tim e) and i l lu m ­

i n a t i n g  th e  sam p les w ith  b lu e - g r e e n  l i g h t  t r a n s m itte d  b y  a  4^  S c h o tt
_2

BG-18 g la s s  f i l t e r  (8Win ) .  The r e s u l t i n g  f lu o r e s c e n c e  s i g n a l  was de­

t e c t e d  a t  90° b y  an EMI 9558B S20 p h o to m u lt ip l ie r  p r o t e c t e d  b y  a  B a lz a r  

686nm in t e r f e r e n c e  f i l t e r  ( f o r  some e x p e rim e n ts  a  731  mn in t e r f e r e n c e  f i l ­

t e r  was u s e d ) .  The p h o to c u r r e n t  g e n e r a te d  was p a s s e d  to  a  D a ta la b
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t r a n s ie n t  r e c o r d e r  (LL905) c o u p le d  to  a  D a ta la b  d i s p l a y  m odule (DL403B). 

The f lu o r e s c e n c e  ch an g es w ere r e c o r d e d  on a  H e w le tt P a ck a rd  X -Y d i s p l a y  

u n i t  (1340A) and a n a ly s e d  u s in g  a  D a ta la b  f u n c t io n  m odule (D L417) l in k e d  

to  a  L e a r  and S i e g l e r  d i s p l a y  te r m in a l (ALM3A) a s  shown i n  P i g .  2 . 1 .

T h is  arran gem en t a llo w e d  a  c a r e f u l  a n a l y s i s  o f  v a r io u s  f lu o r e s c e n c e  

p a ra m e te rs  to  be co n d u c te d .

The k i n e t i c  n a tu r e  o f  th e  f lu o r e s c e n c e  in d u c t io n  cu rv e  was a n a ly s e d  

u s in g  th e  m ethods o f  M e lis  and Homann (1978  and 1 9 7 8 ) . T h is  a n a ly s is  

was co m p u te r-a id e d  u s in g  m o d ifie d  and e x te n d ed  s o ftw a r e  o r i g i n a l l y  de­

v e lo p e d  a t  S h e f f i e l d  U n i v e r s i t y .  T h is  a llo w e d  th e  g e n e r a t io n  o f  th e  

s e m i- lo g  p l o t  o f  th e  grow th  o f  th e  n o rm a lis e d  a r e a  o v e r  th e  in d u c t io n  

c u rv e  and i t s  su b se q u e n t breakdow n in t o  a  f a s t ,  s ig m o id a l component and 

a  s lo w ,e x p o n e n t ia l  com ponent. T h is  p ro d u ced  the i n i t i a l  r a t e  c o n s ta n t  

f o r  th e  f a s t  ph ase (k ^ ), th e  r a t e  c o n s ta n t  f o r  th e  s lo w  ph ase (k p ) , 

th e  p r o p o r t io n  o f  th e  t o t a l  a r e a  a t t r i b u t e d  to  th e  f a s t  ( amay) and s lo w  

com ponents (PmflY) and t h e i r  a r e a  grow th  k i n e t i c s  ( s e e  P i g .  2 .2 ) .

2.3.7 Leaf Chlorophyll Fluorescence:

Room tem p e ra tu re  c h lo r o p h y ll  f lu o r e s c e n c e  a t  686nm was m easured 

from  a tta c h e d  and d e ta c h e d  p ea  le a v e s ,  grown a s  d e s c r ib e d  i n  S e c t io n  

2i2.1^ u s in g  th e  a p p a ra tu s  shown i n  P i g .  2 .3  (s e e  a l s o  Chow e t  a l . ,  1 9 8 1b ) .

L eav es w ere p la c e d  i n  a  t e m p e r a tu r e - c o n tr o l le d  alum inium  chamber

w h ich  in c o r p o r a te d  a  th r e e -b r a n c h e d  o p t i c a l - f i b r e  system  in t o  i t s  l i d  

2
so  t h a t  o n ly  1cm l e a f  was i l lu m in a t e d .  The p ro ce d u re  ad o p ted  to  m easure 

S ta t e  t r a n s i t i o n s  was to  p r e - i l lu m in a t e  th e  le a v e s  w ith  non -m od ulated  

l i g h t  1 from  a  tu n g s te n -h a lo g e n  l i g h t  so u rce  p a sse d  th ro u g h  a  B a lz a r  

706nm i n t e r f e r e n c e  f i l t e r  a t  an  i n t e n s i t y  o f  8Wm f o r  10 m in u te s .
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P i g .  2 .1  S ch em atic  d iagram  o f  th e  a p p a ra tu s  u se d  to  m easure and

a n a ly s e  c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u rv e s  e x h ib i t e d ,  

a t  room te m p e ra tu re , b y  D C M U -inhibited t h y la k o id  mem branes.
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0 OS 1-0 
Time, s

F ig .  2 .2  The a n a ly s i s  o f  c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u rv e s  

e x h ib i t e d  a t  room tem p e ra tu re  b y  D C M U -inhibited t h y la k o id  

membranes show ing

a ) th e  k i n e t i c s  o f  th e  c h lo r o p la s t  f lu o r e s c e n c e  s i g n a l  i n
2+

th e  p re s e n c e  o f  3e M Mg ,

b ) th e  grow th  o f  th e  n o rm a lis e d  a r e a  above th e  f lu o r e s c e n c e  

c u rv e  shown i n  ( a ) ,

c )  th e  f i r s t  o r d e r  a n a ly s is  o f  th e  k i n e t i c s  o f  th e  a r e a  

g ro w th ,

d) th e  kinetics o f  th e  f a s t  (a )  and s lo w  (P ) com ponents o f  

th e  a r e a  grow th  and a  f i r s t  o r d e r  a n a ly s is  o f  t h e i r  tim e 

c o u r s e .

Taken from  M e lis  and Homann (1 9 7 8 ) .
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F i g .  2 .3  E x p e rim e n ta l arran gem en t f o r  m ea su rin g  S ta t e  1 - S t a t e  2 

t r a n s i t i o n s  i n  le a v e s .
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M od ulated  f lu o r e s c e n c e  m easurem ents w ere i n i t i a t e d  "by tu r n in g  on 110H z, 

m o d u lated  l i g h t  2 t r a n s m itte d  from  a  s i m i la r  l i g h t  so u rce  a s  above i n ­

c o r p o r a t in g  a  4mm S c h o tt  BG18 and a  2mm S c h o tt  BG38 c u t - o f f  f i l t e r  a t  an 

-2
i n t e n s i t y  o f  1 .  3Win , and rem ovin g  l i g h t  1 .  The m od ulated  s i g n a l  was 

g e n e r a te d  b y  a  B ro o k d e a l l i g h t  ch op per (m odel 9478) and was d e t e c te d  

b y  an  EMI 9558 S20 p h o t o m u lt ip l ie r  e q u ip p ed  w ith  a  B a lz a r  686nm i n t e r ­

f e r e n c e  f i l t e r .  The m od u lated  p h o to c u r r e n t  was p a s s e d  to  a  B ro o k d e a l 

l o c k - i n  a m p l i f i e r  (9 50 1) and d is p la y e d  on a  pen c h a r t  r e c o r d e r .  A f t e r  

10 m in u tes o f  l i g h t  2 , l i g h t  1 was r e in tr o d u c e d  i n  o r d e r  to  p ro b e  th e  

a c c e p to r  p o o l re d o x  s t a t e  and to  d eterm in e th e  minimum f lu o r e s c e n c e  

l e v e l .

F o r s i m i la r  m easurem ents u s in g  C h lo r e l la  s p . c e l l s  th e  f o l lo w i n g  

a d ju stm e n ts  w ere c a r r ie d  o u t .  A lg a l  c e l l s  w ere p la c e d  i n  a  g l a s s  cuv­

e t t e  and c o n t in u o u s ly  s t i r r e d  to  a v o id  s e t t l i n g  o u t .  The c u v e t t e  was 

p la c e d  i n  a  h o ld e r  w h ich  in c o r p o r a te d  th e  o p t i c a l  g u id e  in t o  i t s  s i d e .

M easurem ent o f  f lu o r e s c e n c e  in d u c t io n  c u rv e s  from  le a v e s  i n  th e  

p re s e n c e  and a b se n ce  o f  DCMU was a cco m p lish e d  u s in g  th e  equipm ent d e s­

c r ib e d  i n  S e c t io n  2 .3 .6  and F i g .  2 . 1 ,  e x c e p t  th e  f i b r e  o p t ic  g u id e  and 

alum inium  chamber w ere in c o r p o r a te d  in t o  th e  s e t - u p .

2 .3 .8  Redox S ta t e  o f  th e  PQ, P o o l :

The re d o x  s t a t e  o f  th e  PQ p o o l was e s t im a te d  b y  th e  m ethod o f  

B rad b u ry  and B a k er (1 9 8 1)  w h ich  u s e s  th e  f a s t  f lu o r e s c e n c e  ch an ges p ro ­

duced b y  th e  in t r o d u c t io n  o f  an  a d d i t io n a l  h ig h e r  i n t e n s i t y  l i g h t  2 .

T h is  was c a r r ie d  o u t u s in g  th e  a p p a ra tu s  d e s c r ib e d  i n  S e c t io n  2 .3 - 7 .

A tta c h e d  p ea  le a v e s  w ere g iv e n  a  10 m in u t e , l ig h t  1 p re tr e a tm e n t  b e fo r e

_2
th e  in t r o d u c t io n  o f  lo w  i n t e n s i t y  l i g h t  2 (l.3Wm"~ ) .  A t v a r io u s  t im e s
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d u r in g  th e  s lo w  f lu o r e s c e n c e  d e c l in e  th e  le a v e s  w ere i l lu m in a t e d  w ith  

a d d i t io n a l  h ig h  i n t e n s i t y  l i g h t  2 (20Vftn ) t r a n s m itte d  "by a  2mm S c h o tt  

BG18 c u t - o f f  f i l t e r .  The f a s t  f lu o r e s c e n c e  t r a n s ie n t s  g e n e r a te d  w ere 

m o n ito red  on a  s to r a g e  o s c i l lo s c o p e  and th e  re d o x  s t a t e  o f  th e  PQ p o o l 

was e s t im a te d  from  th e  e x t e n t  o f  v a r i a b le  f lu o r e s c e n c e  p ro d u ce d . T h is  

was n o rm a lis e d  to  th e  Pq l e v e l  to  remove th e  p o s s i b i l i t y  o f  a n y  ch an ges 

i n  n o n -p h o to  ch e m ica l q u en ch in g  o f  f lu o r e s c e n c e  ( s e e  B rad b u ry  and B a k e r,

1 9 8 1 ) .  -AH e x p e rim e n ts  w ere c a r r ie d  o u t a t  room te m p e ra tu re .

2 .3 .9  DBMIB-indue ed F lu o r e s c e n c e  Q u en ch in g:

C h lo r o p la s t s  w ere o s m o t ic a l ly  sh ock ed  and suspended i n  a  b u f f e r  to

g iv e  th e  f o l lo w i n g  f i n a l  c o n c e n t r a t io n s ;  30[ig c h l/ m l, 10mM T r i c i n e  (pH

8 .2 ,  KOH), 0.33M s o r b i t o l ,  M gClg, 0.5mM NADPH, 4«2|iM f e r r e d o x in .

10mM NaP and 0.15niM ATP w ere added to  p ro d u ce  p h o s p h o r y la te d  sa m p le s .

T h y la k o id s  w ere d a r k - in c u b a te d  f o r  30 m in u tes to  a l lo w  p h o s p h o r y la t io n

to  o c c u r  b e fo r e  b e in g  d i lu t e d  a s  p r e v io u s ly  d e s c r ib e d  i n  S e c t io n  * 2 .3 .3

f o r  m easurem ent. To i n v e s t i g a t e  th e  e f f e c t  o f  MgClg c o n c e n t r a t io n

sam p les w ere p re p a re d  a s  i n  S e c t io n  2 .3 *4 *  C h lo r o p h y ll  f lu o r e s c e n c e

was m easured u s in g  th e  a p p a ra tu s  d e s c r ib e d  i n  S e c t io n  2 .3 .1  e x c e p t  th e

_2
e x c i t a t i o n  l i g h t  i n t e n s i t y  was 1.5W n . T i t r a t i o n  o f  f lu o r e s c e n c e  w ith

TVBMTB was a cco m p lish e d  b y  th e  s e q u e n t ia l  a d d it io n  o f  0.67^iM a l i q u o t s  o f  

DEMIB to  c o n t in u a l ly  s t i r r e d  sam p les i n  th e  p re s e n c e  o f  20|iM DCMU.

The fluorescence quenching was analysed by the method discussed by

J en n in gs e t  a l .  (1 9 8 3 ) . T h is  in v o lv e s  p l o t t i n g  th e  t o t a l  e x t e n t  o f

q u en ch in g  a f t e r  n  a d d it io n s  o f  DBMIB (Pm~Pn/Pn ) a g a in s t  th e  d e g re e  o f

"bllq u en ch in g  b ro u g h t a b o u t j u s t  a s  a  r e s u l t  o f  th e  n  a d d it io n  o f  DBMIB

(P H- P  /P  where P = f lu o r e s c e n c e  b e fo r e  any DBMIB a d d it io n s  and n—1 n n—1 m

Pn = f lu o r e s c e n c e  a f t e r  n a d d it io n s  o f  DBMIB. Prom .th e  c o n c e p t t h a t
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)0p i s  s im p ly  th e  r a t i o  o f  k^ to  th e  sum o f  th e  r a t e  c o n s ta n ts  f o r  a l l  

o t h e r  d e - e x c i t a t io n s  p r o c e s s e s  and from  th e  e q u a tio n s  s e t  o u t b e lo w  i t  

i s  s e e n  t h a t  th e  y - i n t e r c e p t  a t  F -P  /p  =0 g iv e s  a  v a lu e  d i r e c t l y  p ro ­

p o r t i o n a l  to  th e  d e g re e  o f  DEMIB q u en ch in g  (term ed  i n t e r a c t i o n  in d e x ) .

W ith  a l l  PS2 t r a p s  c lo s e d

Pm “  V k f  + k x

Pn = V k f  + k x  + ^  

Fn -1 "  V k f  + ^  + (n“ 1

where k^ = r a t e  c o n s ta n t  f o r  f lu o r e s c e n c e  e m is s io n

k^ = r a t e  c o n s ta n t  f o r  p r o c e s s e s  co m p etin g  f o r  PS2 e x c i t o n s  

k^ = r a t e  c o n s ta n t  f o r  PBMTB-induced q u en ch in g  

D = number o f  m o le c u le s  o f  35BMTB p e r  PS2 r e a c t i o n  c e n t r e

Thus (p - P  )/p = nDk / k „ + k  + nUk 
v m n "  m q' f  x  q

and (p . — p )/p . = Dk /k„ + k + nT)kv n-1 ny/ n-1 q' f x q

t h e r e fo r e  when (p  -  P )/ P  = 0  v m n "  m

( ^ 1  -  Pn V Pn -1  = V kf  + k,

2 .4  Low Tem perature (77K ) P lu o r e s c e n c e  S p e c t r a :

Low tem p e ra tu re  f lu o r e s c e n c e  s p e c t r a  w ere p erform ed  on c h lo r o p la s t s  

a f t e r  v a r io u s  p r e tr e a tm e n ts , on v a r io u s  t h y la k o id  membrane fr a g m e n ts , o r  

on i s o l a t e d  t h y la k o id  p ig m e n t-p r o te in  com p lexes (s e e  le g e n d  o f  P i g .  3«3 

f o r  d e t a i l s ) .

Sam ples w ere suspended a t  a  f i n a l  c o n c e n tr a t io n  o f  20\lg  ch l/m l to  

w h ich  1 ,7nM f l u o r e s c e i n  was added a s  a  s ta n d a rd . 200 |il a l i q u o t s  o f  

th e  sam ples w ere p la c e d  in t o  c a p i l l a r y  tu b e s  and s lo w ly  f r o z e n  i n  l i q u i d
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n it r o g e n  c o n ta in e d  i n  a  q u a r tz  dewar f o r  a n a l y s i s .  The s p e c t r a  w ere 

m easured u s in g  a  P e rk in -E lm e r  f lu o r e s c e n c e  s p e c tro p h o to m e te r  (m odel 

MPF 44A-)» The e x c i t a t i o n  w a v e le n g th  was 435eei ( s l i t  w id th , 15nm) and 

f lu o r e s c e n c e  e m is s io n  was d e t e c te d  betw een  470  and 800nm ( s l i t  w id th , 

3nm). The p h o t o m u lt ip l ie r  was p r o t e c t e d  b y  a  495nm c u t - o f f  f i l t e r .

The s p e c t r a  w ere n o t  c o r r e c t e d .

2.5 Absorption Changes Associated with Cytochrome Redox State

A b s o r p tio n  ch an ges a s s o c ia t e d  w ith  c y t  and c y t  f  w ere in v e s ­

t i g a t e d  u s in g  a  P e rk in -E lm e r  d u a l beam s p e c tro p h o to m e te r  (m odel 557)•

Reduced minus o x id is e d  d i f f e r e n c e  s p e c t r a  w ere r e c o r d e d  u s in g  

e i t h e r  2mM h yd roq uin on e and 1mM a s c o r b a te  o r  7*2iiM f e r r e d o x in  and 0.5mM 

NAIfPH a s  r e d u c t a n t s  and 2mM p o ta ss iu m  f e r r i c y a n id e  a s  an  o x id a n t .

L ig h t- in d u c e d  a b s o r p t io n  ch an ges a t  560-540nm we r e o b ta in e d  b y

s i d e - i l lu m in a t i o n  o f  th e  c u v e t t e  w ith  a c t i n i c  l i g h t  p a s s e d  th ro u g h

_2
e i t h e r  a  695nm c u t - o f f  f i l t e r  ( 55 f̂in ) o r  a  IQJrm. i n t e r f e r e n c e  f i l t e r

_2
(25Win ) .  The p h o t o m u lt ip l ie r  was p r o t e c t e d  b y  a  4™™ C o m in g  4-96  

f i l t e r  and th e  m ea su rin g  beam l i g h t  p a th  was 10mm.

L ig h t-:in d u ce d  a b s o r p t io n  s p e c t r a  betw een  550nm and 565nm w ere 

c a r r ie d  o u t  to  c h a r a c t e r is e  th e  o b s e rv e d  ch a n g e s . C y t b ( ^  h ig h  p o ten ­

t i a l  p h o to o x id a t io n  was i n v e s t ig a t e d  i n  sam p les t r e a t e d  w ith  4*5 fiM 

A n t-2 p  (s e e  Maroc and G a m ie r ,  19 79 ; Packham and B a r b e r , 1 9 8 4 ) .

The e f f e c t  o f  p r o te in - p h o s p h o r y la t io n  on th e  a b s o r p t io n  ch an ges 

a s s o c ia t e d  w ith  c y t  ^559  LP, c y t  b^^^HP and c y t  f  was i n v e s t i g a t e d .
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I n t a c t  c h lo r o p la s t s  w ere o s m o t ic a l ly  sh ock ed  and susp en d ed  to  g iv e  th e  

f o l lo w i n g  f i n a l  c o n c e n t r a t io n s :  70\ig c h l/ m l, 10 m M T ricin e  (pH 8 .2 ,  KOH),

0.33M s o r b i t o l ,  5niM MgClg* 10mM NaF, 0.5mM NADPH and 7»2|iM f e r r e d o x in .  

P h o s p h o ry la te d  sam p les had 0.5mM ATP added and a l l  sam p les w ere in c u ­

b a te d  i n  th e  d a rk  f o r  30 m in u tes b e fo r e  m easurem ent a t  room te m p e ra tu re .

2 .6  E le c t r o n  M ic ro s c o p y :

2 .6 .1  T h y la k o id  M embranes:

P h o s p h o ry la te d  and n o n -p h o s p h o ry la te d  sam ples w ere p re p a re d  a t  d i f ­

f e r e n t  MgClg l e v e l s  u s in g  th e  ferredoxin/N AH PH  method a s  p r e v io u s ly  

d e s c r ib e d  i n  S e c t io n  2 .3 .3  e x c e p t  100^ig ch l/m l was u s e d . A f t e r  a  30 

m in u te  d a rk  in c u b a t io n  th e  r e a c t io n s  w ere te rm in a te d  and f i x a t i o n  was 

a cco m p lish e d  b y  th e  a d d i t io n  o f  an  e q u a l volum e o f  b u f f e r  c o n t a in in g

0.23M s o r b i t o l ,  20mM T r i c i n e  (pH 8 .2 ,  KOH), 0 -5eM MgClg and 1.66% (v / v )  

g lu t a r a ld e h y d e . The sam p les w ere in c u b a te d  f o r  5 m in u tes a t  room temp­

e ra tu re  f o l lo w e d  b y  30 m in u tes  on i c e .  Each sam ple was w ashed th r e e  

tim es i n  r e a c t i o n  b u f f e r  f o r  15  m in u tes  e a ch  tim e . T h is  was a cco m p lish e d  

b y  p ro d u c in g  a  sam ple p e l l e t  a f t e r  a  1 m in u te , h ig h  sp eed  s p in  on an  MSE 

M icro c e n ta u r  ben ch  c e n t r i f u g e .  A f t e r  th e  f i n a l  wash e a ch  sam ple was 

spun down and th e  p e l l e t s  w ere re su sp e n d e d  i n  1^  osmium t e t r o x i d e  f o r  

1 h r  p o s t - f i x a t i o n  a t  room te m p e ra tu re . F o llo w in g  t h i s  e a c h  sam ple was 

spun down b y  a  5 m in u te , h ig h  sp eed  s p in  to  form  a  h ard  p e l l e t  w h ich  was 

fra g m e n te d  i n t o  d is h e s  f o r  d e h y d r a tio n . T h is  was c a r r ie d  o u t  th ro u gh  

a  s e r i e s  o f  ch an ges in t o  10%, 20%, 3 0 %, 4-0%, 50%, 60%, 70%, 80%, and 

90% a lc o h o l  e a ch  f o r  10 m in u tes fo l lo w e d  b y  2x 1 5  m inute ch an ges a t  95% 

a lc o h o l  and f i n a l l y  3^20 m inute ch an ges a t  a b s o lu t e  a lc o h o l .  The de­

h y d ra te d  t h y la k o id  fra g m e n ts  w ere embedded b y  t r a n s f e r  to  a  100% e th a n o l:  

E poxypropane ( 1 : 1 )  m ix tu re  f o r  30 m in u te s , fo l lo w e d  b y  a  t r a n s f e r  to  

expoxyp rop an e f o r  a n o th e r  30 m in u te s , th e n  to  a  100% e p o x yp ro p a n e : epon
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( 1 : 1 )  m ix tu re  f o r  60 m in u te s . The fra g m e n ts  th en  un derw en t 3“ 4 ch an ges 

i n  epon r e s i n  b e fo r e  th e  r e s i n  was p o ly m e r is e d  by a  2 d a y , 60°C in c u ­

b a t io n .  B lo c k s  w ere c u t  and trimmed and s e c t io n e d  u s in g  a  diamond 

k n i f e  on a  R e ic h e r t  m icro to m e. T h in - s e c t io n s  w ere t r a n s f e r r e d  on to  

fo r m v a r-c o a te d  g r id s  and s t a in e d  i n  2% aqueous u r a n y l a c e t a t e  f o r  30 

m in u tes  a t  60°C, w ashed, and s t a in e d  f o r  20 m in u tes a t  room tem p e ra tu re  

i n  le a d  c i t r a t e .  The s e c t io n s  w ere examin ed and p h o to gra p h ed  u s in g  a  

P h i l i p s  e le c t r o n  m icro sco p e  (m odel 3 0 1 ) .

2 .6 .2  L e a v e s :

L eav es grown u n d er v a r io u s  e n v iro n m e n ta l c o n d it io n s  w ere p re p a re d

i n  a  s i m i la r  way a s  m en tion ed  above e x c e p t  f i x a t i o n  was co n d u cted  i n

1% (v / v )  g lu ta r a ld e h y d e  a t  room tem p e ra tu re  f o r  2 h o u r s . T h is  was

2
c a r r i e d  o u t b y  c u t t i n g  a p p ro x . 1mm l e a f  s e c t io n s  w h ile  th e  le a v e s  w ere 

subm erged i n  th e  f i x a t i v e .  A l l  o th e r  p ro c e d u re s  w ere p erfo rm ed  a s  i n

2 .6 .1  b y  c a r e f u l l y  p i p e t t i n g  th e  v a r io u s  s o lu t io n s  o u t o f  h o ld e r s  con­

t a i n i n g  th e  l e a f  segm ents and a d d in g  th e  n e x t  s o lu t io n .

2 .7  P h o to s y n th e t ic  C a p a c i t i e s :

2 .7 . 1  C h lo r o p la s t s :

S te a d y - s t a t e  r a t e s  o f  e le c t r o n  t r a n s p o r t  i n  sh ocked  p ea  c h lo r o ­

p l a s t s  w ere m easured u s in g  a  Rank B r o th e r s  ( C la r k - t y p e )  oxygen  e l e c ­

t r o d e .  The s ta n d a rd  a s s a y  medium c o n s is t e d  o f  0 .3 3M s o r b i t o l ,  10mM 

T r ic in e  (pH 8 .2 ,  KOH), MgClg a-t a  c h lo r o p h y ll  c o n c e n t r a t io n  o f  

70^g c h l/ m l. P u l l  c h a in  e le c t r o n  t r a n s p o r t  was m easured i n  th e  p r e ­

sen ce o f  5niM UH^Cl w ith  1mM p o ta ss iu m  f e r r i c y a n id e  a s  th e  te r m in a l 

e le c t r o n  a c c e p t o r .  PS2 e le c t r o n  t r a n s p o r t  was m easured i n  th e  p re s e n c e
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o f  20nM DCMC and 100|iM s i l i c o  m o lyb d ate  (SiM o) a s  e l e c t r o n  a c c e p t o r .

U ncoupled  e le c t r o n  t r a n s p o r t  r a t e s  w ere a ls o  m easured p h o t o m e t r ic a l ly

u s in g  0.05niM 2 , 6 -d ic h lo r o p h e n o l- in d o p h e n o l (DCPIP) a s  an  e le c t r o n

a c c e p t o r  b y  th e  560-520nm a b s o r p t io n  change u s in g  a  P e rk in -E lm e r

s p e c tro p h o to m e te r  (m odel 5 5 7 ) . The a c t i n i c  l i g h t  was p ro d u ced  b y  a

tu n g s te n -h a lo g e n  l i g h t  so u rce  e q u ip p e d  w ith  a  695nm c u t - o f f  f i l t e r .

-1 —1
The e x t i n c t i o n  c o e f f i c i e n t  u se d  f o r  DCPIP was 6 .8  mM cm .

2 .7 .2  L e a v e s :

P h o to s y n th e t ic  r a t e s  e x h ib i t e d  b y  d e ta c h e d  p ea  le a v e s  w ere m easured 

u s in g  a  H an satech  l e a f  oxygen  e le c t r o d e  (m odel 1 )  a s  d e s c r ib e d  b y  

D e lie u  and W alker ( 1 9 8 1 ) .  The le a v e s  w ere i l lu m in a t e d  w ith  w h ite  l i g h t  

o f  v a r io u s  i n t e n s i t i e s  g e n e r a te d  from  an I n t r a lu x  150-H  q u a r t z - io d in e  

lamp u s in g  n e u t r a l  d e n s i t y  f i l t e r s .  The e le c t r o d e  chamber was i l ­

lu m in a te d  from  above and p a sse d  th ro u g h  20cm CuSO^ s o lu t io n  and 2x 

S c h o tt  KG1 h e a t  f i l t e r s .  The le a v e s  w ere p la c e d  on a  m u s lin  d i s c  

so ak e d  i n  1M sodium b ic a r b o n a te  s o lu t io n  to  m a in ta in  th e  COg l e v e l .



96

CHAPTER 5

C a tio n s  and C h lo r o p h y ll  F lu o r e s c e n c e

I t  i s  now w e l l  e s t a b l i s h e d  t h a t  th e  c o n c e n t r a t io n  o f  c a t io n s  i n  

w h ich  b ro k en  c h lo r o p la s t s  a r e  resu sp e n d e d  can  d r a s t i c a l l y  a l t e r  t h e i r  

c h lo r o p h y ll  f lu o r e s c e n c e  c h a r a c t e r i s t i c s .  In  th e  a b se n c e  o f  " h ig h ” 

l e v e l s  o f  s c r e e n in g  c a t io n s  (e g .'- ‘'5mM Mg ) th e r e  i s  a  d e c r e a s e  i n  

f lu o r e s c e n c e  y i e l d  and an a l t e r a t i o n  i n  th e  k i n e t i c s  o f  th e  f lu o r e s c e n c e  

r i s e  e x h ib i t e d  b y  IC M H -in h ib ite d  t h y la k o id s .  Such ch an g es h ave b een  

c o n s i s t e n t l y  r e p o r t e d , h ow ever, o n ly  some h ave shown a  s i g n i f i c a n t  de­

c r e a s e  i n  th e  PQ l e v e l  when g o in g  to  th e  " lo w  s a l t ” c o n d it io n  ( e g .  

Bennoun, 19 74 ; M a lk in  and S id e r e r ,  19 74 ; K y le  e t  a l . ,  1982) w h ile  o t h e r s  

h ave r e p o r te d  o n ly  a  s m a ll change o r  none a t  a l l  ( e g .  Homann, 1969; 

H ip k in s , 1978 ; M e lis  and Homann, 19 78 ; J e n n in g s , 1 9 8 4 ) .

The f lu o r e s c e n c e  ch an ges can  r e s u l t  from  e i t h e r  a l t e r a t i o n s  i n  

s p i l l o v e r ,  a b s o r p t io n  c r o s s  s e c t io n ,  o th e r  n o n - r a d ia t iv e  d e ca y  p r o c e s s e s  

o r  an y  co m b in a tio n  o f  t h e s e .  I t  h a s  b een  shown, o v e r  th e  y e a r s ,  t h a t  

th e  s a lt - in d u c e d  phenomena r e f l e c t s  ch an ges i n  s p i l l o v e r  (M u rata , 19 6 9 b ; 

B r i a n t a i s  e t  a l . ,  19 7 3 ; Mohanty e t  a l . ,  19 73 ) due to  membrane u n s ta c k ­

i n g  and p r o t e in  ra n d o m is a tio n  (s e e  r e v ie w  b y  B a r b e r , 1 9 8 2 a ) . H owever,

M e lis  and Ow (19 8 2 ) h ave r e c e n t l y  p ro p o se d  t h a t  th e  d e c r e a s e  i n  f l u o r -

2+
e s c e n c e , se e n  on rem ovin g  Mg c a t io n s ,  i s  n o t  b ro u g h t a b o u t b y  ch an g es

2+
i n  s p i l l o v e r  b u t r e f l e c t s  a  Mg -d e p en d e n t a l t e r a t i o n  i n  k^ from  

"co n n e c te d "  PS2 r e a c t i o n  c e n t r e s  a s s o c ia t e d  w ith  th e f a s t ,  s ig m o id a l 

p h ase  o f  th e  f lu o r e s c e n c e  r i s e  (PS2a ) . Such a  c o n c lu s io n  h as a r is e n  

from  th e  o b s e r v a t io n  t h a t  th e  k i n e t i c s  o f  th e A A ^ Q  andAA^QQ s i g n a ls

e x h ib i t e d  b y  t h y la k o id s  suspended i n  th e  p re s e n c e  o r  a b se n ce  o f  5niM Mg2+

w ere i d e n t i c a l .
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The f o l lo w i n g  r e s u l t s  re -e x a m in e  th e  mechanisms in v o lv e d  i n  b r in g ­

i n g  a b o u t th e  c a t io n - in d u c e d  ch an ges i n  room -tem p eratu re  c h lo r o p h y ll  

f lu o r e s c e n c e  i n  v ie w  o f  th e  id e a s  m en tion ed  a b o v e .

2+3 .1  Mg - N o n - S p e c i f i c i t y  o f  th e  F lu o r e s c e n c e  Changes.:

P i g .  shows th e  ch an ges i n  th e  roo m -tem p eratu re  c h lo r o p h y ll

f lu o r e s c e n c e  in d u c t io n  c u rv e s  o f  sh ock ed  E C M U -in h ib ited  c h lo r o p la s t s

suspended i n  th e  p r e s e n c e  o f  e i t h e r  5niM Mg and 5niM K ( " h ig h  s a l t " )

o r  5inM K+ a lo n e  ( " lo w  s a l t " ) .  I t  can  be se e n  t h a t  th e  a b se n ce  o f  5mM 

2+
Mg le a d s  to  a  lo w e r in g  o f  b o th  Pq and Pffi, a  p r e f e r e n t i a l  d e c r e a s e  i n  

F , and a  change i n  th e  k i n e t i c s  o f  th e  r i s e .  Such ch an g es a re  w e l l  

docum ented i n  th e  l i t e r a t u r e  ( e g .  Homann, 1969; Bennoun, 19 74 ; M e lis  

and Homann, 1 9 7 8 ), h ow ever th e  change i n  Pq i s  n o t  a lw a y s  a s  a p p a re n t 

a s  t h a t  shown i n  P i g .  3-1 (s e e  M e lis  and Ow, 1982; H ip k in s , 1 9 7 8 ) .

Under th e  e x p e r im e n ta l c o n d it io n s  and u s in g  th e  a p p a ra tu s  s t a t e d  i n  

S e c t io n  2.3«4> a  s i g n i f i c a n t  d i f f e r e n c e  i n  Pq was a lw a y s  o b s e rv e d  and 

c o u ld  n o t be e l im in a te d  b y  u s in g  t h y la k o id s  from  a  b ro k e n  c h lo r o p la s t  

p r e p a r a t io n , b y  v a r y in g  th e  c h lo r o p h y ll  c o n c e n tr a t io n  b etw een  10|ig and 

230jig c h l/ m l, b y  i n c r e a s in g  th e  e x c i t a t i o n  e n e rg y  o r  b y  d e c r e a s in g  th e  

e x c i t a t i o n  p a th  le n g t h  from/Omm to  2mm (d a ta  n o t show n).

T ab le  3»1 shows th e  f lu o r e s c e n c e  p a ra m e te rs , P , P , P and P_/p7 o m max v  m

f o r  sh ocked  c h lo r o p la s t s  suspended i n  th e  p re se n c e  o f  d i f f e r e n t  v a le n c y

c a t io n s .  I t  ca n  be se e n  t h a t  a t  "h ig h  s a l t "  th e r e  was a lw a y s  a  h ig h e r

P and P and a  lo w e r  (3 when com pared w ith  th e  " lo w  s a l t "  c o n d it io n , o m max
2+

F u rth erm o re , th e  a d d it io n  o f  5niM Mg to  t h y la k o id s  susp en d ed  i n  0 .1  mM 

3+TEC had no a d d i t i o n a l  e f f e c t  on th e  m easured f lu o r e s c e n c e  p a r a m e te rs .

Such o b s e r v a t io n s  w ould s u g g e s t  t h a t  th e  o b se rv e d  ch an g es i n  0 and th eJ?
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P i g .  3.1 Room tem p e ra tu re  c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u rv e s

from  D CM IJ-inhihited p ea  t h y la k o id s  suspended i n  th e  p re s e n c e  

o f  e i t h e r  'h i g h ' s a l t  (5mM MgCl^) o r  ’ low* s a l t  (5m M K C l).
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TABLE 5-1
The E f f e c t  o f  C a tio n s  on V a r io u s  F lu o r e s c e n c e  P a ra m ete rs

5mM Mg2+ 39

OmM Mg2+ 22

0.1mM TEC5+ 39

50mM K+ 36

100mM K+ 40

uns ta c k e d  .. 
+0.1 mM TEC^+ 34

uns ta c k e d  .. 
+0.1mM TEC^+ 
+5mM Mg^+

33

Fm pmax F / F  v7 m

12 6 0 .4 5 0 .6 9

38 0 .8 3 0 .4 2

120 0 .45 0 .68

53 0 .5 8 0 .3 2

100 0 .5 1 0.60

95 0 .4 5 O.6 4

92 0 .51 O.6 4
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o t h e r  f lu o r e s c e n c e  p a ra m e te rs  w ere n o t  Mg - s p e c i f i c  b u t c a t io n  non­

s p e c i f i c  and v a le n c y -d e p e n d e n t e f f e c t s ,  t h e r e fo r e  s u p p o r t in g  th e  

e a r l i e r  s t e a d y - s t a t e  f lu o r e s c e n c e  m easurem ents c a r r ie d  o u t  i n  th e  p r e ­

se n ce  o f  d i f f e r e n t  v a le n c y  c a t io n s  ( e g .  B a rb e r  and S e a r le ,  1978).

Both Fig. 3«2a and Table 3*2 confirm the involvement of conform­
ational changes in bringing about the alterations in the thylakoids 

fluorescence characteristics. Fig. 3*2a shows the inhibition of the 
Mg -induced fluorescence rise by glutaraldehyde fixation (see Mohanty 

et al., 1973; Jennings and Forti, 1974). Furthermore, Table 3*2 shows
that when thylakoids were fixed in the "low salt" condition the sub-

2+
se q u e n t a d d i t io n  o f  5niM Mg d id  n o t  le a d  to  an  in c r e a s e  i n  e i t h e r  Fq

and F n o r  to  a  d e c r e a s e  i n  P to  th e  " h ig h  s a l t "  l e v e l s .  T a b le  3 .2  
m max

2+
a ls o  shows t h a t  f i x a t i o n  a t  5niM Mg fo l lo w e d  b y  th e  a d d it io n  o f  EDTA 

r e s u l t e d  i n  th e  m ain ten an ce o f  th e  " h ig h  s a l t "  c h a r a c t e r i s t i c s .  H owever, 

g lu ta r a ld e h y d e  a d d i t io n  d id  p rod uce a  lo w e r in g  i n  th e  Fm l e v e l  ( s e e  

T a b le  3*2) and t h i s  change i s  a ls o  se e n  i n  F i g .  3 *2b, w h ich  m o n ito rs  

s t e a d y - s t a t e  f lu o r e s c e n c e  from  t h y la k o id s  suspended i n  th e  p re s e n c e  o r  

a b se n ce  o f  th e  f i x a t i v e .

The d i f f e r e n t  r e p o r t s  c o n c e r n in g  th e  e f f e c t  o f  s a l t  l e v e l  on F q 

m igh t be p a r t i a l l y  e x p la in e d  b y  a  change i n  th e  a b i l i t y  o f  Q,̂  to  become 

f u l l y  o x id is e d  i n  th e  d a rk  i n  th e  p re s e n c e  o f  d i f f e r e n t  c a t io n  con cen ­

t r a t i o n s ,  w h ich  c o u ld  v a r y  a c c o r d in g  to  c h lo r o p la s t  p r e p a r a t io n .  T ab le

3.3 shows th e  e f f e c t  o f  p o ta ss iu m  f e r r i c y a n id e  (a n  o x id a n t  o f  P S 2 ), on 

Fq , F^, AmgY and F W h e n  th e  f e r r i c y a n id e  (FeCy) was added b e fo r e  

DCMU a d d it io n  th e r e  was a  change i n  a l l  th e  p a ra m e te rs  m easured w ith  an 

e s p e c i a l l y  la r g e  d e c r e a s e  i n  Fq a t  th e  "h ig h  s a l t "  l e v e l ,  so t h a t  th e  

d i f f e r e n c e  i n  Fq betw een  5mM Mg and minus Mg changed from  23% to

24-
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P i g .  3*2 Changes i n  th e  s t e a d y - s t a t e  c h lo r o p h y ll  f lu o r e s c e n c e  s i g n a l

e x h ib i t e d  b y  D C M C -in h ib ited  p ea  t h y la k o id s  b y  a )  th e  a d d i t io n  
2+o f  5mM Mg to  ’ lo w ’ s a l t  t h y la k o id s  suspended i n  th e  p r e ­

se n ce  o r  a b se n ce  o f  1% (v / v )  g lu ta r a ld e h y d e  (GAH) and b) b y  

th e  a d d it io n  o f  1% ( v / v )  g lu ta r a ld e h y d e  to  ’ h ig h *  s a l t  

t h y la k o i d s .
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The Effect of Glutaraldehyde (GAEp Fixation on Mg -induced Changes 
in Various Fluorescence Parameters

TABLE 5.2
2 +

Mg2+
(mM)

T reatm en t 

Cl ATT
(1%v /v )

EDTA
( 5mM)

P0 Pm

5 + - 35 7 9 .5 0 .5 6

5 - - 34 9 7 .7 0 .6 5

5 + + 43 1 0 4 .0 0 .59

5 - + 25 4 5 .0 0 .4 4

M 2+Mg GAE Mg2+ F P p
(mM) (1% v /v) (5mM)

0 m max

1 + - 38 8 1 .5 0 .5 2

0 + - 29 5 7 .7 0 .7 4

0 + + 30 6 0 .0 0 .7 4

1 - - 41 1 1 8 .0 O.4 8

0 - - 24 4 8 .5 0 .7 3

0 — + 32 8 3 .4 0 .4 6
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The E f f e c t  o f  PotassiTjm  F e r r ic y a n id e  (FeC y) B e fo r e  (B ) and A f t e r  ( a ) 

DCM U-Addition on V a r io u s  F lu o r e s c e n c e  P a ra m eters

TABLE 3.5

T reatm ent

Mg2+
(mM)

FeCy
(0.5niM)

F 0 Fm
Ama?

5 — 2 5 .5 * 1 .4 8 8 .7 ± 4 .7 1090^64 0 .7 1

0 - 1 9 . 7- 1 . 0 4 8 .8 -3 •2 7 6 5 * 1 7 0 .5 9

5 +B 2 0 .9 -0 .8 7 7 .1 * 2 .4 1 4 9 0 * 14 7 0 .7 3

0 +B 1 9 .0 ^ 1 .4 4 7 .1 * 4 - 4 875*50 0 .5 9

5 +A 2 3 .5 * 1 .3 7 8 .3 - 4 .0 920-80 0 .70

0 +A 1 9 .7 * 1 .5 4 5 .5 * 3 .9 805-36 0 .5 7
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o n ly  9% ( a  v a lu e  s im i la r  to  t h a t  o b s e rv e d  b y  M e lis  and Ow, 1 9 8 2 ). I f

th e  PeCy -was added a f t e r  th e  a d d i t io n  o f  DCMU th en  o n ly  a  s m a ll d e -

2+
c r e a s e  i n  Pq a t  5mM Mg was o b s e r v e d . T a b le  3*4 shows th e  e f f e c t  o f

2+ 2+DCMU a d d i t io n  on Fq a t  b o th  5mM Mg and m inus Mg . I t  ca n  be se e n

t h a t  th e  a d d it io n  o f  BCMU le d  to  a  l a r g e r  in c r e a s e  i n  F i n  th e  " h ig h

2+s a l t ” s i t u a t i o n  com pared w ith  m inus Mg , so t h a t  th e  d i f f e r e n c e  i n  Fq 

betw een  " h ig h ” and " lo w " s a l t  t h y la k o id s  i n  th e  a b se n ce  o f  BCMU was 

o n ly  1 1 .4 %  w h ile  i n  th e  p r e s e n c e  o f  BCMC t h i s  d i f f e r e n c e  in c r e a s e d  to  

29%. T h e r e fo r e , i n  th e  t h y la k o id s  u se d  i n  t h i s  work th e r e  a p p e a rs  to  

be a  BC M U -stim ulated in c r e a s e  i n  Fq w h ich  i s  m ost s i g n i f i c a n t  when th e  

t h y la k o id s  a r e  suspended i n  th e  p re s e n c e  o f  "h ig h  s a l t " .

Low tem p e ra tu re  (77K ) f lu o r e s c e n c e  s p e c t r a  have b een  u s e d  i n  th e  

p a s t  to  show t h a t  t h y la k o id s  suspended i n  th e  p re s e n c e  o f  " lo w " c a t io n  

l e v e l s  th e r e  i s  a  r e d i s t r i b u t i o n  o f  e x c i t a t i o n  e n e rg y  i n  fa v o u r  o f  PS1 

( e g .  M u rata, 19 6 9 b ; M urata e t  a l . ,  1 9 7 0 ). U n t i l  r e c e n t l y  th e  ch an ges 

i n  f lu o r e s c e n c e  w ere b a se d  on th e  n o r m a lis a t io n  o f  th e  s p e c t r a  to  one 

o f  th e  f lu o r e s c e n c e  maxima b u t o b s e r v a t io n s  h ave now been  made u s in g  

s ta n d a r d is e d  s p e c t r a  (K rau se e t  a l . ,  19 8 3 )- C h a r a c t e r is a t io n  o f  th e  

77K f lu o r e s c e n c e  p ea k s h as b een  c a r r ie d  o u t ,  o v e r  a  number o f  y e a r s ,  b y  

u s in g  i s o l a t e d  p h oto  s y n t h e t ic  p a r t i c l e s  ( e g .  Boardman e t  a l . ,  1 9 6 6 ; 

W e sse ls  e t  a l . ,  1973? T h o m b e r, 19 7 5 ; B u t le r ,  1 9 7 8 ). P i g .  3»3a> shows 

th e  s p e c t r a  o b ta in e d  from  i n t a c t  c h lo r o p la s t s  w h ich  e x h i b i t  f l u o r e s ­

cen ce  maxima a t  686nm, 6953am and 735nm» U s in g  i s o l a t e d  p ig m e n t- p r o te in  

com p lexes i t  can  be se e n  t h a t  LHC p ro d u ce s a  s i n g le  p eak  a t  683nm w ith  

a  s h o u ld e r  a t  725nm ( P ig .  3*3^)> a  PS2 com plex f lu o r e s c e s  a t  687nm 

and 695nm ( P ig .  3«3c) w h ile  PS1 gave  r i s e  to  a  m ain p eak  a t  735nm ( P ig .  

3.3<l)* T h e r e fo r e , i n  g e n e r a l term s F^g^ and F g ^  a r e  P S 2 - a s s o c ia te d

p ea k s and F ^ ^  i s  a s s o c ia t e d  w ith  PS1 c o n fir m in g  th e  p r e v io u s ly  d o cu -

2+m ented d a ta  m entioned a b o v e . P i g .  3 -4s- shows the e f f e c t  o f  5mM Mg
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The E f f e c t  o f  10uM DCMtJ on th e  V a lu e  o f  T h y la k o id s  Suspended i n  th e  

P re s e n c e  and A bsence o f  5mM Mg^+

TABLE 5.4

+DCMIJ -BCMU % in c r e a s e  
to  +DCMIJ

•»Mg2+ 16 .5 0 1 1 .0 0 +50

-Mg2+ 1 1 .7 5 9 .7 5 +20

% d e c r e a s e 2 + 
due to  -Mg

-2 8 .8 - 1 1 . 4 -
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F ig .  3 -3  S ta n d a r d is e d  lo w  tem p era tu re  (77K ) c h lo r o p h y ll  f lu o r e s c e n c e  

e m is s io n  s p e c t r a  e x h ib i t e d  b y

a )  sh o ck e d , i n t a c t  c h lo r o p la s t s

b) LHC (p re p a re d  b y  a  s l i g h t l y  m o d ifie d  m ethod o f  B urke e t  

a l .  ( 1 9 7 8 ))

c )  PS2 (p re p a re d  a s  i n  G o u n aris  e t  a l .  (1 9 8 3 ))

d) PS1 ( d e r iv e d  from  th e  p e l l e t  p ro d u ced  a f t e r  th e  1 5 h r , 

100K x g  s p in  i n  th e  LHC m ethod o f  Burke e t  a l .  ( 1 9 7 8 ) ) .



Fig. 3*3 a) shocked, intact chloroplasts
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Fit,. 3-3 "b)LHC (p re p a re d  "by a slightly modified method of Burke et
a l .  (1 9 7 8 ))
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F ig -  3-3  c )  PS2 (p re p a re d  a s  i n  G ou n aris  e t  a l .  (19 8 3 ))
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F ig .  3 .3  d)PS1 ( d e r iv e d  from  th e  p e l l e t  p ro d u ced  a f t e r  th e  1 5 h r , 100K 

x g  s p in  i n  th e  LHC method o f  Burke e t  a l .  (1 9 7 8 ))
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P i g .  3 . 4  a )  S ta n d a r d is e d  77K c h lo r o p h y ll  f lu o r e s c e n c e  e m is s io n  s p e c t r a

from  t h y la k o id  membranes suspended i n  " h ig h ” s a l t  (----- )

and "lo w " s a l t  ( ------ )

b) The e f f e c t  o f  c a t io n  v a le n c y  and g lu ta r a ld e h y d e  f i x a t i o n  

on th e  r a t i o  c a lc u la t e d  from  s ta n d a r d is e d  77K

c h lo r o p h y ll  e m is s io n  s p e c t r a  s i m i la r  to  (a )



112

and m inus Mg on th e  77K f lu o r e s c e n c e  s p e c t r a  o f  sh ock ed  c h lo r o p la s t s

i n  th e  p re s e n c e  o f  th e  f lu o r e s c e n t  s ta n d a rd , f l u o r e s c e i n .  T h is  shows

t h a t  th e  P S 2 - a s s o c ia te d  f lu o r e s c e n c e  d e c r e a s e s  w h ile  th e  P S 1 - a s s o c ia t e d

P p e a k  in c r e a s e s  when t h y la k o id s  a r e  suspended a t  a  " lo w " c a t io n  l e v e l

2+compared w ith  5eM Mg . T hese ch an ges c l e a r l y  in d i c a t e  t h a t  e x c i t a t i o n

e n e rg y  i s  b e in g  t r a n s f e r r e d  to  PS1 a t  th e  exp en se  o f  PS2 b u t ca n n o t

d is t in g u is h  betw een  s p i l l o v e r  and a b s o r p t io n  c r o s s  s e c t io n  ch a n g e s . P i g .

3.4b> i n  w h ich  th e  r a t i o  P^^^/P^g^ i s  shown f o r  t h y la k o id s  suspended

2+
i n  th e  p re s e n c e  o f  d i f f e r e n t  v a le n c y  c a t io n s  r e a f f i r m s  th e  Mg -n o n  

s p e c i f i c i t y  o f  the ch a n g e s . A t a l l  " h ig h ” s a l t  l e v e l s  th e  r a t i o  i s  a l ­

w ays lo w e r  th a n  t h a t  e x h ib i t e d  b y  th e  " lo w " s a l t  t h y la k o id s ,  f u r t h e r ­

m ore, when th e  "lo w " s a l t  sam p les w ere g lu t a r a ld e h y d e - f ix e d  th e  su b - 

se q u en t a d d i t io n  o f  Mg io n s  d id  n o t  a l t e r

3 .2  M echanism s I n v o lv e d  i n  th e  C a tio n -In d u c e d  F lu o r e s c e n c e  C han ge:

As s t a t e d  i n  th e  in t r o d u c t io n  ( 1 . 8 . 1 )  i t  can  be p r e d ic t e d  t h a t  

ch an ges i n  s p i l l o v e r  w i l l  a f f e c t  th e  c h a r a c t e r i s t i c s  o f  th e  f l u o r e s ­

ce n ce  r i s e  i n  a  d i f f e r e n t  way to  th o se  b ro u g h t a b o u t b y  a l t e r a t i o n s  i n  

a b s o r p t io n  c r o s s  s e c t i o n .  Prom P i g .  3*5 i t  ca n  be se e n  t h a t  d e c r e a s ­

in g  th e  e x c i t a t i o n  l i g h t  i n t e n s i t y  b ro u g h t a b o u t an  e q u a l lo w e r in g  i n  

b o th  P and P so t h a t  P_/P rem ain ed  u n a lt e r e d  ( a l l  i n t e n s i t i e s  u se d  

red u ced  Q f u l l y  i n  th e  p re s e n c e  o f  DCMC). T h is  w ould be e x p e cte d  to
JX

o c c u r  i f  th e  e x p e r im e n ta l a p p a ra tu s  d id  n o t  o v e r  e s t im a te  PQ a t  th e  e x ­

p en se  o f  P^. T h is  m ig h t h ave o c c u r r e d  a t  th e  h ig h e r  i n t e n s i t i e s  i f  th e  

r i s e - t i m e  o f  a  f a s t  P^ component had come w it h in  th e  ra n g e  o f  th e  

s h u t t e r 's  o p e n in g  t im e . I t  was a l s o  fou n d  t h a t  a s  P^ d e c r e a s e d  th e  

f lu o r e s c e n c e  r i s e  became s lo w e r  and a s  a  con sequ en ce th e r e  was no ob­

se rv a b le  d i f f e r e n c e  i n  th e  a b s o lu t e  a r e a  o v e r  th e  cu rv e  (A ) .  T h is  

e x p e c te d  t r a i t  o c c u r r e d  w h eth er th e  t h y la k o id s  w ere suspended i n  5mM

2+
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.5  C h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  cu rv e  p a ra m e te rs  from  

sh ock ed  c h lo r o p la s t s  a s  a  f u n c t io n  o f  e x c i t a t i o n  l i g h t  i n ­

t e n s i t y  show ing th e  r e la t i o n s h i p  betw een  a )  ( •  ) and 

( ■  ) l e v e l s  and b) th e  A v a lu e s  f o r  t h y la k o id s  su sp e n - 

ded i n  th e  p re s e n c e  o f  5niM Mg ( a  ) and m inus Mg ( A ) .

A l l  m easurem ents w ere made a t  room tem p era tu re  a f t e r  a  5

m inute d a rk  a d a p ta t io n  and i n  th e  p re s e n c e  o f  20jiM DCMU.
_2

The 100% l i g h t  i n t e n s i t y  was 8Wm . The l i n e s  a r e  th e  l e a s t  

s q u a re s  f i t  to  the d a ta  p o in t s .
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2+ 2+
Mg o r  m inus Mg . Changes i n  f lu o r e s c e n c e  b ro u g h t a b o u t b y  an  a l ­

t e r a t i o n  i n  PS2 a b s o r p t io n  c r o s s  s e c t io n  w ould , t h e r e f o r e ,  be e x p e c te d  

to  p ro d u ce s i m i la r  r e s u l t s  to  th o s e  se e n  i n  P i g .  3*5*

The change i n  th e  above m en tion ed  f lu o r e s c e n c e  p a r a m e te rs , a s  a  

2+
f u n c t io n  o f  Mg l e v e l ,  was c a r r ie d  o u t .  P i g .  3»6a and 3 -6b show t h a t  

2+
lo w e r in g  th e  Mg c o n c e n tr a t io n  i n  w h ich  th e  t h y la v o id s  w ere suspended

n o t  o n ly  l e d  to  a  d e c r e a s e  i n  P^ b u t a ls o  PQ, a s  se e n  i n  P i g .  3 *1> and.

2+
T a b le s  3.1 and 3 - 2 . H owever, th e  Mg -re q u ir e m e n t f o r  th e  Pq d e c r e a s e

(C i = 0.24mM) was lo w e r  th a n  t h a t  f o r  th e  d e c r e a s e  i n  P (C^ = 0.66mM).

I n  P i g .  3*6d i t  ca n  be se e n  t h a t  lo w e r in g  th e  Mg l e v e l  from  5mM to

0 .4 ujM d e c r e a s e d  o n ly  th e  v a r i a b le  f lu o r e s c e n c e  component ( p lo t t e d  a s

P ) and t h i s  was accom panied b y  a  s i m i la r  d e c r e a s e  i n  ( P ig .

3 .6 c ) .  B elow  0.4mM MgCl^, PQ d e c r e a s e d  p r o p o r t io n a l ly  more th an  P^

and hen ce a  s m a ll in c r e a s e  i n  b o th  P /P and A was o b s e r v e d .
v ' m max

2+
The p a ra m e te r  3max was a ls o  m easured a s  a  f u n c t io n  o f  Mg con­

c e n t r a t i o n  and th e  r e s u l t s  a re  shown i n  P i g .  3»7« As p r e v io u s ly  n o te d

b y  o th e r s  ( e . g  K y le  e t  a l . ,  1982; M e lis  and Homann, 19 78 ) t h i s  p a r a -

2+
m e te r  d e c r e a s e d  w ith  i n c r e a s in g  Mg l e v e l s  w h eth er th e  f lu o r e s c e n c e  

ch an g es w ere due to  p r e f e r e n t i a l  a l t e r a t i o n s  i n  Pq o r  P .̂ ( s e e  a ls o  

T a b le s  3*1 and 3 » 2 ). P i g .  3»8 shows th e  h a l f - t im e  f o r  th e  grow th  o f  

th e  n o rm a lis e d  a r e a  o v e r  th e  cu rv e  ( t^  f o r  p h o to r e d u c t io n ) . T h is  

was a ls o  a l t e r e d  b y  Mg c o n c e n t r a t io n  (Ci_ = 0.5mM) w h eth er th e  ch an g es 

w ere b ro u g h t a b o u t b y  a l t e r a t i o n s  i n  Pq o r  P^.. Such an  e f f e c t  on Q™ 

a c c u m u la tio n  w ould be e x p e c te d  a s  th e  r a t e  c o n s ta n ts  f o r  th e  two k i n e t i c  

com ponents o f  th e  r i s e  (k^ a n d k ^ )  a r e  a ls o  a l t e r e d  b y  Mg l e v e l .

Prom P ig .  3 .9  i t  ca n  be seen  t h a t  a s  P^/P^ d e c r e a s e d  b o th  k ^  and k^

d e c r e a s e d .
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F ig .  3-6 The e f f e c t  o f  MgClg c o n c e n t r a t io n  on a )  F^ ( •  ) ,  b ) Fq (■  ) ,

c )  ( a  ) and d) F ^ F  ( •  ) e x h ib i t e d  b y  t h y la k o id s  i n ­

h i b i t e d  b y  20|iM DCMJ. A l l  m easurem ents w ere made a t  room
-2

te m p e ra tu re , u s in g  an  e x c i t a t i o n  l i g h t  i n t e n s i t y  o f  8Wm , 

s i f t e r  a  5 m inute d a rk  a d a p t a t io n .
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P i g .  3 . 7  The e f f e c t  o f  MgCl0 c o n c e n t r a t io n  on (3 , w h ich  r e p r e s e n t s ̂ msx
th e  l i n e a r l y  e x t r a p o la t e d  s lo w , e x p o n e n t ia l  p hase o f  room 

tem p e ra tu re  c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u rv e s  w ith  

th e  o r d in a te  a t  tim e z e r o  ( s e e  2 . 3 .6  and P i g .  2 .2 ) ,  o f  

t h y la k o id s  in h ib i t e d  w ith  20 nM DCMCT.
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1 2 

M g C ^  (mM)

Fig. 3.8 The effect of MgCl0 concentration on the ti for the growth^ 2of the normalised area over the room temperature chloro­
phyll fluorescence induction curve (indicative of 
photo accumulation) of thylakoids inhibited with 20[iM DCMU.
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F i g .  3*9 The r e la t i o n s h i p  "between ch an ges i n  F ^ F  r a t i o s ,  e x h ib i t e d  

b y  D C M - in h ib ite d  t h y la k o id s ,  due to  a l t e r e d  MgClg concen­

t r a t io n s  and th e  r a t e  c o n s ta n ts  f o r  a ) th e  i n i t i a l  f a s t ,  

s ig m o id a l ph ase (k a ) and b) th e  s lo w , e x p o n e n t ia l  ph ase 

(k p ) c a lc u la t e d  from  th e  a n a ly s is  o f  room tem p e ra tu re  

c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u r v e s .
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The m echanism s o f  th e  s a lt - in d u c e d  ch an ges h ave "been i n v e s t i g a t e d  

h y  t i t r a t i o n  o f  f lu o r e s c e n c e  w ith  th e  qu in on e f lu o r e s c e n c e - q u e n c h e r , 

DBMTB. Such t i t r a t i o n s  "by s e q u e n t ia l  a d d it io n s  o f  DEMTB h ave h een  d i s ­

c u s s e d  b y  J e n n in g s e t  a l .  (198 3 ) w h ile  th e  g r a p h ic a l  r e p r e s e n t a t io n  

u se d  f o r  F i g .  3 .1 0  h as b een  d is c u s s e d  i n  S e c t io n  2 .3 .9 *  The y - i n t e r c e p t  

a t  (F  - F  ) = 0 g iv e s  an  i n d i c a t i o n  o f  th e  q u en ch in g  a b i l i t y  o f  IfflMTB

and h a s  been  term ed th e  i n t e r a c t i o n  in d e x . F i g .  3*10  shows t h a t  a t  

" h ig h ” s a l t  l e v e l s ,  DBMH3 h as a  la r g e  q u en ch in g  e f f e c t  on f lu o r e s c e n c e

i n d i c a t i n g  a  lo w  l e v e l  o f  o th e r  co m p etin g  p r o c e s s e s ,  w h ile  a t  Mlo w M 

2+
Mg l e v e l s  th e  y - i n t e r c e p t  i s  lo w  e m p h a sis in g  th e  p re s e n c e  o f  a  h ig h

l e v e l  o f  c o m p e t it io n  w ith  o t h e r  f lu o r e s c e n c e  q u en ch in g  p r o c e s s e s .

T a b le  3*5 shows th e  r e la t i o n s h i p  betw een  f lu o r e s c e n c e  and i n t e r a c t i o n

24-
in d e x  o v e r  th e  ra n g e  o f  Mg c o n c e n t r a t io n s  u se d  i n  F ig .  3 *10 . U sin g  

th e  b i p a r t i t e  m odel o f  B u t le r  (19 7 8 ) th e  r a t i o  o f  th e  f lu o r e s c e n c e  

l e v e l  a t  5inM Mg (F ^ ) and a t  th e  o th e r  Mg c o n c e n tr a t io n s  i n v e s t i ­

g a te d  (Fmc)> term ed F > and. th e  c o r re s p o n d in g  ch an ges i n  i n t e r ­

a c t io n  in d e x  ( i I 0) sh o u ld  be e q u a l assu m in g  homogenous q u e n c h in g ,

u n le s s  some f lu o r e s c e n c e  q u en ch in g  i s  o c c u r r in g  v i a  n o n -co m p etin g  p r o -

2+
c e s s e s .  T h is  r e la t i o n s h i p  was r e s p e c t e d  betw een  5niM and 0 .3 3 ° ^  Mg 

b u t b e lo w  t h i s  c a t io n  c o n c e n tr a t io n  i t  a p p e a re d  to  d e v ia t e  a s  s m a ll 

f lu o r e s c e n c e  ch an ges le d  to  l a r g e r  a l t e r a t i o n s  i n  th e  i n t e r a c t i o n  in d e x .

3.3 Structural Alterations Accompanying the Fluorescence ‘Change:

F ig .  3 •11  shows r e p r e s e n t a t iv e  t h in  s e c t io n  tr a n s m is s io n  e le c t r o n  

m icro g ra p h s o f  t h y la k o id s  suspended i n  th e  p re s e n c e  o f  5inM, 0.5niM and 

m inus M gC ^ . They c l e a r l y  re em p h a sise  th e  v a s t e  change i n  g r o s s  mem­

bran e co n fo rm a tio n  w h ich  accom p an ies th e  s a lt - in d u c e d  f lu o r e s c e n c e  „

24-
c h a n g e s , so t h a t  i n  th e  p re s e n c e  o f  5mM Mg th e r e  was a  la r g e  d e g re e
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Fn )/ F m

F i g .  3*10 T i t r a t i o n  o f  c h lo r o p h y ll  f lu o r e s c e n c e  from  D C M U -inhibited
2+

th y la k o id s  suspended a t  d i f f e r e n t  Mg c o n c e n tr a t io n s  w ith
2+

s u c c e s s iv e  a d d it io n s  o f  0.67[iM DBMTB. The Mg l e v e l s  a r e

a s  f o l lo w s ;  5niM ( o ) ,  2mM ( • ) ,  0.67mM ( □ ) ,  0 .5 eM (■  )»

0.33mM ( a  ) ,  0.17mM ( a  ) and OmM (X ).

F = m axim al f lu o r e s c e n c e  l e v e l  b e fo r e  EEMIB a d d it io n  m
F = f lu o r e s c e n c e  a f t e r  n  a d d it io n s  o f  TTRMTB 

n
The l i n e s  a r e  th e  l e a s t  sq u a re s  f i t  to  a l l  th e  e x p e r im e n ta l

d a ta  p o i n t s .



TABLE 5.5

— .............. 11 -  . . r  . 2—---------------------------------------- nr------------------------------------------
PS2-DBMIB I n t e r a c t i o n  In d ex

MgClp
<mM)2

m I n t e r a c t i o n
In d e x

(a)Imax
I c

00
^max
Pme

5 6 4 .O 0 .9 5 1 .0 0 1 .0 0

2 6 4 .O 0 .9 2 1 .0 3 1 .0 0

0 .6 7 4 9 .5 0 .7 5 1 .2 7 1 .2 9

0 .5 4 1 .1 0 .6 0 1 .5 8 1 . 5 6

0 .3 3 3 2 .8 0 .4 6 2 .0 6 1 .9 9

0 .1 7 3 1 . 8 0 .3 8 2 .5 0 2 .0 1

0 2 8 .4 0 .3 4 2 .7 9 2 .2 5

(a )  I  / I  r e p r e s e n t s  th e  r a t i o  o f  i n t e r a c t i o n  in d e x  a t  5mM MgClQ 
mss' c u

( i  ) w ith  th e  i n t e r a c t i o n  in d e x  a t  th e  o th e r  c a t io n  l e v e l s  ( i  ) .  
N max' c

(b ) P _/P r e p r e s e n t s  th e  r a t i o  o f  m axim al f lu o r e s c e n c e  "before DEMIB 
max' me

a d d i t io n  a t  5n]M MgClg (Pmsry) w ith  th e  m axim al f lu o r e s c e n c e  a t  th e

o t h e r  c a t io n  l e v e l s  (P ) .x me'
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o f  d i f f e r e n t i a t i o n  i n t o  g r a n a l and s tro m a l la m e lla e  w h ich  "became l o s t

2+on g o in g  to  m inus Mg . S im ila r  r e s u l t s  c o n c e r n in g  u n s ta c k in g  have

"been shown "by a  number o f  w o rk e rs  i n  th e  p a s t  i n  re s p o n s e  to  c a t io n

l e v e l s  ( e g .  Iza w a  and Good, 196 6; Murakami and P a c k e r , 1 9 7 1 ;  G ro ss and

P r a s h e r , 19 74 )*  P i g s .  3 » 1 2 a ,b ,c  show h is to g ra m s  o f  th e  fr e q u e n c y  o f

2+
g r a n a l w id th  a t  th e  Mg l e v e l s  s t a t e d  a b o v e . I t  ca n  be se e n  t h a t  a s  

2+
th e  Mg l e v e l  i s  lo w e re d  th e  g ra n a  became p r o g r e s s i v e l y  s m a l le r .  I n

2+
o r d e r  to  q u a n t i f y  th e  e f f e c t  o f  Mg c o n c e n tr a t io n  on membrane s t a c k in g  

a  number o f  a r b i t a r y  p a ra m e te rs  h ave b een  m easured from  a  number o f  

m ic ro g ra p h s , s i m i la r  to  th o s e  se e n  i n  P i g .  3»11> and th e s e  a r e  p r e s e n te d  

i n  T a b le  3 *6 . T h is  t a b le  a ls o  in c lu d e s  f lu o r e s c e n c e  and 90° l i g h t ­

s c a t t e r i n g  d a ta  ta k e n  from  th e  same sam p les u se d  f o r  m ic r o s c o p y . T h is  

shows t h a t  s u b s t a n t i a l  u n s ta c k in g  o c c u r r e d  a s  th e s a l t  l e v e l  was lo w e re d  

and t h a t  t h i s  was a s s o c ia t e d  w ith  a  d e c r e a s e  i n  f lu o r e s c e n c e  and a  de­

c r e a s e  i n  l i g h t  s c a t t e r i n g .

3 .4  D is c u s s io n :

The d a ta  p r e s e n te d  i n  t h i s  c h a p te r  i n d i c a t e  t h a t  th e  c a t io n - in d u c e d

2+
ch an ges i n  roo m -tem p eratu re  c h lo r o p h y ll  f lu o r e s c e n c e  a r e  n o t  Mg -  

s p e c i f i c  e f f e c t s  a s  s t a t e d  b y  M e lis  and Ow (1 9 8 2 ), b u t a r e ,  in d e e d  

b ro u g h t a b o u t b y  a  ra n g e  o f  c a t io n s  a s  em phasised  i n  p r e v io u s  s t u d i e s .  

The a n a ly s e s  p r e s e n te d  i n d i c a t e  t h a t  a l t e r a t i o n s  i n  b o th  s p i l l o v e r  o f  

e x c i t a t i o n  e n e rg y  from  PS2 to  PS1 and PS2 a b s o r p t io n  c r o s s  s e c t io n  

o c c u r  on th e  a d d it io n  o f  c a t io n s  w h ich  in v o lv e s  t h y la k o id  c o n fo r m a tio n a l 

c h a n g e s . H owever, ch an ges i n  o t h e r  n o n - r a d ia t iv e  d e c a y  p r o c e s s e s  can n o t 

be r u le d  o u t a s  a  c o n t r ib u t a r y  f a c t o r .

Prom th e  e le c t r o n  m icro g ra p h s p re s e n te d  i n  P i g .  3»11 and th e  accom­

p a n y in g  a n a ly s e s  o f  a  number o f  su ch  m icro g ra p h s ( P ig .  3 *12  and T a b le



h  r>rr

F i g .  3 «11 R e p r e s e n ta t iv e  e le c t r o n  m icro g ra p h s o f  i s o l a t e d  p ea  t h y l a -  

k o id s  susp en d ed  i n  th e  p re s e n c e  o f  a ) 5mM Mg , h) 0.5mM 

Mg^+ and c )  minus Mg^+ (5mM K+) .  M a g n if ic a t io n  x20830.



■■
■I
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F ig .  3«12 H isto gram s o f  th e  fr e q u e n c y  o f  g ra n a  o f  d i f f e r e n t  w id th s  o f
2+t h y la k o id s  suspended i n  th e  p re s e n c e  o f  a )  5mM Mg , h) 

0.5mM Mg and c )  OmM Mg • The v a lu e s  w ere o b ta in e d  b y  

m e a su rin g  th e  g r a n a l w id th s  from  1 2 -1 6  d i f f e r e n t  c h lo r o -  

p l a s t s .
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TABLE 3.6 
.............................. 2+

The E f f e c t  o f  Mg C o n c e n tr a t io n  on Membrane S ta c k in g , C h lo r o p h y ll  

F lu o r e s c e n c e  and 90° L ig h t  S c a t t e r i n g

Mg2+
(mM)

G ra n a l W idth

w .

G ran a/
C h lo r o p la s t a

% T h y la k o id s  
S tack ed ^ F lu o r c LSc

5 480*120 2 4 .5 66 100 100

0 .5 312 *126 1 6 .7 18 18 29

0 2 6 1-12 0 8 .3 4 0 0

a  m easured i n  1 2 -1 6  c h lo r o p la s t s

h le n g t h  o f  g r a n a l t h y la k o i d / t o t a l  le n g t h  o f  t h y la k o id s ,  m easured 

i n  5 -8  c h lo r o p la s t s

c m easured a f t e r  d i l u t i o n  to  40ng ch l/m l p lu s  20|iM BCML.
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3 .6 ) ,  i t  ca n  be se e n  t h a t  a l t e r a t i o n s  i n  t h y la k o id  o r g a n is a t io n  a r e  o b - 

s e r v e d  b etw een  "h ig h "  s a l t  (5mM Mg ) and " lo w ” s a l t  (m inus Mg ) con­

d i t i o n s  so t h a t  i n  th e  a b se n ce  o f  " h ig h ” s a l t  l e v e l s  l i t t l e  d i f f e r e n t i ­

a t i o n  in t o  a p p re s s e d  and n o n -a p p re sse d  membrane r e g io n s  i s  o b s e r v e d .

T h is  change i n  t h y la k o id  co n fo rm a tio n  a p p e a rs  to  be an  im p o rta n t f a c t o r  

i n  b r in g in g  a b o u t th e  a l t e r a t i o n  i n  c h lo r o p h y ll  f lu o r e s c e n c e  y i e l d  and 

o t h e r  in d u c t io n  cu rv e  p a ra m e te rs  a s  se e n  from  th e e f f e c t  o f  g l u t a r a l d e -  

hyde f i x a t i o n  o f  " lo w ” s a l t  t h y la k o id s  i n  i n h i b i t i n g  th e  s a lt - in d u c e d  

f lu o r e s c e n c e  r i s e  ( P i g .  3»2a) and th e  i n a b i l i t y  o f  c a t io n s  to  a l t e r  th e  

v a r io u s  f lu o r e s c e n c e  p a ra m e te rs  m easured and shown i n  T a b le  3 - 2 . Such 

o b s e r v a t io n s  su p p o rt th e  e a r l i e r  r e p o r te d  c o n c lu s io n s  w h ich  l e d  B a rb e r  

(1980a) to  fo r m u la te  a  h y p o th e s is  c o n c e r n in g  th e  m echanism s in v o lv e d .

I t  h as a l s o  b een  shown from  f r e e z e - f r a c t u r e  s t u d ie s  t h a t  th e  g r o s s  mem­

b ra n e  c o n fo r m a tio n a l change b r in g s  a b o u t a  ra n d o m is a tio n  o f  p r o t e in s  

w it h in  th e  p la n e  o f  th e  membrane (Wang and P a c k e r , 19 7 3 ; S t a e b e lin ,  19 76 ; 

Boardman e t  a l . ,  1 9 7 8 ) . T h is  i s  i n d i r e c t l y  co n firm ed  b y  th e  in c r e a s e  

i n  (3 on lo w e r in g  th e  backgrou n d  Mg l e v e l  ( F ig .  3 • 7 and T a b le  3 • 1 )  •

I t  i s  b e l ie v e d  t h a t  3 in c r e a s e s  b e c a u se  o f  ch an ges i n  th e  f a s t ,max 7

s ig m o id a l a  component o f  th e  f lu o r e s c e n c e  in d u c t io n  c u rv e  (M ielis and 

Ow, 1 9 8 2 ). The a p h ase  r e p r e s e n t s  "c o n n e c te d ” PS2 r e a c t i o n  c e n t r e s  

w h ich  can  un dergo a  c e r t a i n  d e g re e  o f  e n e r g y  t r a n s f e r  b etw een  c e n t r e s  

(M e lis  and Homann, 1 9 7 8 ) . T h e r e fo r e , th e  in c r e a s e  i n  3may i n f e r s  t h a t  

a  r e o r g a n is a t io n  o f  PS2 com p lexes h a s  ta k e n  p la c e  le a d i n g  to  a  l e s s  

co n n e cte d  s t a t e ,  p ro d u c in g  PS2 c e n t r e s  w ith  an  a p p a r e n t ly  s m a lle r  a b so rp ­

t io n  c r o s s  s e c t io n .  Prom P i g .  3-8  i t  ca n  be se e n  t h a t  a t  lo w  c a t io n  

c o n c e n t r a t io n s  i t  ta k e s  lo n g e r  to  p h o to re d u ce  Q^. T h is  w ould be e x ­

p e c te d  i f  PS2 r e a c t i o n  c e n t r e s  w ere becom ing d is c o n n e c te d  and u n a b le  to  

sh a re  LHC a s  a  r e s u l t  o f  t h y la k o id  u n s ta c k in g  and p ig m e n t- p r o te in  com­

p le x  r a n d o m is a tio n . F u rth e rm o re , i t  can  be se e n  from  P i g .  3*9 t h a t  a s  

th e  P /F r a t i o  i s  lo w e re d  th e  r a t e  c o n s ta n ts  f o r  th e  a and 3 com ponents



o f  th e  r i s e  (k^ and k^ r e s p e c t i v e l y )  b o th  d e c r e a s e  i n d i c a t i n g  t h a t  Mg 

d e p le t io n  le a d s  to  a  l e s s  e f f i c i e n t  u se  o r  t r a p p in g  o f  e x c i t a t i o n  

e n e r g y  w h ich  w ould be e x p e c te d  i f  PS2 was becom ing l e s s  c o n n e c te d , i f  

th e r e  was a  d e c o u p lin g  o f  LHC from  th e  r e a c t i o n  c e n t r e s  o r  i f  th e r e  was 

a  more e f f i c i e n t  e n e r g y  t r a n s f e r  away from  PS2.

The 77K f lu o r e s c e n c e  e m is s io n  s p e c t r a  ( P ig .  3*3 and. 3*4) p ro v id e  

e v id e n c e  w h ich  s u g g e s ts  t h a t  a s  a  co n seq u en ce o f  th e  above m entioned 

c o n fo r m a tio n a l ch an ges th e r e  i s  a  r e d i s t r i b u t i o n  o f  e x c i t a t i o n  e n e rg y  

from  PS2 to  P S 1 . The u se  o f  s ta n d a r d is e d  f lu o r e s c e n c e  s p e c t r a  means 

t h a t  th e  d e c r e a s e  i n  and su b seq u en t in c r e a s e  i n

on lo w e r in g  th e  s a l t  l e v e l  i s  due to  an in c r e a s e  i n  PS1 f lu o r e s c e n c e  a t  

th e  exp en se  o f  P S 2 - a s s o c ia te d  f lu o r e s c e n c e .  T h is  a l t e r a t i o n  i n  th e  

e m is s io n  s p e c t r a  w ould n o t  be e x p e c te d  i f  th e  d e c r e a s e  i n  PS2 f l u o r e s ­

cen ce  was due to  ch an ges i n  k^ b u t  i t  ca n n o t d i s t i n g u i s h  b etw een  ch an ges 

i n  th e  d e g re e  o f  s p i l l o v e r  o r  a b s o r p t io n  c r o s s  s e c t io n .

F u r th e r  e v id e n c e  f o r  a  change i n  s p i l l o v e r  a r i s e s  from  th e  a n a ly s is

o f  th e  f lu o r e s c e n c e  in d u c t io n  c u r v e s  from  L C M U -in h ib ited  t h y la k o id s .

From F i g .  3*5 i t  can  be se e n  t h a t  i f  th e  f lu o r e s c e n c e  d e c r e a s e  was due

to  l e s s  l i g h t  a r r i v i n g  a t  PS2 r e a c t i o n  c e n t r e s  th e n  a  d e c r e a s e  i n  Fq and

F w ould be e x p e c te d  so t h a t  b o th  F /F and A rem a in  u n a l t e r e d ,  
m v  m max

2+
F i g .  3*6 shows t h a t  b etw een  5mM and O.^JnM Mg t h i s  i s  n o t  th e  c a s e  a s  

th e r e  i s  a  p r e f e r e n t i a l  q u en ch in g  o f  Fv  and a  d e c r e a s e  i n  b o th  F ^ F  and 

A^iax* These ch an ges a r e  e x p e c te d  f o r  an  in c r e a s e  i n  s p i l l o v e r  and 

t h e r e fo r e  c o n firm  th e  c o n c lu s io n s  from  th e  a l t e r e d  77K f lu o r e s c e n c e  

s p e c t r a  shown i n  F ig .  3«4 f o r  "h ig h "  and " lo w ” s a l t  t h y la k o id s .  How­

e v e r ,  i t  a p p e a rs  t h a t  th e  c a t io n - in d u c e d  e f f e c t  on f lu o r e s c e n c e  i s  more

2+com plex th an  j u s t  a  change i n  s p i l l o v e r  a s  b elow  0.4mM Mg a  d e c r e a s e

2.



131

i n  b o th  F and F i s  o b se rv e d  w h ich  h as v e r y  l i t t l e  e f f e c t  on A o r  o v  max

F a n d  m igh t be p a r t i a l l y  due to  a  d e c r e a s e  i n  PS2 a b s o r p t io n  c r o s s

s e c t io n  b y  a  d e c o u p lin g  o f  LHC from  PS2 r e a c t i o n  c e n tr e  p r o t e i n s .

S im ila r  c o n c lu s io n s  a r e  a r r i v e d  a t  from  th e  DEMEB f lu o r e s c e n c e  t i t r a t i o n s

2+
o f  F i g .  3 .1 0  and T a b le  3 * 5 . On lo w e r in g  th e  Mg l e v e l  from  5mM to

O.JJmM. th e  d e c r e a s e  i n  f lu o r e s c e n c e  can  be e x p la in e d  b y  in c r e a s e s  i n  

s p i l l o v e r  a n d /o r k^ . B elow  0.33niM Mg the ch an ges i n  f lu o r e s c e n c e  and 

DTMTB i n t e r a c t i o n  in d e x  ca n n o t be e x p la in e d  i n  su ch  a  way and m ig h t r e ­

f l e c t  a  d e v ia t io n  from  th e  e x p e c te d  r e la t i o n s h i p  b etw een  f lu o r e s c e n c e  

and i n t e r a c t i o n  in d e x  b y  LHC d e c o u p lin g .

H owever, th e  d e c r e a s e  i n  Fq ( a t t r i b u t e d  above s o l e l y  to  a  d e c r e a s e

i n  PS2 a b s o r p t io n  c r o s s  s e c t io n )  may a ls o  a r i s e  a s  a  con sequ en ce o f

o t h e r  p r o c e s s e s  w h ich  change a s  a  r e s u l t  o f  e i t h e r  a l t e r a t i o n s  i n  t h y -

la k o id  co n fo rm a tio n  o r  c a t io n  c o n c e n t r a t io n . T a b le  3- 3» sh ow ing th e

e f f e c t  o f  FeC y on v a r io u s  f lu o r e s c e n c e  p a ra m e te rs  i n c lu d in g  Fq , g iv e s

f u r t h e r  in fo r m a t io n  c o n c e r n in g  th e  la r g e  Fq d i f f e r e n c e  ( 23%) betw een

" h ig h ” and " lo w " s a l t  c o n d it io n s .  The a d d it io n  o f  FeC y b e fo r e  DCMH

p o is o n in g  le d  to  th e r e  b e in g  o n ly  a  9% d i f f e r e n c e  i n  Fq l e v e l  betw een

th e  two c a t io n  c o n d it io n s  (a  v a lu e  s i m i la r  to  t h a t  o b s e rv e d  b y  M ielis

and Ow, 19 8 2 ), w h ile  th e  a d d it io n  o f  FeCy a f t e r  DCMU i n h i b i t i o n  had o n ly

a  s m a ll e f f e c t  on F . T ab le  3*4 w ould s u g g e s t  t h a t  th e  la r g e  d i f f e r e n c e

i n  Fq b etw een  " h ig h ” s a l t  and " lo w " s a l t  t h y la k o id s  a r i s e s  a f t e r  th e

a d d it io n  o f  DCMCT, b e ca u se  i n  th e  a b sen ce  o f  DCMU o n ly  an  11% d i f f e r e n c e

i n  F b etw een  th e  two s a l t  c o n d it io n s  was o b se rv e d  w h ile  i n  th e  p r e -  o
se n ce  o f  DCMtJ t h i s  d i f f e r e n c e  in c r e a s e d  to  29%. T h is  s i t u a t i o n  a r i s e s  

b e cau se  o f  a  l a r g e r  DCMH-induced in c r e a s e  i n  Fq when t h y la k o id s  a r e  

suspended i n  th e  p re se n c e  o f  " h ig h ” s a l t  l e v e l s  ( s e e  a ls o  T a b le  3 . 1 ) .

One p o s s ib le  e x p la n a t io n  i s  t h a t  when th e  t h y la k o id s  a r e  s ta c k e d  th e r e  

i s  a  l a r g e r  number o f  PS2 c e n t r e s  i n  th e  Q,̂ Q~ s t a t e ,  p erh ap s due to  an
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a l t e r e d

a c t io n

Q e q u i l ib r iu m , so when on th e  a d d it io n  o f  DCMtJ th e  r e ­

t a k e s  p la c e  more PS2 c e n t r e s  a r e  c lo s e d  b e fo r e  i l lu m ­

i n a t i o n  i n  the "h ig h "  s a l t  s i t u a t i o n  th e r e b y  le a d in g  to  a  h ig h e r  Fq .

2+
I t  t h e r e f o r e  a p p e a rs  t h a t  i n i t i a l l y ,  a s  th e  Mg l e v e l  i s  lo w e re d  

from  5niM, PS2-LHC and PS1 com p lexes rand om ise due to  a l t e r a t i o n s  i n  th e  

s c r e e n in g  o f  th e  o v e r a l l  s u r f a c e  ch a rg e  on th e  membranes le a d in g  to  

membrane u n s ta c k in g  and an  in c r e a s e  i n  e x c i t a t i o n  e n e rg y  s p i l l o v e r  from  

PS2 to  PS1 ( s e e  B a r b e r , 1980a;B a r b e r , 19 8 2 a ) . A t v e r y  lo w  Mg con cen ­

t r a t i o n s ,  i t  i s  p o s t u la t e d  t h a t  th e r e  i s  a  d e c o u p lin g  o f  LHC from  PS2 

p erh a p s a s  a  r e s u l t  o f  in c r e a s e d  co u lo m b ic r e p u ls io n  b etw een  com p lexes 

due to  p o o r  l o c a l  e l e c t r o s t a t i c  s c r e e n in g  c o n d it io n s  le a d in g  to  a  de­

c r e a s e  i n  PS2 a b s o r p t io n  c r o s s  s e c t io n  and a ls o  p erh a p s to  an  a l t e r e d  

s t a b i l i s a t i o n  o f  Q^. S im ila r  c o n c lu s io n s  c o n c e r n in g  th e  c o m p le x ity  o f  

th e  c a t io n - in d u c e d  ch an ges h ave b een  p u t fo rw a rd  from  e x p e rim e n ts  i n ­

v o lv i n g  a  number o f  d i f f e r e n t  f lu o r e s c e n c e  t e c h n iq u e s . H enkin and S au er 

( 1 9 7 7 )» u s in g  a  m od ulated  f lu o r e s c e n c e  te c h n iq u e , r e p o r t e d  v e r y  s i m i la r  

r e s u l t s  to  th o s e  shown i n  P i g .  3*6* N a im  e t  a l .  (1983)> u s in g  p ic o ­

seco n d  f lu o r e s c e n c e  d e ca y  k i n e t i c  a n a ly s e s ,  and J e n n in g s  ( 1 9 8 4 ) who u se d  

a  number o f  m ethods in c lu d in g  p r e f e r e n t i a l  e x c i t a t i o n  o f  PS2 and LHC to  

m easure in d u c t io n  cu rv e  p a ra m e te rs  and DPMTB t i t r a t i o n  o f  c h lo r o p h y ll  

f lu o r e s c e n c e  came to  s i m i la r  c o n c lu s io n s  c o n c e r n in g  th e  p re s e n c e  o f  a t  

l e a s t  two d i f f e r e n t  s a l t - in d u c e d  phenomena w ith  d i f f e r e n t  c a t io n  sen ­

s i t i v i t i e s .

2+
F u rth e rm o re , no Mg - s p e c i f i c  e f f e c t  on f lu o r e s c e n c e  h a s  been  de­

t e c t e d  ( s e e  T a b le  3»1 and P i g .  3«4B) a s  p ro p o sed  b y  M e lis  and Ow (1 9 8 2 ) . 

I t  i s  se e n  t h a t  K+ and TEC^+ ca n  r e p la c e  Mg^+ , a s  lo n g  a s  th e  con cen ­

t r a t i o n  i s  h ig h  enough to  m a in ta in  membrane a p p r e s s io n , i n  g e n e r a t in g  

s im i la r  f lu o r e s c e n c e  in d u c t io n  c u rv e  p ara m e te rs  th u s  c o n fir m in g  and
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e x te n d in g  e a r l i e r  w ork ( e g .  B a rb e r  and S e a r le ,  1978 )*  T h is  con cen ­

t r a t i o n  and v a le n c y  dependence h i g h l i g h t s  th e  p ro p o sed  e l e c t r o s t a t i c  

s c r e e n in g  mechanism p u t fo rw a rd  b y  B a rb e r  and co -w o rk e rs  ( s e e  B a rb e r  e t

a l . ,  19 7 7 ; B a r b e r , 19 8 0 a )to  e x p la in  th e  u l t r a s  t r u e  t u r a l  ch a n g e s . I t

2+
i s  t h e r e f o r e  v e r y  u n l i k e l y  t h a t  th e Mg -d e p en d e n t change i n  k^ r e ­

c e n t l y  p u t  fo rw a rd  b y  M ielis and Ow (19 8 2) i s  a  v e r y  co m p lete  e x p la n ­

a t i o n  f o r  th e  o b s e rv e d  ch an ges i n  f lu o r e s c e n c e .
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CHAPTER 4

Protein-Phosphorylation and Chlorophyll Fluorescence

P o r many y e a r s  th e  mechanism f o r  th e  S ta t e  1 -  S ta t e  2 t r a n s i t i o n  

was p o o r ly  u n d e rs to o d  and i n i t i a l l y  i t  was p o s t u la t e d  t h a t  i t  m igh t he 

c o n t r o l le d  b y  l ig h t - in d u c e d  i o n i c  movements a c r o s s  th e  t h y la k o id  mem­

b ra n e s  ( s e e  B a r b e r , 1 9 7 6 ) . T h is  was co n c lu d e d , m a in ly  a s  a  r e s u l t  o f  

th e  o b s e rv e d  c a t io n - in d u c e d  ch an g es i n  f lu o r e s c e n c e  e x h ib i t e d  b y  i s o ­

l a t e d  t h y la k o id s  w h ich , a s  se e n  i n  C h a p te r 3> can  p ro d u ce  h ig h  o r  lo w  

f lu o r e s c e n c e  l e v e l s  w ith  co n co m ita n t ch an ges i n  e n e r g y  d i s t r i b u t i o n  b e­

tw een PS2 and P S 1 , and th e  h ig h  e n e r g y  s t a t e - in d u c e d  f lu o r e s c e n c e  

ch a n g e s . Over th e  p a s t  few  y e a r s  i t  h as been  r e p o r te d  t h a t  th e  i n  v iv o  

S ta t e  t r a n s i t i o n s  a r e  r e l a t e d  to  th e  r e v e r s i b l e  p h o s p h o r y la t io n  o f  th y ­

la k o i d  p r o t e in s  and e s p e c i a l l y  LHC (B e n n e tt  e t  a l . ,  19 8 0 ). T h is  h as 

l e d  to  a  c o n fu s io n  i n  th e  l i t e r a t u r e  c o n c e rn in g  th e  r e la t i o n s h i p  b etw een  

th e  c a t io n -  and p r o t e in  p h o s p h o r y la tio n - in d u c e d  ch an ges i n  c h lo r o p h y ll  

f lu o r e s c e n c e  from  i s o l a t e d  t h y la k o id s .  I t  i s  b e l ie v e d  t h a t  b o th  mech­

an ism s le a d  to  an  a l t e r a t i o n  i n  e x c i t a t i o n  e n e rg y  r e d i s t r i b u t i o n  be­

tw een  th e  two p h o to sy ste m s b u t w h eth er t h i s  i s  a c h ie v e d  b y  ch an ges i n  

s p i l l o v e r ,  a b s o r p t io n  c r o s s  s e c t io n ,  th erm a l d e a c t iv a t i o n  o r  an y  com­

b in a t io n  o f  th e s e  th r e e  p r o c e s s e s  i s  s t i l l  u n c le a r .

T h is  c h a p te r  i n v o lv e s  an  i n v e s t i g a t i o n  o f  p r o te in - p h o s p h o r y la t io n -

2+
in d u ced  f lu o r e s c e n c e  ch an ges a s  a  f u n c t io n  o f  backgrou n d  Mg l e v e l s  i n  

o r d e r  to  a n a ly s e  th e  m echanism (s) in v o lv e d .

4 .1  The E f f e c t  o f  P r o te in - P h o s p h o r y la t io n  on F lu o r e s c e n c e  I n d u c t io n -

C u rves i n  th e  P re s e n c e  o f  DCfflJ:

P i g .  4*1 shows exam ples o f  th e  c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n
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c u r v e s  f o r  D C M U -inh ib ited  p ea  t h y la k o id s  suspended a t  5nM, 2mM o r  1mM 

2+
Mg i n  e i t h e r  th e  p h o s p h o r y la te d  o r  n o n -p h o s p h o ry la te d  s t a t e .  The 

l a r g e r  p r o p o r t io n a l  d e c r e a s e  i n  F^ i s  c l e a r l y  se e n  a t  th e  lo w e r  s a l t  

l e v e l s  (2mM and 1mM Mg^+) w h ile  a  r e l a t i v e l y  c o n s is t e n t  d e c r e a s e  i n  Fq 

i s  p r e s e n t  a t  a l l  c a t io n  c o n c e n tr a t io n s  a f t e r  p h o s p h o r y la t io n . I t  i s  

th e  c a r e f u l  co m p u te r-a id e d  a n a ly s i s  o f  su ch  c u rv e s  w h ich  h as been  u se d  

to  o b ta in  in fo r m a t io n  c o n c e r n in g  th e  m echanism s in v o lv e d  i n  b r in g in g  

a b o u t th e  p h o s p h o r y la tio n - in d u c e d  ch an ges i n  e x c i t a t i o n  e n e r g y  d i s t r i ­

b u t io n .

U sin g  th e  ferredoxin/N AH PH  m ethod o f  r e d u c in g  th e  PQ p o o l and a c ­

t i v a t i n g  th e  p r o t e i n  k in a s e  to  p h o s p h o r y la te  t h y la k o id s  i n  th e  d a rk  (s e e

2 .3 .3 )>  i t  can  be se e n  from  F i g .  4 *2a t h a t  p h o s p h o r y la t io n  a t  e i t h e r  

2+
5mM o r  2mM Mg le d  to  a  d e c r e a s e  i n  F and F so t h a t  th e  F was com-

o v  o

p a r a b le  w ith  th e  Fq e x h ib i t e d  b y  n o n -p h o sp h o ry la te d  th y la k o id s  a t  m inus 

2+ 2+
Mg . A t 5mM Mg , p h o s p h o r y la t io n  b ro u g h t a b o u t ch an g es i n  F and Fq 

w h ich  l e f t  F ^ F  u n a lte r e d  (s e e  a ls o  T a b le  4 * 1)  a s  p r e v io u s ly  r e p o r t e d  

b y  H orton and B la c k  (19 8 1a  and 1983) • M oreover, a t  t h i s  " h ig h "  s a l t  

l e v e l ,  AmgY a l s o  rem ain ed  r e l a t i v e l y  c o n s ta n t  when com paring th e  n o n - 

p h o s p h o r y la te d  and p h o s p h o r y la te d  sam ples a s  se e n  i n  F ig .  4«2b. How­

e v e r ,  a t  2mM M gC lg, p h o s p h o r y la t io n  in d u ced  a  p r e f e r e n t i a l  quench in g  i n  

F^ r e l a t i v e  to  FQ so t h a t  F ^ F  was lo w e re d . A t t h i s  Mg c o n c e n t r a t io n , 

p h o s p h o r y la tio n  a ls o  le d  to  a  d e c r e a s e  i n  Amav. when compared w ith  th e

n o n -p h o s p h o ry la te d  sa m p le s. These ch an ges a r e  more l i k e  th o se  se e n  a t  

2+
lo w  Mg l e v e l s  u n d er n o n -p h o s p h o r y la tin g  c o n d it io n s  (s e e  F i g .  3 *8 , 

C h a p te r 3)«

To e la b o r a t e  on th e  e x p e rim e n ts  shown i n  F ig .  4 *2 , th e r e v e r s a l  o f  

th e  f lu o r e s c e n c e  ch an ges b y  d e p h o s p h o r y la tio n  was u n d e rta k e n . T h is  was
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F ig .  4-1 Room tem p e ra tu re  c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u rv e s  

from  D C M C -in h ib ited  p ea  t h y la k o id s  suspended a t  5niM, 2mM ! 

and 1mM Mg and w h ich  had been  e i t h e r  p h o s p h o r y la te d  (P h os) 

o r  n o n -p h o s p h o ry la te d  (M Phos). P r o t e in - p h o s p h o r y la t io n  was 

c a r r ie d  o u t u s in g  th e  Fd/NAEPH method d e s c r ib e d  i n  2 .3  • 3 •
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P i g .  4*2 a )  The e f f e c t  o f  p r o te in - p h o s p h o r y la t io n  on th e  room temp­

e r a t u r e  c h lo r o p h y ll  f lu o r e s c e n c e  p a ra m e te rs  P (o )  and Fq 

( □ ) e x h ib i t e d  b y  D C M U -inhibited t h y la k o id s  susp end ed  i n  th e  

p re s e n c e  o f  5e M and 2mM MgClg* compared w ith  th e  n o n -p h o s- 

p h o r y la te d  v a lu e s  o f  P^ ( •  ) and F ( ■  ) c a r r ie d  o u t a t  5mM, 

2mM and OmM M gClg.

b) The A v a lu e s  o b ta in e d  from  p h o s p h o ry la te d  ( a  ) and may
n o n -p h o s p h o ry la te d  ( a  ) t h y la k o id s  f o r  th e c o n d it io n s  men­

t io n e d  i n  ( a ) .
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a cco m p lish e d  b y  th e  in t r o d u c t io n  o f  e x c e s s  NAJSP+ to  o x i d i s e  PQ and 

th e r e b y  i n h i b i t i n g  k in a s e  a c t i v i t y .  D e p h o s p h o ry la tio n  o c c u r r e d  a s  i n ­

d ic a t e d  b y  th e  r e t u r n  o f  th e  f lu o r e s c e n c e  c h a r a c t e r i s t i c s  to  th o s e  e x ­

h i b i t e d  b y  th e  n o n -p h o s p h o ry la te d  c o n t r o ls .  T ab le  4-1 c o n firm s th e  ob­

s e r v a t io n s  shown i n  P i g .  4*1 and. 4*2 and a ls o  g iv e s  th e  v a lu e s  f o r

th e  v a r io u s  tr e a tm e n ts . I t  can  be s e e n  t h a t  8 in c r e a s e d  a f t e r  p h o s -max

p h o r y la t io n  a t  b o th  c a t io n  l e v e l s  b u t  a  g r e a t e r  change o c c u r r e d  a t  2mM 

2+
M gClg. A t 5mM Mg , d e p h o s p h o r y la tio n  le d  to  an in c r e a s e  i n  Fq and Fm

so P ^ F  and b o th  r e tu r n e d  to  th e  n o n -p h o s p h o ry la te d  c o n t r o l  v a lu e s .

2+
H owever, a t  2mM Mg d e p h o s p h o r y la tio n  d id  n o t  le a d  to  an  in c r e a s e  i n

P o r  a  f u l l  r e t u r n  to  th e  c o n t r o l  P l e v e l ,  w h ile  8 and P_/p d id  
o m max v7 m2+r e t u r n  to  th e  2mM Mg n o n -p h o s p h o ry la te d  v a lu e s .

2+P i g .  3*6 and 4*2 show t h a t  th e  a b se n ce  o f  Mg and p r o te in - p h o s ­

p h o r y la t io n  b o th  l e d  to  a  d e c r e a s e  i n  PQ. I n  o r d e r  to  d eterm in e w h eth er

th e s e  ch an ges w ere th e  same o r  in d e p e n d en t e f f e c t s ,  in d u c t io n  c u rv e s

2+
w ere m easured i n  th e  a b se n ce  o f  Mg a f t e r  t h y la k o id s  had been  p h o s-

2+
p h o r y la te d  o r  n o n -p h o s p h o ry la te d  a t  5mM Mg . T a b le  4*2 shows t h a t  on

2+
p h o s p h o r y la t io n  t h e r e  was a  d e c r e a s e  i n  th e  minus Mg PQ l e v e l  w h ich

was lo w e r  th a n  t h a t  e x h ib i t e d  b y  th e  n o n -p h o s p h o ry la te d  t h y la k o id s .

T h is  a d d i t i o n a l  change was accom pan ied  b y  a  change i n  P t o  a  l e v e l

s i m i la r  to  t h a t  se e n  i n  th e  minus MgClg c o n t r o l .  T hese r e s u l t s  s u g g e s t

2+th e  change due to  p h o s p h o r y la t io n  i s  d i f f e r e n t  from  th e  m inus Mg 

e f f e c t .  T h is  in d ep en d en ce  i s  em p h asised  b y  th e  f a c t  t h a t  th e  p e rc e n ­

ta g e  d e c r e a s e  i n  PQ, due to  p h o s p h o r y la t io n , was s i m i la r  p lu s  o r  minus 

MgClg and th e  p e r c e n ta g e  d e c r e a s e , due to  minus MgClg was s i m i la r  p lu s  

o r  minus p h o s p h o r y la t io n .

P i g .  4 . 3  shows t h a t  th e  k i n e t i c s  o f  th e  a r e a  g ro w th , e q u iv a le n t  to

2+
Q p h o to r e d u c t io n , was a l t e r e d  b y  b o th  ch an ges i n  Mg l e v e l  ( P ig .  4*3a )ii
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TABLE 4 .1

The E f f e c t  o f  P h o s p h o r y la t io n  and D e p h o sp h o ry la tio n  o f  T h y la k o id  

Membranes on V a r io u s  F lu o r e s c e n c e  P a ra m eters

% C 1 2

(mM)

T reatm en t P
0

PV pmax P /P Y  m

5 NPhos (a) 3 6 .5 7 0 .8 0 .30 5 0 .6 6

NPhos 0 0 4 1 .5 8 6 .0 0 .2 1 0 .6 7

Phos ( i ) 3 1 . 0 6 7 .3 0 .4 5 0 .6 8

Phos ( i i ) 3 1 . 0 6 2 .3 0 .4 7 0 .6 7

DPhos 3 8 .8 7 5 .5 0 .2 9 0 .6 6

2 NPhos (a) 34.0 7 5 .5 O .4 6 O.6 9

NPhos 0 0 3 7 .3 7 9 .3 0 .4 7 0 .6 8

Phos (i) 2 9 .0 2 4 .O 0 .7 3 0 .4 6

Phos ( i i ) 3 0 .0 2 6 .0 0 .7 4 O.4 6

DPhos 3 0 .3 6 5 .0 O.4 6 0 .6 8

0 NPhos 2 9 .0 1 9 . 0 0 .8 1 0 .40

Com parison o f  th e  f lu o r e s c e n c e  p a ra m e te rs  PQ, P^, Pmay and P ^ P  f o r  

p ea  t h y la k o id  membranes w h ich  w ere p h o s p h o r y la te d  (P h o s ) , n o n -p h o s- 

p h o r y la te d  (NPhos) and d e -p h o s p h o r y la te d  (UPhos) a t  5mM and 2mM MgCl9 

w ith  membranes suspended i n  th e  a b sen ce  o f  Mg . NPhos (b ) and Phos 

( i i )  was a c h ie v e d  b y  th e  p ro c e d u re s  o u t l in e d  i n  th e  MATERIALS AND 

METHODS. NPhos ( a )  r e p r e s e n t s  sam p les w h ich  w ere in c u b a te d  f o r  60 min 

i n  th e  p re s e n c e  o f  ATP i n  th e  p re s e n c e  o f  f e r r e d o x in  and HAD? . A f t e r  

60 min o f  t h i s  tre a tm e n t NADPH and NaF w ere added to  b a la n c e  th e  o v e r ­

a l l  c o n te n t  o f  th e  m edia r e l a t i v e  to  th o se  o f  th e  o t h e r  e x p e r im e n ts .

Phos ( i )  r e p r e s e n t s  sam p les w h ich  w ere in c u b a te d  i n  th e  p re s e n c e  o f  ATP 

f o r  30 min b u t i n  th e  a b se n ce  o f  NaF. A f t e r  30 min in c u b a t io n , NaF and 

NAHP+ was added to  i n h i b i t  p h o sp h a ta se  and k in a s e  a c t i v i t y  r e s p e c t i v e l y .
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TABLE 4 .2

2 +
Com parison o f  th e  E f f e c t  o f  th e  A bsence o f  Mg on F lu o r e s c e n c e  o f  

P h o s p h o ry la te d  and N o n -P h o sp h o ry late d  T h y la k o id  Membranes

F /F v 7 m F
0 D e cre a se  i n  F 

due to  -Mg^+ 0
m-t«e2+ M 2+-Mg +Mg2+

+CM%1

NPhos 0 .6 4 0 .3 9 4^ .5 2 7 .3 41

Phos O.6 4 0 .40 36.0 22.0 39

D e cre a se  i n  F
0

due to  Phos (%)
-  - 23 19

P ea t h y la k o id  membranes w ere p h o s p h o r y la te d  (P h os) o r  n o n -p h o s p h o ry la te d  

(NPhos) a t  5mM MgClg f o r  60 min a s  d e s c r ib e d  i n  th e  MATERIALS AMD METHODS. 

F lu o r e s c e n c e  in d u c t io n  was th e n  m easured a s  p r e v io u s ly  d e s c r ib e d  e i t h e r
2 i

i n  th e  p re s e n c e  o f  5mM MgClp (+Mg ) o r  a f t e r  a d d it io n  o f  s u f f i c i e n t  

EDTA to  c h e la t e  th e  Mg p r e s e n t  i n  th e  d i lu t e d  sam ple (-M g ) .  F lu o r ­

e s c e n c e  in d u c t io n  o f  t h y la k o id s  i n i t i a l l y  in c u b a te d  i n  th e  a b se n ce  o f  
2+Mg was e s s e n t i a l l y  th e  same a s  t h a t  se e n  i n  th e  NPhos sam p les i n  w h ich  
2+

Mg had been  c h e la te d  b y  EDTA.



0 250 500
Time, ms

F i g .  4*3 The growth of the normalised area above room temperature
c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u rv e s  ( i n d i c a t i v e  o f

a c c u m u la tio n )  e x h ib i t e d  b y  D C M C -in h ib ited  t h y la k o id s
2+

suspended a t  a )  5mM, 1mM and minus Mg and b) p h o sp h o ry -
2+

l a t e d  a t  5niM and 2mM Mg and n o n -p h o sp h o ry la te d  a t  5hjM
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and b y  p r o te in - p h o s p h o r y la t io n  ( F i g .  4«3t>)« B oth  e f f e c t s  b ro u g h t a b o u t

a  s lo w e r  r a t e  o f  r e d u c t io n  b u t p h o s p h o r y la t io n  a llo w e d  s i m i la r  r a t e s

2+
to  th o s e  se e n  a t  " lo w " s a l t  l e v e l s  to  o c c u r  a t  h ig h e r  Mg l e v e l s .  By

2+
com p aring th e  t^  v a lu e s  f o r  Q. a c c u m u la tio n  i t  i s  s e e n  t h a t  2mM Mg ,3 **
p h o s p h o r y la te d  sam p les p ro d u ced  a  s i m i la r  h a l f - t im e  to  t h a t  o b se rv e d  

2+
f o r  th e  m inus Mg , n o n -p h o s p h o ry la te d  t h y la k o id s .

P h o s p h o r y la t io n  was a ls o  c a r r ie d  o u t  u s in g  sodium  d i t h i o n i t e  a s

th e  r e d u c ta n t  to  a c t i v a t e  th e  k in a s e .  P i g .  4«4 shows th e  e f f e c t  o f

2+p h o s p h o r y la t io n  on F^ and Pq a s  a  f u n c t io n  o f  backgrou n d  Mg concen­

t r a t i o n .  U sin g  t h i s  m ethod th e  e f f e c t  o f  c a t io n  l e v e l  i s  n o t  a s  d r a s t i c  

a s  t h a t  se e n  i n  P i g .  4 *2 . T h is  may r e f l e c t  th e  d i f f e r e n t  m ethods o f  

o b t a in in g  p h o s p h o r y la te d  membranes. The u se  o f  d i t h i o n i t e  a p p e a rs  to  

a f f e c t  th e  t h y la k o id s  a b i l i t y  to  g e n e r a te  h ig h  P r a t i o s  p ro b a b ly  

b e ca u se  o f  h ig h e r  Fq v a lu e s  a s  a  r e s u l t  o f  th e  s t r o n g  r e d u c in g  c o n d it io n s  

p ro d u ced . H ow ever, a s  b o th  p h o s p h o r y la te d  and n o n -p h o s p h o ry la te d  •thy­

la k o id s  un derw en t s i m i la r  tre a tm e n ts  a  com p arison  i s  s t i l l  j u s t i f i e d .

By com p aring P i g .  4*4^ w ith  P i g .  4»4t> i t  can  be se e n  t h a t  th e  c^ v a lu e s  

f o r  Fm and Pq a r e  in c r e a s e d  b y  p r o te in - p h o s p h o r y la t io n . T h is  becom es

c l e a r e r  from  P i g .  4*4 c , w h ich  shows th e  p e r c e n ta g e  d e c r e a s e  i n  PQ and

2+Fm due to  p h o s p h o r y la t io n  a s  a  f u n c t io n  o f  Mg l e v e l .  T h is  e f f e c t  

w ould be e x p e c te d  f o r  a  mechanism u n d er e l e c t r o s t a t i c  c o n t r o l  s in c e  a  

h ig h e r  l e v e l  o f  c a t io n s  i s  now r e q u ir e d  to  " s c r e e n "  th e  a d d i t i o n a l  s u r­

f a c e  ch a rg e  p ro d u ced  b y  p h o s p h o r y la t io n .

4.2 • The Effect of Protein Phosphorylation on BEMTB-Induced Fluorescence 
Quenching:

P r o t e in  p h o s p h o r y la t io n  h as been  i n v e s t ig a t e d  b y  th e  t i t r a t i o n  o f  

c h lo r o p h y ll  f lu o r e s c e n c e  w ith  DBMXB. The a b i l i t y  o f  th e  qu in one to
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F i g .  4 . 4  The e f f e c t  o f  MgCl,. c o n c e n t r a t io n  on th e  F and F l e v e l s
d. m o

o f  room tem p e ra tu re  c h lo r o p h y ll  f lu o r e s c e n c e  e x h ib i t e d  b y  

a )  n o n -p h o s p h o ry la te d  ( c lo s e d  cym b ols) and b ) p h o sp h o ry- 

l a t e d  (open sym bo ls) D C M tl-in h ib ited  t h y la k o id s .
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MgCl2 (mM)

P i g .  4 -4  c )  The p e r c e n ta g e  change i n  ( •  ) and P ( □  ) due to

p r o te in - p h o s p h o r y la t io n  a s  a  fu n c t io n  o f  backgrou n d  M gC^ 

c o n c e n t r a t io n .

P r o t e in - p h o s p h o r y la t io n  was c a r r ie d  o u t u s in g  th e  d i t h i o n i t e  

m ethod d e s c r ib e d  i n  2 .3 .3 •
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quench f lu o r e s c e n c e  i n  t h y la k o id s  p h o s p h o r y la te d  a t  10mM Mg and th e n

re su sp e n d e d  a t  e i t h e r  10mM o r  m inus MgClg i s  shown i n  F i g .  4*5 • In

b o th  c a s e s ,  i t  can  be se e n  t h a t ,  th e r e  was no change i n  th e  q u en ch in g

c a p a c i t y  o f  HBMIB b etw een  th e  p h o s p h o r y la te d  and n o n -p h o s p h o ry la te d

mem branes, a lth o u g h  th e  Fm had been  a t t e n u a t e d  b y  15% i n  b o th  c a s e s  b y

p h o s p h o r y la t io n  ( s e e  T a b le  4 * 3 ) . H ow ever, i t  can  be se e n  from  F i g .  4*6

t h a t ,  p h o s p h o r y la t io n  can  le a d  to  a  change i n  th e  q u en ch in g  c a p a b i l i t i e s

o f  DBMTB, and t h a t  th e  e x t e n t  i s  c a t io n - c o n c e n t r a t io n  d e p e n d e n t. F i g .

4 .6 a  shows t h a t  a t  5mM Mg th e r e  was a  s m a ll d e c r e a s e  i n  i n t e r a c t i o n

in d e x  s u g g e s t in g  t h a t  eve n  a t  t h i s  c a t i o n - l e v e l  p h o s p h o r y la t io n  le d  to

2+
a  s m a ll in c r e a s e  i n  e i t h e r  s p i l l o v e r  o r  k ^ . A t th e  lo w e r  Mg l e v e l s  

(2mM and 1mM) th e  la r g e  d e c r e a s e s  i n  f lu o r e s c e n c e  b ro u g h t a b o u t b y  

p h o s p h o r y la t io n  w ere m ir r o r e d  b y  la r g e  d e c r e a s e s  i n  HBMEB-PS2 i n t e r ­

a c t io n  ( F ig .  4 - 6b and c ) .  T a b le  4«3 shows t h a t  th e  change i n  Fm b e fo r e  

TYBMTR a d d it io n  a s  a  r e s u l t  o f  p h o s p h o r y la t io n  was n o t  e q u a l to  th e  

c h a n g e  i n  i n t e r a c t io n - i n d e x ,  a s  se e n  i n  T a b le  3*5 f o r  th e  c a t i o n - e f f e c t ,  

i n d i c a t i n g  t h a t  a  p r o p o r t io n  o f  th e  f lu o r e s c e n c e  d e c l in e  was v i a  a  

p r o c e s s  n o t  i n  c o m p e t it io n  w ith  th e  EBMTB-induced q u en ch in g  o f  f l u o r e s ­

c e n c e . F ig .  4*7 shows th e  r e la t i o n s h i p  b etw een  i n t e r a c t i o n  in d e x  and 

2+
Mg l e v e l  i n  p h o s p h o r y la te d  and n o n -p h o s p h o ry la te d  sa m p le s . I t  ca n  be

2+
se e n  t h a t ,  l i k e  i n  F i g .  4-4> th e  Mg -re q u ir e m e n t to  a t t a i n  th e  same 

d e g re e  o f  DEMIB-PS2 i n t e r a c t i o n  i s  g r e a t e r  a f t e r  p h o s p h o r y la t io n  (c^  = 

1.7mM M gClg) th an  i n  th e  a b se n ce  o f  p h o s p h o r y la t io n  (c^  = 0.8mM M gC l^ ).

4 . 3  The E f f e c t  o f  P r o t e in  P h o s p h o r y la t io n  on T h y la k o id  O r g a n is a t io n :

The e f f e c t  o f  p h o s p h o r y la t io n  on t h y la k o id  membrane o r g a n is a t io n

2+
a t  d i f f e r e n t  backgrou nd  Mg - l e v e l s  h a s  been  i n v e s t ig a t e d  b y  a n a ly s in g  

e le c t r o n  m icro g ra p h s . F i g .  4*8 shows r e p r e s e n t a t iv e  m icro g ra p h s o f

2+
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0 0-2 0-4 0-6 0-8

F ig .  4 .5  T i t r a t i o n  o f  c h lo r o p h y ll  f lu o r e s c e n c e  from  D C M U -inhihited
2+

t h y la k o id s  a t  1 OmM Mg u n d er p h o s p h o r y la te d  ( •  ) and non-
/ \ 2+ p h o s p h o r y la te d  ( O ) c o n d it io n s  and a t  OmM Mg u n d er phos­

p h o r y la te d  ( ■  ) and n o n -p h o sp h o ry la te d  ( □ ) c o n d it io n s  w ith

s u c c e s s iv e  a d d it io n s  o f  0.67[iM DBMEB.
2+

F o r  OmM Mg th e  t h y la k o id s  w ere p h o s p h o r y la te d  a t  10mM
2+ 2+ 

Mg , d i lu t e d  and re su sp e n d e d  i n  1mM EDTA to  rem ove a l l  Mg .

The l i n e s  a r e  th e  l e a s t  s q u a re s  f i t  to  a l l  th e  e x p e r im e n ta l

d a ta  p o in t s .
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I I I0 0-2 0-4 0-6 0-8
(Fm-Fn>'Fm

P i g .  4*6 T i t r a t i o n  o f  c h lo r o p h y ll  f lu o r e s c e n c e  from  D C M U -inhihited 

t h y la k o id s  e i t h e r  u n d er p h o s p h o r y la t io n  ( •  ) o r  n o n -p h o s- 

p h o r y la t io n  ( o  ) c o n d it io n s  w ith  s u c c e s s iv e  a d d it io n s  o f
p . p i

0.67(iM 3JBMIB suspended a t  a )  5mM Mg , h) 2mM Mg and c )  

1mM Mg2+.

The l i n e s  a r e  th e  l e a s t  sq u a re s  f i t  to  a l l  th e  e x p e r im e n ta l 

d a ta  p o i n t s .
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I____I______I______I_____ I______ I , f______ L0 1 2 3 4 5 10
MgCl2 (mM)

P i g .  4 -7  The EBMTB-PS2 i n t e r a c t i o n  in d e x  o f  p h o s p h o r y la te d  ( •  ) and 

n o n -p h o s p h o ry la te d  ( O ) t h y la k o id s  a s  a  f u n c t io n  o f  b ack ­

groun d MgClg c o n c e n t r a t io n .
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TABLE 4 .5

The E f f e c t  o f  P h o s p h o r y la t io n  o f  T h y la k o id  Membranes on M axim al 

C h lo r o p h y ll  F lu o r e s c e n c e  (F  ) and PS2-PBMIB I n t e r a c t i o n  In d e x

MgCl2 • 

(mM)
T reatm en t Pm

I n t e r a c t i o n
In d e x

t (a )  
NPhos

■ kphos

^ N P h o s ^

*Phos

10
NPhos

Phos
7 2 .0
6 2 .2

0 .9 2
0 .9 2

1 .0 0 1 .1 6

5
NPhos

Phos
7 2 .5
5 7 .8

0 .90
0 .8 4 1 .0 7 1 .2 5

2
NPhos

Phos
7 5 .0
4 7 .2

0 .9 2
0 .7 1

1 .3 0 1 .5 4

1
NPhos

Phos
5 5 .0
3 2 .9

0 .70
0 .4 2 1 .6 7 1 . 6 7

0
NPhos

Phos
3 0 .5
2 5 .8

0 .3 3
0 .3 3

1 .0 0 1 .1 8

a ) ^upkos/^pkos r e p r e s e n t s  th e  r a t i o  o f  i n t e r a c t i o n  in d e x  o f  n o n - 

p h o s p h o r y la te d  (NPhos) and p h o s p h o r y la te d  (P h os) sam p les a t  th e  

same M gC^ c o n c e n t r a t io n .

(h ) ^jjp^os/^piios r e p r e s e n t s  th e  r a t i o  o f  maximum f lu o r e s c e n c e  y i e l d  o f  

NPhos and Phos sam p les a t  th e same MgCl^ c o n c e n tr a t io n .
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t h y la k o id s  p h o s p h o r y la te d  a t  5mM» 2mM and 1mM MgClg and t h e i r  c o n t r o ls .

I t  ca n  he se e n  t h a t  a t  th e  lo w e r  c a t io n  l e v e l s  th e  p h o s p h o r y la te d

2+
fflm ples showed e x t e n s iv e  u n s ta c k in g  w h ile  a t  5mM Mg no o b v io u s  o rg a n ­

i s a t i o n a l  change co u ld  be se e n  b etw een  th e  p h o s p h o r y la te d  and n o n - 

p h o s p h o r y la te d  membranes.

I n  o r d e r  to  q u a n t i f y  th e  e f f e c t  o f  p h o s p h o r y la t io n  on s t a c k in g ,  a  

number o f  p a ra m e te rs  w ere m easu red . P i g .  4 -9  shows h is to g r a m s  o f  th e  

fr e q u e n c y  o f  g ra n a  o f  d i f f e r e n t  w id th s . I t  em p h asises th e  d i f f e r e n c e s  

i n  t h y la k o id  o r g a n is a t io n  betw een  th e  p h o s p h o r y la te d  and n o n -p h o sp h o ry - 

l a t e d  membranes a t  th e  lo w e r  s a l t  l e v e l s  and s u g g e s ts  t h a t  a  s m a ll 

d e g ree  o f  u n s ta c k in g  m ig h t h ave o c c u r r e d  eve n  i n  th e  5niM Mg , p hos­

p h o r y la te d  sa m p le s. F u r th e r  p a ra m e te rs  a re  shown i n  T a b le  4*4 in c lu d ­

i n g  f lu o r e s c e n c e  and 90° l i g h t  s c a t t e r i n g  ch an ges f o r  th e  t h y la k o id  

sam p les u se d  i n  th e  e le c t r o n  m ic ro s c o p y . I t  can  be s e e n  t h a t  n o t  o n ly

d id  th e  a v e r a g e  g r a n a l w id th  d e c r e a s e  upon p h o s p h o r y la t io n  a t  i n t e r -  

2+
m e d ia te  Mg c o n c e n t r a t io n s ,  b u t  so d id  th e  number o f  g ra n a  p e r  c h lo r o -

p l a s t .  T a b le  4*4 a ls o  shows t h a t  th e  p e r c e n ta g e  o f  s ta c k e d  t h y la k o id s

2+was s u b s t a n t i a l l y  d e c r e a s e d  i n  2mM and 1mM Mg , p h o s p h o r y la te d  sam p les

2+when com pared w ith  th e  r e le v a n t  c o n t r o ls  so t h a t  th e  1mM Mg , p hos­

p h o r y la t e d  membranes w ere e s s e n t i a l l y  u n s ta c k e d .

4 . 4  D is c u s s io n :

I t  i s  now w id e ly  b e l ie v e d  t h a t  t h y la k o id  p r o t e in  p h o s p h o r y la t io n  i s  

one mechanism b y  w h ich  h ig h e r  p la n t s  can  r e g u la t e  e x c i t a t i o n  e n e r g y  

d i s t r i b u t i o n  betw een  th e  two p h o to s y s te m s . There a p p e a rs  to  be two 

ra y s  i n  w h ich  l i g h t  r e d i s t r i b u t i o n  can  be a c h ie v e d ; e i t h e r  b y  e n e r g y  

t r a n s f e r  from  PS2 to  n e ig h b o u r in g  PS1 com p lexes v i a  s p i l l o v e r  o r  b y  

changes i n  th e  a b s o r p t io n  c r o s s  s e c t io n  o f  PS2 and PS1 b y  LHC movement.
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P i g .  4*8 R e p r e s e n ta t iv e  e le c t r o n  m icro g ra p h s o f  p ea  t h y la k o id s  s u s -
2+

pended a t  v a r io u s  Mg c o n c e n tr a t io n s  and e i t h e r  phosphory- 

l a t e d  ( b , d , f )  o r  n o n -p h o s p h o ry la te d  ( a , c , e )  u s in g  th e  Pd/ 

NAKPH m ethod. MgCl^ c o n c e n t r a t io n s  w ere a s  f o l lo w s ;  a ,b ,  

5mM; c , d ,  2mM; e , f ,  1mM. The b a r  i s  1|iM.
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Width of Grand, nm
P i g .  4 . 9  H isto gram s o f  th e  fr e q u e n c y  o f  g ra n a  o f  d i f f e r e n t  w id th s

2+
a s  a  f u n c t io n  o f  Mg c o n c e n t r a t io n  and p ro te in -p h o s p h o r y ­

l a t i o n .  The v a lu e s  w ere o b ta in e d  from  a  s e r i e s  o f  e le c t r o n  

m icro gra p h s o f  w h ich  r e p r e s e n t a t iv e  p ic t u r e s  a r e  s e e n  i n  

P i g .  4*8* The a v e r a g e  w id th  o f  a  p r o p o r t io n  o f  g ra n a  was 

m easured from  1 2 -16  c h lo r o p l a s t s .  MgClg c o n c e n t r a t io n s  w ere 

a s  f o l lo w s ;  a ) 5mM; b ) 2mM and c )  1mM.

□  N Phos. ;  0  P h o s . .
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TABLE 4 .4

2+
The E f f e c t  o f  Mg C o n c e n tr a t io n  and L H C -P h o sp h o ry la tio n  on Membrane 

S ta c k in g , C h lo r o p h y ll  F lu o r e s c e n c e  and. 90° L ig h t  S c a t t e r i n g

E x p e rim e n ta l 
C o n d it io n s  

mM Mg2* Phos

G ran al
W idth
( m ) a

G rana/
C h lo r o -
p l a s t

cL

°/o
T h y la k o id s
S tacked ^

% A
F lu o r c

% A
LS

C

5 480-120 2 4 .5 66 100 100

5 + 430±99 2 3 .5 58 64 90

2 - 451—95 2 3 .0 63 89 96

2 + 332-101 1 4 . 8 26 24 46

1 - 4 0 3 ^ 1 4 2 1 . 0 49 47 52

1 + 2 8 1-9 7 1 2 . 8 10 5 4

0 .5 - 3 12 -12 6 1 6 .7 18 18 29

0 2 6 1-12 0 8 .3 4 0 0

a  m easured i n  1 2 - 1 6  c h lo r o p l a s t s .

b le n g t h  o f  g r a n a l  t h y la k o i d s / t o t a l  le n g t h  o f  t h y la k o id s  x  100 , 

m easured i n  5-8  c h lo r o p l a s t s .

c m easured a f t e r  d i l u t i o n  to  40[J.g c h lo r o p h y ll/ m l w ith  b a s i c  medium
2+

p lu s  20|iM DCMC and th e  Mg c o n c e n t r a t io n s  i n d i c a t e d .
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In  C h a p te r  3 i t  was re -e m p h a s is e d  t h a t  th e  c a t io n - in d u c e d  ch an ges w ere 

m a in ly  "brought a b o u t "by a l t e r a t i o n s  i n  s p i l l o v e r .  The r e s u l t s  i n  t h i s  

c h a p te r  i n d i c a t e  t h a t  p r o te in - p h o s p h o r y la t io n  le a d s  to  a  d e c r e a s e  i n  

PS2 a b s o r p t io n  c r o s s  s e c t io n  a t  "h ig h "  s a l t  l e v e l s  b u t  a s  a  co n sequ en ce 

o f  th e  e l e c t r o s t a t i c  n a tu re  o f  th e  p r o c e s s ,  a t  lo w e r  c a t io n  c o n c e n tr a ­

t io n s  an  in c r e a s e  i n  s p i l l o v e r  i s  a ls o  o b s e r v e d . B y com paring th e  s a l t -  

in d u c e d  d a ta  o f  c h a p te r  3 w ith  th e  p h o s p h o r y la tio n - in d u c e d  r e s u l t s  i t  

i s  s e e n  t h a t  th e y  a r e  two in d e p e n d en t b u t  i n t e r r e l a t e d  p r o c e s s e s .

Prom th e  a n a ly s i s  o f  f lu o r e s c e n c e  in d u c t io n  cu rves- (s e e  P i g s .  4 * 2 ,

4.4 and T a b le  4«1) i t  was se e n  t h a t  a t  5niM Mg , p h o s p h o r y la t io n  b ro u g h t 

a b o u t an  e q u a l d e c r e a s e  i n  F and PQ so P ^ F  rem ain ed  u n chan ged , con­

f ir m in g  th e  r e s u l t s  o f  H orton and B la c k  (19 8 1a) b u t  d is a g r e e in g  w ith  th e  

ch an ges r e p o r te d  b y  K y le  e t  a l .  (19 8 2) who n o t ic e d  a  d e c r e a s e  i n  P 

b e c a u se  o f  an  in c r e a s e  i n  P . M o reo ver, i t  i s  fo u n d  t h a t  A rem ain edO mfl-Y
more o r  l e s s  c o n s ta n t  ( P ig .  4*3) • Prom th e  ch an ges se e n  i n  th e  f l u o r ­

e s c e n c e  p a ra m e te rs  on d e c r e a s in g  th e  e x c i t a t i o n  l i g h t . i n t e n s i t y  ( P ig .  

3 . 5 )  th e  o b s e r v a t io n s  m entioned  above w ould s u p p o rt th e  c o n te n t io n  t h a t  

a t  "h ig h "  s a l t  l e v e l s  th e  s o le  e f f e c t  o f  p h o s p h o r y la t io n  i s  to  d e c r e a s e  

PS2 a b s o r p t io n  c r o s s  s e c t io n .  A t  lo w e r  Mg l e v e l s  (^2m M ), h o w ever, 

p h o s p h o r y la t io n  le d  to  a  p r e f e r e n t i a l  q u en ch in g  o f  P^ r e l a t i v e  to  Pq 

( se e  P i g .  4 .2  and T a b le  4«‘0» T h is  i s  s i m i la r  to  th e  ch an ges s e e n  f o r  

th e  s a lt - in d u c e d  phenomena and w ould i n f e r  an  a l t e r a t i o n  i n  th e  e x t e n t  

o f  s p i l l o v e r .  Prom th e s e  r e s u l t s  i t  can  be se e n  t h a t  b o th  m echanism s 

f o r  a l t e r i n g  th e  b a la n c e  o f  e x c i t a t i o n  e n e rg y  b etw een  PS2 and PS1 maybe

o p e r a t iv e  when t h y la k o id  p r o t e in s  a r e  p h o s p h o r y la te d  d ep en d in g  on th e  

2+backgrou nd  Mg - l e v e l .

H owever, t h i s  may n o t  w h o lly  be th e  c a s e ,  when th e  DBMIB t i t r a t i o n
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r e s u l t s  o f  F i g .  4*5 and 4*6 a r e  c o n s id e r e d . They c o n firm  t h a t  th e  

e f f e c t  o f  p r o te in - p h o s p h o r y la t io n  can he p a r t i a l l y  e x p la in e d  b y  a  

ch ange i n  PS2 a b s o r p t io n  c r o s s  s e c t io n  w hich a c c o r d in g  to  th e  a n a ly s is  

o f  th e  DEMTB-induced q u en ch in g  p r o b a b ly  o c c u r s  a t  a l l  th e  c a t io n  l e v e l s  

i n v e s t i g a t e d .  I t  i s  s e e n  t h a t  a t  10mM M gC^ th e  d e c r e a s e  i n  f l u o r e s -  

en ce  y i e l d  ca n  be f u l l y  a c c o u n te d  f o r  b y  a  change i n  a b s o r p t io n  c r o s s  

s e c t io n  b e c a u s e  th e  a b i l i t y  o f  DEMTB to  quench f lu o r e s c e n c e  i s  u n a l­

t e r e d  ( F i g .  4 . 5 ) .  C o n tr a r y  to  th e  in d u c t io n  c u rv e  i n t e r p r e t a t i o n ,  a t  

5mM Mg o n ly  65% o f  th e  t o t a l  f lu o r e s c e n c e  d e c r e a s e  due to  p h osph ory­

l a t i o n  ca n  be a t t r i b u t e d  to  su ch  a  change w h ile  an  a d d i t i o n a l  q u en ch in g  

component i s  o b s e rv e d  w h ich  com petes w ith  DBMTB to  lo w e r  c h lo r o p h y ll  

f lu o r e s c e n c e  and t h e r e f o r e  r e f l e c t s  an  a l t e r a t i o n  i n  s p i l l o v e r  o r  k ^ . 

T h is  s m a ll change due to  s p i l l o v e r ,  o r  k^ , i s  p r o b a b ly  n o t  d e t e c t e d  from

th e  in d u c t io n  c u rv e s  a s  i t  w ould  o n ly  be e x p e c te d  to  p ro d u ce  v e r y  s m a ll

2+
ch a n g e s . A t th e  lo w e r  Mg l e v e l s  i n v e s t ig a t e d  th e  a d d i t io n a l  compon­

e n t became more p ron ou n ced , a s  i n d ic a t e d  b y  th e  s i g n i f i c a n t  lo w e r in g  o f

2+
th e  y - i n t e r c e p t  se e n  i n  F i g s .  4 * 6b an£ 4 « 6 c. I t  i s  a t  th e s e  lo w e r  Mg 

l e v e l s  where la r g e  d e c r e a s e s  i n  membrane a p p r e s s io n  o c c u r  a s  a  r e s u l t  

o f  p h o s p h o r y la t io n  ( F ig .  4*8) and t h e r e fo r e  th e  la r g e  f lu o r e s c e n c e  de­

c r e a s e  p r o b a b ly  r e f l e c t s  an  in c r e a s e  i n  s p i l l o v e r  i n  a  manner s i m i la r  

to  t h a t  p ro p o se d  i n  C h ap ter 3 f o r  th e  s a lt - in d u c e d  phenomena.

The c a t io n -  and p h o s p h o r y la tio n - in d u c e d  e f f e c t s  a p p e a r  to  be i n ­

d epen d ent p r o c e s s e s ,  t h i s  i s  s e e n  i n  b o th  th e  in d u c t io n  c u rv e  and DBMTB- 

t i t r a t i o n  e x p e r im e n ts . From T a b le  4*2 i t  can  be s e e n  t h a t  p h o sp h ory­

l a t i o n  le d  to  a  f u r t h e r  d e c r e a s e  i n  b o th  F and F a t  m inus MgCl0 , co n -o m Z

f ir m in g  and e x te n d in g  th e  work o f  H orton and B la c k  (1 9 8 2 ) , and emphas­

i s i n g  th e  a d d i t i v e  n a tu r e  o f  th e  two phenomena.

S i m i l a r l y ,  when p h o s p h o r y la te d  t h y la k o id s  w ere re su sp e n d e d  a t  minus
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Mg , a  1 5 % a t t e n u a t io n  i n  f lu o r e s c e n c e  y i e l d  was s t i l l  o b s e rv e d  when 

com pared w ith  th e  n o n -p h o s p h o ry la te d  membranes and no d i f f e r e n c e  was 

s e e n  i n  th e  a b i l i t y  o f  TyRMTB to  quench f lu o r e s c e n c e .  T h e r e fo r e , th e  

f lu o r e s c e n c e  d e c r e a s e  due to  p h o s p h o r y la t io n  can n ot be a t t r i b u t e d  to  a  

ch an ge i n  r e l a t i v e  l i f e t i m e s  and p r o b a b ly  r e f l e c t s  th e  same change se e n  

a f t e r  p h o s p h o r y la t io n  a t  10mM MgClg w h ich  i s  s t i l l  p r e s e n t  a t  minus 

MgCl2 .

2+

Such r e s u l t s  w ould  im p ly  t h a t  th e  ch ange i n  Fq due to  s a l t - d e p l e t i o n  

i s  n o t  v i a  th e  same p r o c e s s  w h ich  b r in g s  a b o u t th e  p h o s p h o r y la t io n - in ­

d uced  F d e c r e a s e .  H ow ever, b e ca u se  i n  one c a s e  th e  LHC c a r r i e s  more o
n e g a t iv e  s u r fa c e  e l e c t r i c a l  c h a r g e , d i f f e r e n c e s  i n  LHC-pho to  sy stem  i n ­

t e r a c t i o n  may s t i l l '  o c c u r  even  when th e  p r o te in -c o m p le x e s  a re  c o m p le te ly  

ran d om ised , a lth o u g h  th e  a d d i t i v e  e f f e c t  c o u ld  p a r t i a l l y  r e f l e c t  th e  

p ro p o se d  t h y la k o id  co n fo rm a tio n -d e p en d e n t LCM T-induced F q in c r e a s e  d i s ­

c u s s e d  i n  C h a p te r 3 w h ich  i s  more p rom in en t u n d er " h ig h "  s a l t  c o n d it io n s .

The f lu o r e s c e n c e  d a ta  o f  F i g .  4 -4  and. 4 . 7  h i g h l i g h t  th e  e l e c t r o ­

s t a t i c  n a tu r e  o f  th e  p h o s p h o r y la tio n - in d u c e d  phenomena a s  p ro p o se d  b y  

B a rb e r  ( 1 980a and 1 9 8 2 a ) . I t  i s  shown t h a t  to  o b ta in  s i m i la r  F q and Fm 

l e v e l s  and th e  same PS2-DEMIB i n t e r a c t i o n  in d e x  i n  p h o s p h o r y la te d  t h y -  

la k o id s  compared w ith  th e  n o n -p h o sp h o ry la te d  membranes, th e r e  i s  a  r e ­

q u irem en t f o r  h ig h e r  MgCl^ l e v e l s  (a p p r o x im a te ly  d o u b le ) .  T h is  s u g g e s ts  

t h a t  a s  a  con sequ en ce o f  th e  a d d i t io n a l  p h o sp h ate  grou p s p la c e d  on th e  

p r o t e in s  b y  th e  p h o s p h o r y la t io n  p r o c e s s  more s a l t  i s  r e q u ir e d  to  main­

t a i n  a  s t a t e  o f  membrane o r g a n is a t io n  s i m i la r  to  t h a t  e x h ib i t e d  b y  th e  

n o n -p h o sp h o ry la te d  t h y la k o id s .  T h is  w ould  be e x p e c te d  f o r  a  p r o c e s s  i n ­

v o lv i n g  a l t e r a t i o n s  i n  e l e c t r i c a l  s u r fa c e  c h a rg e , and i n d i r e c t l y  a g r e e s  

w ith  K y le  and A rn tze n  (19 8 3 ) who h ave shown a  d i f f e r e n c e  i n  l o c a l  membrane
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ch a rg e  n e a r  Q,̂  when t h y la k o id s  a r e  p h o s p h o r y la te d . T h e r e fo r e , a t  h ig h  

s a l t  5niM M g C lg ), when e l e c t r o s t a t i c  s c r e e n in g  i s  h ig h ,  th e  phos­

p h o r y la t io n - in d u c e d  change i s  l e s s  e x t e n s iv e  th a n  a t  th e  lo w e r  s a l t  

l e v e l s  when s c r e e n in g  i s  lo w . The e l e c t r i c a l  p r o p e r t ie s  o f  th e  mem­

bran e s u r fa c e  become a l t e r e d  b y  th e  in t r o d u c t io n  o f  a d d i t i o n a l  n e g a t iv e  

c h a rg e s  on to  th e  ex p o sed  s u r f a c e s  o f  P S 2 - a s s o c ia te d  p r o t e i n s .  T h is  a l ­

t e r s  th e  b a la n c e  betw een  co u lo m b ic r e p u ls iv e  and v a n  d e r  W aals a t t r a c ­

t i v e  f o r c e s  w h ich  e x i s t  betw een  th e  ex p o sed  s u r f a c e s  o f  i n t r i n s i c  p ro ­

t e i n s  and betw een  a d ja c e n t  membrane s u r f a c e s .  As a  con sequ en ce o f  t h i s  

p h o s p h o r y la te d  membranes r e q u ir e  more s c r e e n in g  c a t io n s  to  m a in ta in  th e  

same d e g re e  o f  t h y la k o id  o r g a n is a t io n .

I t  i s  w e l l  e s t a b l i s h e d  th a t, f o r  th e  p h o s p h o r y la tio n - in d u c e d  phen­

omena to  ta k e  p la c e  th e r e  i s  a  re q u ire m e n t f o r  c o n fo r m a tio n a l change 

( e . g .  S c o u f f l a i r e  e t  a l . ,  1983)* D ir e c t  e v id e n c e  t h a t  su ch  ch an ges 

o c c u r  a r e  s e e n  from  th e  e le c t r o n  m icro g ra p h s o f  P i g .  4*8 and t h e i r  sub­

seq u en t a n a ly s e s  ( P i g .  4*9 and T a b le  4*4) • A t " lo w " c a t io n  l e v e l s  th e  

ch an g es i n  f lu o r e s c e n c e  due to  p h o s p h o r y la t io n  c o r r e l a t e  w e l l  w ith  th y ­

la k o id  u n s ta c k in g , w h ich  i s  e x p e c te d  to  o c c u r  when e l e c t r o s t a t i c  s c r e e n -

2 4 .
i n g  i s  s u b -o p tim a l. A t  5mM Mg th e  r e la t i o n s h i p  b etw een  f lu o r e s c e n c e

and s t a c k in g  i s  l e s s  c l e a r .  H ow ever, a  s m a ll change i n  th e  d e g re e  o f

s t a c k in g  can  be q u it e  s i g n i f i c a n t  i n  term s o f  LHC d is p la c e m e n t from

a p p r e s s e d  to  n o n -a p p re sse d  la m e l la e .  A c c o r d in g  to  T a b le  4*4 th e r e  i s  a

2+50nm d e c r e a s e  i n  g r a n a l w id th  a f t e r  p h o s p h o r y la t io n  a t  5mM Mg . I f  i t  

i s  assum ed t h a t  g ra n a  a r e  c i r c u l a r  and th e r e  i s  no change i n  th e  number 

o f  g ran a  p e r  c h lo r o p l a s t ,  such  a  change r e p r e s e n t s  a  20% d e c r e a s e  i n  

a p p re sse d  a r e a .  V iew ed  i n  t h i s  w ay, t h i s  change i n  a r e a  i s  c o n s is t e n t  

w ith  th e  o b se rv e d  f lu o r e s c e n c e  d e c r e a s e .  The h is to g ra m s  o f  P i g .  4-9  and 

th e  d a ta  i n  T a b le  4*4 s u g g e s t  t h a t  p h o s p h o r y la tio n  le a d s  to  an "u n z ip p in g "
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o f  th e  a p p r e s s e d  r e g io n s  c o n s is t e n t  w ith  th e  movement o f  p r o t e in s  i n t o  

th e  a p p re s s e d  la m e l la e .  Such p r o t e i n  movements h ave been  o b s e rv e d  u s in g  

f r e e z e - f r a c t u r e  m icro sco p y  ( S t a e h e l i n e t a l . , 1982; Sim pson, 1983)> 

r a d io a c t i v e  l a b e l l i n g  fo l lo w e d  b y  t h y la k o id  fr a g m e n ta t io n  s t u d ie s  

(L a rs s o n  e t  a l . ,  1984) and. p u ls e - c h a s e  e x p e rim e n ts  (K y le  e t  a l . ,  1 9 8 4 ) .

I n d i r e c t  ev id e n ce  o f  a l t e r a t i o n s  i n  membrane o r g a n is a t io n  a s  a  r e ­

s u l t  o f  p h o s p h o r y la t io n  a r i s e  from  th e  change i n  th e  k i n e t i c s  o f  Q,̂  

p h o to r e d u c t io n  ( F i g .  4«3)> "the p a ra m e te r  (T a b le  4 - 1 )  and a  d e c r e a s e

i n  k^ (n o t  sh ow n ). A l l  o f  th e s e  o b s e r v a t io n s  w ould s u g g e s t  t h a t  PS2 

o r g a n is a t io n  i s  b e in g  a l t e r e d  b y  p r o te in - p h o s p h o r y la t io n  so PS2 c e n t r e s  

become l e s s  ’'c o n n e c te d "  and t h e i r  a b s o r p t io n  c r o s s  s e c t io n  d im in is h e d .

I t  i s  c o n c lu d e d , t h e r e f o r e ,  t h a t  p r o te in - p h o s p h o r y la t io n  a t  " h ig h "  

s a l t  l e v e l s  le a d s  to  a  d e c r e a s e  i n  PS2 a b s o r p t io n  c r o s s  s e c t io n  p ro b ­

a b ly  a s  a  r e s u l t  o f  th e  movement o f  a  "m o b ile "  p o o l o f  p h o s p h o r y la te d  

LHC from  th e  a p p r e s s e d  to  th e  n o n -a p p re sse d  r e g io n s  o f  th e  t h y la k o id  

membrane ( s e e  K y le  e t  a l . ,  1983b ) .  Such a  c o n c lu s io n  h as b een  made b y  

o th e r  w o rk e rs  i n c lu d in g  H orton and B la c k  (198 1a  and 1983)> T s a la  and 

S t r a s s e r  ( 1 9 8 4 ) and G e ro la  e t  a l .  ( 1 9 8 4 ) .  As th e  backgrou n d  c a t io n  l e v e l  

d e c r e a s e s  th e n  p r o te in - p h o s p h o r y la t io n  le a d s  to  a  g r a d u a l u n s ta c k in g  

and ra n d o m is a tio n  o f  p r o te in -c o m p le x e s  w h ich  f a c i l i t a t e s  PS2-PS1 i n t e r ­

a c t io n  and in c r e a s e s  s p i l l o v e r .  • The r e s u l t s  p r e s e n te d  a ls o  s u g g e s t  t h a t  

th e  c a t io n -  and p h o s p h o r y la tio n - in d u c e d  ch an ges a r e  in d e p e n d en t p ro ­

c e s s e s  w hich  a r e  i n t e r r e l a t e d  b e c a u se  th e y  b o th  depend upon th e  n e g a t iv e  

s u r fa c e  ch a rg e  d e n s i t y  o f  th e  t h y la k o id  membrane. The d i f f e r e n t  n a tu r e  

o f  th e s e  two p r o c e s s e s  h as a l s o  b een  shown b y  T s a la  and S t r a s s e r  ( 1 9 8 4 ) 

from  th e  a n a ly s is  o f  77K c h lo r o p h y ll  f lu o r e s c e n c e  t r a n s ie n t s  m easured  a t  

735nm and 685nm.
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CHAPTER 5

The E f f e c t  o f  P r o t e in - P h o s p h o r y la t io n  on 

O th er P h o to s y n th e t ic  P r o c e s s e s

P r o t e in - p h o s p h o r y la t io n  ca n  a l t e r  th e  d i s t r i b u t i o n  o f  e x c i t a t i o n  

e n e r g y  b etw een  PS2 and P S 1 , a s  d is c u s s e d  i n  C h a p te r 4» Such a  change 

m igh t a ls o  be e x p e c te d  to  a l t e r  th e  k i n e t i c s  o f  th e  re d o x  r e a c t i o n s  o f  

th e  e le c t r o n  t r a n s f e r  com ponents o p e r a t in g  b etw een  th e  two p h o to s y s te m s . 

H orton and B la c k  (19 8 1b ) h ave p r e v io u s ly  d em o n strated  t h a t  th e  r e - r e d u c -  

t io n  o f  p h o to o x id is e d  c y t  f  was im p a ire d  a f t e r  p h o s p h o r y la t io n . They 

in t e r p r e t e d  t h e i r  r e s u l t s  a s  i n d i c a t i n g  a  d e c r e a s e d  PS2 a b s o r p t io n  

c r o s s  s e c t io n  w ith o u t  a l t e r i n g  t h a t  o f  P S 1 . T h is  i s  in c o n s i s t e n t  w ith  

th e  r e p o r t s  o f  in c r e a s e d  PS1 a c t i v i t y  u n d er l i m i t i n g  l i g h t  c o n d it io n s  

a f t e r  p h o s p h o r y la t io n  (P a rch a u s  e t  a l . ,  1982; T e l f e r  e t  a l . ,  1 9 8 4 ).

An e x p la n a t io n  c o u ld  be t h a t  a s  H orton and B la c k  u se d  l i g h t  1 to  in v e s ­

t i g a t e  c y t  f  p h o to o x id a t io n  a f t e r  p h o s p h o r y la t io n  t h i s  may n o t  h ave  ex­

c i t e d  th e  p h o s p h o r y la te d  ’ m o b ile*  LHC th e r e b y  le a d in g  to  no o b s e r v a b le  

change i n  PS1 a n ten n a  s i z e .

O th er ch an g es i n  p h oto  s y n t h e t ic  p r o c e s s e s  due to  p r o t e in  p hos­

p h o r y la t io n  h ave a ls o  b een  r e p o r te d  (s e e  I n t r o d u c t io n , 1 . 7 ) ,  i n c lu d in g  

an  in c r e a s e d  a f f i n i t y  f o r  DCMU b in d in g  (S h o ch a t e t  a l . ,  1982) and a  de­

c r e a s e d  r a t e  o f  PS2 e le c t r o n  t r a n s f e r  r e a c t io n s  w h ich  h ave r e c e n t l y  

b een  shown to  o c c u r  even  a t  s a t u r a t i n g  l i g h t  i n t e n s i t i e s  (H orton  e t  a l . ,

19 8 4 ). T h is  d e c r e a s e  i n  e le c t r o n  t r a n s f e r  r a t e  w ould  n o t  be e x p e c te d  

to  o c c u r  a t  h ig h  l i g h t  i n t e n s i t i e s  i f  p h o s p h o r y la tio n  o n ly  a l t e r e d  

p h o to system  a b s o r p t io n  c r o s s  s e c t io n  and t h e r e fo r e  i t  h as been  d i s ­

c u s s e d  a s  b e in g  a  r e s u l t  o f  an  in c r e a s e d  d i s s i p a t i v e  p athw ay o f  e l e c ­

tr o n s  around PS2 (s e e  H orton and L e e , 1983; H orton e t  a l . ,  1 9 8 4 ).
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T h is  c h a p te r  i n v e s t i g a t e s  ( 1 )  th e  e f f e c t  o f  p r o t e in  p h o s p h o r y la t io n  

on a  l i g h t - in d u c e d  a b s o r p t io n  d e c r e a s e  a t  560- 540Dm> ^  c o u p le d  c h lo r o -  

p l a s t s ,  a t t r i b u t e d  to  c y t  and an  a b s o r p t io n  d e c r e a s e  a t  560- 540run»

i n  th e  p re s e n c e  o f  A n t 2p (a n  AERY r e a g e n t ) ,  a t t r i b u t e d  to  c y t  ^559^  

and (2 ) p h o s p h o r y la tio n - in d u c e d  ch an ges i n  PS2 e le c t r o n  t r a n s f e r  r e ­

a c t io n s  and t h e i r  i n h i b i t i o n  b y  ECMU.

5 .1  The E f f e c t  o f  P r o t e in - P h o s p h o r y la t io n  on Cytochrom e b,-,-  ̂ P h o to­

o x id a t io n :

P i g .  shows th e  e f f e c t  o f  am b ien t re d o x  p o t e n t i a l s  on th e  l i g h t -  

in d u c e d  a b s o r p t io n  d e c r e a s e  a t  560-540rm ^  co u p le d  c h l o r o p l a s t s . In  

th e  p re s e n c e  o f  h yd roq u in on e and a s c o r b a te  a  f a s t  p h o to o x id a t io n  was 

o b s e rv e d  w h ich  was q u ic k ly  r e v e r s e d  i n  th e  d ark  ( P ig .  5 • 1 a ) .  Under more 

r e d u c in g  c o n d it io n s ,  a s  p ro v id e d  b y  f e r r e d o x in  and NAUPH, a  s lo w  ab­

s o r p t io n  d e c r e a s e  (tj/ * * 10 s )  was a ls o  d e t e c te d  ( P ig .  5 « 1 b ) . The com-
2

p o n e n ts  in v o lv e d  i n  t h i s  a b s o r p t io n  change w ere i d e n t i f i e d  from  th e  

l ig h t - in d u c e d  a b s o r p t io n  s p e c t r a  shown i n  P i g .  5 - 2 .  B y m e a su rin g  th e  

a b s o r p t io n  change d u r in g  th e  f i r s t  2 s o f  i l lu m in a t io n  and th e  t o t a l  

ch ange minus the 2 s component a s  a  f u n c t io n  o f  w a v e le n g th  i t  became 

a p p a re n t t h a t  th e  f a s t  a b s o r p t io n  d e c r e a s e  was due to  c y t  f  p h o to o x i­

d a t io n  (Ama;y, 554Bm)> w h ereas th e  s lo w  component a p p eared  to  r e f l e c t  th e  

p h o to o x id a t io n  o f  a p p r o x im a te ly  1 c y t  b KCQ/6 0 0 ch l (k , 559^m) .  Prom 

th e  d i f f e r e n t i a l  e f f e c t  o f  h y d ro q u in o n e / a sc o rb a te  and Fd/NAEPH, i t  was 

assum ed t h a t  th e  s lo w  component a r o s e  from  th e  o x id a t io n  o f  c y t  b^^^ 

lo w  p o t e n t i a l  (E^ = +20mY) and n o t  from  th e  h ig h  p o t e n t i a l  from  (Em = 

+350mV) (s e e  r e v ie w  b y  Cramer and W hitm arsh, 19 7 7)*  T h is  c o n c lu s io n  

was su p p o rte d  b y  th e  o x id a t io n - r e d u c t io n  d i f f e r e n c e  s p e c t r a  shown i n  

P i g .  5 . 3 . The d i f f e r e n c e  i n  th e  a b s o r p t io n  a t  560nm b etw een  P i g .  5* 3a 

and P i g .  5 . 3b i n d ic a t e d  t h a t  th e  h y d r o q u in o n e -re d u c ib le  c y t  'b^^HP was
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F i g .  5 .1  The l i g h t - in d u c e d  a b s o r p t io n  ch an ges a t  560-540nM i n  co u p le d

c h lo r o p la s t s  (70|ig c h l/ m l) in c u b a te d  i n  th e  d a rk  f o r  30

m in u tes a )  i n  th e  p re s e n c e  o f  1mM h yd roq uin on e (HQ) and 1mM

a s c o r b a te ,  b ) i n  th e  p re s e n c e  o f  7*2 |iM f e r r e d o x in  (F d) and

0.5mM NADPH, c )  a s  (b )  e x c e p t  un d er A TP-dependent p r o t e i n -

p h o s p h o r y la t io n  c o n d it io n s .  A c t i n i c  l i g h t  was from  a  695nm
_2

c u t - o f f  f i l t e r  ( i n t e n s i t y  55 Wn ) .
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Wavelength, nm

P i g .  5 .2  The l ig h t - in d u c e d  a b s o r p t io n  s p e c t r a  o f  th e  i n i t i a l  ( A A g s ) 

and s lo w  ( A £s ) com ponents. C o n d it io n s  w ere a s  i n

P i g .  5 . 1 b .
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F ig -  5 .3  The o x id a t io n - r e d u c t io n  d i f f e r e n c e  s p e c t r a  o f  co u p le d  t h y la -  

k o id s  ( l 0 4 îg c h l/ m l) in c u b a te d  i n  th e  d a rk  f o r  30 m in u tes 

u n d er th e  f o l lo w i n g  c o n d it io n s :  a )  2mM Fe minus 2mM

h yd roq u ln on e/1 mM a s c o r b a te  and b) 2mM Fe(CN)^  minus 7.2jiM 

ferred o xin /0 .5n ]M  HAhPH.
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p r e s e n t  a t  an a p p r o x im a te ly  2 - f o l d  h ig h e r  c o n c e n t r a t io n  th a n  th e

c y t  hr-r-QTT,, o b s e r v e d  b y  th e  a d d i t i o n a l  a b s o r p t io n  change i n  th e  Fd/NADPH 
yyyhr

—3sa m p le s . From F i g .  5 -3a th e  560nm a b s o r p t io n  was 3 -5 x 10  e q u iv a le n t

to  2 .3  c y t  b^^^/600 c h i  w h ereas from  F i g .  5-3"b th e  a b s o r p t io n  a t  560nm

was 5-0 x10 ”  ̂ e q u iv a le n t  to  3 -3  c y t  b^^^/600 c h i  (a ssu m in g  an  e x t i n c t i o n

—1 —1
c o e f f i c i e n t  o f  10mM cm ) .

Somewhat s u r p r i s i n g l y ,  i t  was fou n d  t h a t  th e  s lo w  a b s o r p t io n  change 

a t t r i b u t e d  to  c y t  b j ^  was i n h i b i t e d  b y  K M T, EEMIB, m e th y l v io lo g e n  

(MV), ammonium c h lo r id e  and m inus MgClg (F igs-. 5 -4  a - e ) .  From th e  o x i ­

d a t io n - r e d u c t io n  d i f f e r e n c e  s p e c t r a  (n o t  shown) th e  i n h i b i t i o n  o f  th e  

p h o to o x id a t io n  a t  m inus MgClg was se e n  n o t  to  be due to  an  i n e f f e c t i v e  

r e d u c t io n  o f  th e  c y t  b ^ ^ ^  b y  Fd/NAJPH. These r e s u l t s  w ould s u g g e s t  

t h a t  th e  d e t e c t i o n  o f  th e  c y t  b ^ ^ ^ p  o x id a t io n  w as, i n  some w ay, sen ­

s i t i v e  to  e le c t r o n  f l u x  betw een  PS2 and P S 1 , a s  w e l l  a s  to  th e  p o i s in g  

o f  th e am b ien t re d o x  p o t e n t i a l .  F u r th e r  su p p o rt f o r  th e  c o n te n t io n  t h a t

th e  o b se rv e d  s lo w  a b s o r p t io n  change was n o t due to  c y t  bc-j-Q—  p h o to -
jjy nr

o x id a t io n  can be se e n  from  F i g .  5 -5  w h ich  shows th e  p h o to o x id a t io n  o f

c y t  bKCQ_  se e n  when t h y la k o id s  a r e  t r e a t e d  w ith  4-5|iM Ant 2p (s e e  yyynr

Packham and B a r b e r , 1984)> a s  t h i s  a b s o r p t io n  change was r e l a t i v e l y  i n -

24-
s e n s i t i v e  to  th e  backgrou nd  Mg l e v e l .

In  t h y la k o id s  t r e a t e d  w ith  500 l̂M ATP, un d er c o n d it io n s  w h ich  b ro u g h t 

a b o u t a  20% d e c r e a s e  i n  roo m -tem p eratu re  c h lo r o p h y ll  f lu o r e s c e n c e  ( i n ­

d i c a t i v e  o f  p r o t e in - p h o s p h o r y la t io n ) ,  th e  c y t  p h o to o x id a t io n  was

p a r t i a l l y  i n h i b i t e d  b o th  i n  k i n e t i c s  and a m p litu d e  ( F i g .  5 - 1 c ) .  More­

o v e r , th e  d a rk  r e - r e d u c t io n  o f  th e  o x id is e d  cytochrom e became s lo w e r .

The e f f e c t  o f  l i g h t  1 (A.709um) a t  a  lo w  l i g h t  i n t e n s i t y  on c y t  b C(-QT_yyyhr

p h o to o x id a t io n  b e fo r e  and a f t e r  p h o s p h o r y la t io n  i s  shown i n  F i g .  5 - 6 .
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F i g .  5*4  The l ig h t - in d u c e d  a b s o r p t io n  change a t  560-540nm i n  th e  

p re s e n c e  o f ;  a ) 20jiM DCMCT; b) DBMIB; c )  100 îM MV; d) 

5mM NH^Cl; e ) minus M gClg. A l l  o th e r  c o n d it io n s  w ere a s  

f o r  F i g .  5 .1"b .
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Fig. 5-5 The light-induced absorption changes at 560-540nm in thyla- 
koids treated with 4«5m-M Ant 2p and incubated a) in the 
presence of 5mM MgCl^, and b) in the absence of MgCl^. The 
signal represents cyt b^^^HP photooxidation. Other con­
ditions were as for Pig. 5«1h.
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F i g .  5 .6  The e f f e c t  o f  p r o te in - p h o s p h o r y la t io n  on th e  a b s o r p t io n  

change a t  560-540nm, u s in g  f a r - r e d  a c t i n i c  l i g h t .  Con­

d i t i o n s  w ere a s  f o r  F i g .  5 . 1 b ,  e x c e p t  a c t i n i c  l i g h t  was _2
g e n e r a te d  u s in g  a  709nm in t e r f e r e n c e  f i l t e r  ( i n t e n s i t y  25"Vto ) .
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I t  ca n  be se e n  t h a t  p r o te in - p h o s p h o r y la t io n  ca u sed  an i n h i b i t i o n  i n  th e  

e x t e n t  o f  th e  s i g n a l  s imi l a r  to  t h a t  o b s e rv e d  w ith  b ro ad  band r e d  l i ^ i t  

( F i g .  5 « 1c )  and th e  c y t  f  o x id a t io n  became more c l e a r l y  d e t e c t e d .  T h is  

i n d i c a t e s  t h a t  l i g h t  b e lo w  700nm t r a n s m itt e d  b y  th e  JOSmo. i n t e r f e r e n c e  

f i l t e r  may h ave become r e d ir e c t e d  from  PS2 to  PS1 a s  a  co n seq u en ce  o f  

p h o s p h o r y la t io n  o r  t h a t  l e s s  l i g h t  was g o in g  to  PS2.

P ig -  5 -7  shows th e  e f f e c t  o f  p h o s p h o r y la t io n  on th e  p h o to o x id a t io n  

o f  c y t  d e t e c t e d  i n  th e  p re s e n c e  o f  Ant 2p and DCMU. F i g .  5 - 7a

shows t h a t  i n  th e  p re s e n c e  o f  PCMO no s lo w  p hoto o x id a t io n  was o b s e rv e d  

(s e e  a l s o  F i g .  5«4a )> b u t on th e  a d d i t io n  o f  Ant 2p a  p h o to o x id a t io n  be­

came a p p a re n t ( F i g .  5 * 7 ^ )- P r o t e in - p h o s p h o r y la t io n  e f f e c t e d  th e  c y t  

b r r QTrD p h o to o x id a t io n  so  t h a t  th e  e x t e n t  rem ain ed  th e  same a s  i n  th e  

n o n -p h o s p h o ry la te d  t h y la k o id s  b u t th e  k i n e t i c s  w ere made f a s t e r .

5 .2  The E f f e c t  o f  P r o t e in - P h o s p h o r y la t io n  on PS2 E le c t r o n T r a i s f e r  R a t e :

To i n v e s t i g a t e  i f  p r o te in - p h o s p h o r y la t io n  b ro u g h t a b o u t an  i n h i b i t e d  

r a t e  o f  PS2 e le c t r o n  t r a n s f e r ,  a s  w ould be e x p e c te d  to  happen a t  lo w  e x ­

c i t a t i o n  i n t e n s i t i e s  b y  a  d e c r e a s e  i n  PS2 a b s o r p t io n  c r o s s  s e c t io n ,  PS2 

r a t e s  o f  e le c t r o n  t r a n s f e r  from  HgO to  PCPIP w ere m easured a s  a  f u n c t io n  

o f  l i g h t  i n t e n s i t y  u s in g  p h o s p h o r y la te d  and n o n -p h o s p h o ry la te d  t h y la k o id s  

( F i g s .  5 * 8a and 5 - 8 b ) . I t  can  be s e e n  t h a t  a t  a l l  th e  l i g h t  i n t e n s i t i e s  

i n v e s t i g a t e d ,  e x c e p t  p erh a p s a t  v e r y  lo w  i n t e n s i t i e s  b e lo w  5% maximum, 

p h o s p h o r y la tio n  le d  to  a  d e c r e a s e  i n  PS2 e le c t r o n  t r a n s f e r  r a t e  to  POPUP. 

The o b se rv e d  i n h i b i t i o n  a t  s a t u r a t i n g  l i g h t ,  a s  a  co n seq u en ce  o f  phos­

p h o r y la t io n ,  i s  n o t e x p e c te d  and ca n n o t be e x p la in e d  b y  th e  p ro p o sed  

change i n  PS2 an ten n a  s i z e .  To se e  i f  th e  e x te n t  o f  PS2 i n h i b i t i o n  a t  

s a t u r a t i n g  l i g h t  was r e l a t e d  to  th e  d e g re e  o f  p r o te in - p h o s p h o r y la t io n ,
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P i g .  5 .7  The l ig h t - in d u c e d  a b s o r p t io n  change a t  560-540nm e x h ib i t e d  

b y  t h y la k o id s  i n h ib i t e d  w ith  50|iM DCMU and susp en d ed  i n  a )  

th e a b se n ce  o f  A nt 2p; b )  th e  p re s e n c e  o f  A nt 2p and

c )  a s  i n  b ) e x c e p t  u n d er A!EP-dependent p r o t e in  phosph ory­

l a t i o n  c o n d it io n s .  A l l  o t h e r  c o n d it io n s  w ere a s  i n  P i g .  

5 . 1 b .
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F i g .  5 .8  The e f f e c t  o f  p r o te in - p h o s p h o r y la t io n  on th e  PS2 e le c t r o n

t r a n s f e r  r a t e ,  m easured u s in g  DCPIP a s  th e  e le c t r o n  a c c e p to r

and HgO a s  th e  e le c t r o n  d o n o r, a t  a )  lo w  l i g h t  i n t e n s i t i e s

(0-10%  max) and b) h ig h  l i g h t  i n t e n s i t i e s  (0-100% m ax). The
_2

100% l i g h t  i n t e n s i t y  u se d  was 55Wm .
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t h y la k o id s  w ere p h o s p h o r y la te d  to  d i f f e r i n g  e x t e n t s  (a s  m easured b y  th e  

change i n  roo m -tem p eratu re  c h lo r o p h y l l  f lu o r e s c e n c e  i n  DCM U -treated th y ­

l a k o i d s ) .  P i g .  5«9 shows th e  r e l a t i o n s h i p  betw een  th e  p e r c e n ta g e  change 

i n  f lu o r e s c e n c e  and the p e r c e n ta g e  i n h i b i t i o n  o f  HgO to  DCPIP e le c t r o n  

t r a n s f e r  r a t e s ,  w h ich  i n d i c a t e s  t h a t  th e  PS2 i n h i b i t i o n  i s  in d e e d  de­

p en d en t on th e  d e g re e  o f  p r o te in - p h o s p h o r y la t io n .

By u s in g  e le c t r o n  d on ors and a c c e p to r s  o f  PS2 th e  s i t e  o f  th e  i n ­

h i b i t i o n  was i n v e s t i g a t e d .  I t  was se e n  t h a t  th e  a d d i t io n  o f  DPC, a

- j .
donor to  Z , c o u ld  n o t  remove th e  p h o s p h o r y la tio n - in d u c e d  i n h i b i t i o n  

( d a ta  n o t  show n). H owever, th e  d i f f e r e n t  e le c t r o n  t r a n s f e r  r a t e s  e x ­

h i b i t e d  b y  p h o s p h o r y la te d  and n o n -p h o s p h o ry la te d  membranes c o u ld  be 

e l im in a te d  b y  u s in g  th e PS2 a c c e p to r  s i l i c o  m o ly b d a te , w h ich  can  a c c e p t  

e le c t r o n s  d i r e c t l y  from  Q i n  a  DCMU i n s e n s i t i v e  r e a c t i o n  (s e e  Z i l i n s i a s  

and G o v in d je e , 19 7 5 )*  The n o n -p h o s p h o ry la te d  t h y la k o id s  gave  H^O to  

SiMo r a t e s  o f  ^ H ^ o le s  Ô /mg c h l/ h r  w h ile  th e  p h o s p h o r y la te d  sam p les 

p ro d u ced  37*5|nnoles Og/mg c h l/ h r .

5 . 3  The E f f e c t  o f  P r o t e in  P h o s p h o r y la t io n  on th e  A c c e p to r  S id e  o f  P S 2 :

I t  h a s  b een  shown t h a t  p r o te in - d e p h o s p h o r y la t io n  le a d s  to  a  de­

c r e a s e  i n  DCMU-binding a f f i n i t y  and a  r e d u c t io n  i n  th e  number o f  DCMU- 

b in d in g  s i t e s  (S h o ch a t e t  a l . ,  1 9 8 2 ). R e c e n t ly ,  Verm aas e t  a l .  ( 1 9 8 4 )

h ave r e p o r te d  t h a t  l ig h t - in d u c e d  p h o s p h o r y la t io n  d e c r e a s e s  th e  I__50
( c o n c e n tr a t io n  f o r  50% i n h i b i t i o n )  f o r  th e  H i l l  r e a c t i o n ,  1^0 to  DCPIP.

A t i t r a t i o n  o f  1^0 to  DCPIP e le c t r o n  t r a n s f e r  r a t e  w ith  DCMU i s  shown 

i n  P ig .  5 .1 0  f o r  b o th  p h o s p h o r y la te d  and n o n -p h o sp h o ry la te d  t h y la k o id s .

I t  can  be s e e n , b y  com paring P i g .  5«10a w ith  P ig .  5 .1 0 b , t h a t  c h e m ic a l ly -  

in d u ced  p h o s p h o r y la t io n  a p p eared  to  h ave  no e f f e c t  on th e  a b i l i t y  o f  DCMU 

to  i n h i b i t  PS2 e le c t r o n  f lo w  ( t h i s  was a ls o  se e n  f o r  a t r a z i n e ,  d a ta  n o t
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F ig .5  *9 The r e la t i o n s h i p  "between th e  p e r c e n ta g e  change i n  m axim al 

c h lo r o p h y ll  f lu o r e s c e n c e  due to  p h o s p h o r y la t io n  and th e  

p e r c e n ta g e  change i n  I^O to  DCPIP e le c t r o n  t r a n s f e r  r a t e  

a t  s a t u r a t i n g  l i g h t  c o n d it io n s .  ■ The d i f f e r e n t  d e g r e e s  o f  

p r o te in - p h o s p h o r y la t io n  w ere a c h ie v e d  "by v a r y in g  th e  F d/ 

TJATfPTT l e v e l s  p r e s e n t  and th e  r e a c t i o n  t im e .
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F i g .  5 .1 0  The e f f e c t  o f  DCMtJ c o n c e n t r a t io n  on th e  i n h i b i t i o n  o f  PS2

e le c t r o n  t r a n s f e r  from  ^ 0  to  DCPIP i n  a )  n o n -p h o s p h o ry la te d  

th y la k o id s  suspended i n  th e  a b sen ce  o f  e x c e s s  NAUP+ ( •  ) ,  

th e  p re s e n c e  o f  NADP+ ( O ) and d a rk -a d a p te d  i n  th e  a b se n ce  

o f  Fd/KADPH ( A ) and b) p h o s p h o r y la te d  t h y la k o id s  susp en d ed  

i n  th e a b sen ce  ( ■  ) and p re s e n c e  ( □ ) o f  e x c e s s  TJATfP+ . 

P r o t e in - p h o s p h o r y la t io n  was c a r r ie d  o u t u s in g  th e  Fd/HADPH 

m ethod. The a v e ra g e  c o n t r o l  r a t e s  ( z e r o  DCMtT) w ere a s  

f o l lo w s ;  n o n -p h o s p h o ry la te d , 228|imoles DCPIP/mg c h l/ h r  and 

p h o s p h o r y la te d , 18 6[imoles PCPIP/mg c h l/ h r .
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show n). F u rth erm o re , l i g h t - in d u c e d  p h o s p h o r y la t io n  a ls o  ca u se d  no 

change i n  th e  I^ q v a lu e s  ( d a ta  n o t  shown) and t h e r e fo r e  th e  d i f f e r e n c e  

i n  o b s e r v a t io n s  betw een  F i g .  5 .1 0  and th e  above m en tion ed  r e p o r t s  do 

n o t  r e f l e c t  d i f f e r e n t  m ethods i n  b r in g in g  a b o u t p h o s p h o r y la t io n . F ig .  5 . 

10 , h o w ever, shows t h a t  th e  I^ q v a lu e  c o u ld  be a l t e r e d  b y  c h a n g in g  th e  

r e d o x  l e v e l  o f  th e  PQ p o o l ,  a s  b ro u g h t a b o u t by  th e  a d d i t io n  o f  e x c e s s  

NADP+ o r  a  d ark  p r e tr e a tm e n t  u n d er n o n -r e d u c in g  c o n d it io n s .  T h is  w i l l  

be d is c u s s e d  l a t e r  i n  term s o f  th e  r e s u l t s  o f  Yerm aas e t  a l .  ( 1 9 8 4 ) .

I f  p h o s p h o r y la t io n  a f f e c t s  th e  32kda h e r b ic id e - b in d in g  p r o t e i n  (Q^) 

i t  m ig h t be e x p e c te d  t h a t  d i f f e r e n c e s  i n  th e  u n in h ib ite d  f a s t  f l u o r e s ­

ce n c e  t r a n s ie n t s  e x h ib i t e d  b y  p h o s p h o r y la te d  and n o n -p h o s p h o ry la te d  

t h y la k o id s  may be a p p a r e n t. F i g .  5 .1 1  shows n o rm a lis e d  f lu o r e s c e n c e  

c u rv e s  f o r  p h o s p h o r y la te d  and n o n -p h o s p h o ry la te d  membranes w h ile  T a b le

5 .1  g iv e s  v a r io u s  u n n o rm a lise d  m ea su ra b le  f lu o r e s c e n c e  p a r a m e te rs . I t  

was se e n  t h a t  th e  i - l e v e l  o f  th e  f lu o r e s c e n c e  t r a n s ie n t  c o u ld  be i n ­

c r e a s e d  i n  th e  p h o s p h o r y la te d  membranes from  43% t o t a l  F^, i n  th e  con­

t r o l ,  to  50% t o t a l  F^., w h ile  th e  Amaĵ  d e c r e a s e d . I t  can  a ls o  be se e n  

from  T a b le  5 .1  t h a t ,  eve n  i n  th e  a b se n ce  o f  DCMC p h o s p h o r y la t io n  l e d  to

a  d e c r e a s e  i n  F and F so F /F rem ain ed  un changed , i n d i c a t i n g  t h a t  i n  
o m v ' m

b o th  c a s e s  a l l  o f  th e  q u in o n es (Q^ and PQ) w ere e q u a l ly  r e d u c e d .

3 . 4  D is c u s s io n :

T here h as b een  much c o n fu s io n  i n  th e  l i t e r a t u r e ,  o v e r  th e  p a s t  10 

y e a r s  o r  s o , c o n c e r n in g  c y t  b j ^  ( se e  r e v ie w s  b y  Cramer and H orton ,

19 7 5 ; Cram er, 19 7 7 ; B e n d a ll ,  1 9 8 2 ). I t  i s  now b e l ie v e d  t h a t  t h e r e  a r e  

two d i s t i n c t  form s o f  c y t  b ^ ^  p r e s e n t  i n  v iv o  w h ich  can  be d is t in g u is h e d  

th ro u g h  t h e i r  d i f f e r e n t  m id p o in t re d o x  p o t e n t i a l s  ( c y t  b^^^jp E^p-^^OmY; 

c y t  b j-^ E p  E^  +370m7) a lth o u g h  i t  i s  th o u g h t t h a t  a  damaged o r  a l t e r e d
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F i g .  5 .1 1  N orm alised  f a s t  c h lo r o p h y ll  f lu o r e s c e n c e  t r a n s ie n t s  e x h ib i t e d  b y  p h o s p h o r y la te d  (P h os) 

and n o n -p h o sp h o ry la te d  (NPhos) t h y la k o id s  a t  room te m p e ra tu re .
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TABLE 5 .1

Fluorescence Parameters from Fast Fluorescence Transients Exhibited 
by Non-phosphorylated (MPhos) and Phosphorylated (Phos) Thylakoids

C o n d itio n F0 F .i SVm Amax V pm

EPhos 2 1 .0 5 2 .0 7 5 .6 4475 0 .7 2  .

Phos 1 7 .3 4 5 .2 6 1 .8 3800 0 .7 2
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c y t  can  "be fou n d  w h ich  h as an  Em~ + 110 m V . Prom fr a g m e n ta t io n

s t u d ie s  i t  h as b een  p ro p o se d  t h a t  th e  c y t  b t ^ j jp  i s  a s s o c ia t e d  w ith  PS2 

w h ile  th e  c y t  b ^ ^ ^ p  i s  l o o s e l y  co u p le d  to  th e  c y t  b / f  com plex and 

a p p e a rs  i n  PS1 p a r t i c l e s  (s e e  B e n d a l l ,  1 9 8 2 ). The e x a c t  r o l e  f o r  th e s e  

two cyto ch rom es i s  s t i l l  n o t  c l e a r  and o v e r  th e  y e a r s  i t  h a s  b een  sug^- 

g e s t e d  t h a t  c y t  b j ^  i s  a s s o c ia t e d  w ith  a )  I^O s p l i t t i n g  p r o c e s s e s  

(B e n d a ll and S o fr o v a , 1 9 7 1 ) ,  b ) c y c l i n g  o f  e le c t r o n s  aroun d  PS2 (Cram er 

and BOhme, 19 7 2 ; Mende and W eisn n er, 1984)> c )  in t e r s y s t e m  e le c t r o n  

t r a n s f e r  (H orton  and Cram er, 19 7 5 ) and d) c y c l i c  e le c t r o n  f lo w  around 

PS1 ( P e t e r s  e t  a l . ,  1 9 8 4 ).

The d a ta  p r e s e n te d  i n  t h i s  c h a p te r  s u g g e s t  t h a t  a  s lo w  l i g h t - d e -  

p en d en t a b s o r p t io n  change a t  560-540nm ca n  be a t t r ib u t e d  to  th e  p h o to ­

o x id a t io n  o f  c y t  b j ^ £ p .  I h a d d it io n  to  t h i s ,  a  f a s t  d e c r e a s e  was ob­

s e r v e d  w h ich  was a p p a r e n t ly  due to  c y t  f  o x id a t io n .  The s lo w  s ig n a l  

was v e r y  s e n s i t i v e  to  e x p e r im e n ta l c o n d it io n s  and o n ly  a p p e a re d  i n  

co u p le d  t h y la k o id s  p o s s e s s in g  lo w  r a t e s  o f  n e t  e le c t r o n  f lo w  ( a s  i n d i ­

c a t e d  from  th e  f lu o r e s c e n c e  s i g n a l  f o r  Pd/NAHPH t r e a t e d  t h y la k o id s  

shown i n  P ig .  6 . 4 ) .  The a b s o r p t io n  ch ange was i n h ib i t e d  b y  DBMIB in ­

d ic a t in g  t h a t  PS1 d o es n o t  d i r e c t l y  o x i d i s e  c y t  b^ ^ ^ ^  i n  a  manner sim­

i l a r  to  th e  o x id a t io n  o f  c y t  f ,  w h ich  i s  r e s i s t a n t  to  th e  q u in o n e ’ s 

a c t io n  ( P ig .  5 »4 b). The e f f e c t  o f  DCMU on th e  s i g n a l ,  h o w ever, shows 

t h a t  th e  r e a c t i o n  a p p e a rs  to  be d epen d en t on P S 2 -m ed iated  e le c t r o n  

t r a n s f e r .  The s e n s i t i v i t y  o f  th e  c y t  bct-QT_. o x id a t io n  to  e le c t r o n  f lo w  

r a t e  i s  u n c le a r  b u t one p o s s ib le  e x p la n a t io n  i s  t h a t  i t  i s  d eterm in ed  b y  

th e  b a la n c e  o f  o x id a t io n  and r e r e d u c t io n  k i n e t i c s .  An in c r e a s e d  e le c t r o n  

f lo w  su p p o rte d  b y  e i t h e r  u n c o u p le rs  o r  MV m ight a t t e n u a t e  th e  o x id a t io n  

b y  s e l e c t i v e l y  i n c r e a s in g  th e  r e d u c t io n  r a t e  o r  d e c r e a s in g  th e  o x id a t io n  

r a t e .  An in c r e a s e  i n  r e d u c t io n  r a t e  maybe r e f l e c t e d  i n  th e  d e c r e a s e d
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c y t  f  c o n t r ib u t io n  seen  u n d er th e s e  c o n d it io n s  when com pared w ith  P i g .  

5 . 1 b .  The MV e f f e c t  ( P ig .  5*4 ) a ls o  seems to  i n d i c a t e  t h a t  th e  r e d u c ­

t i o n  o f  th e  p h o to o x id is e d  c y t  b cc n __ i s  n o t  m e d ia te d  d i r e c t l y  b y  th e
yyyhr

r e d u c in g  s id e  o f  PS1 i n  c y c l i c  e le c t r o n  f lo w  b u t may i n d i c a t e  t h a t  

t h i s  p r o c e s s  i s  r e q u ir e d  f o r  c y t  o x id a t io n .

In  o r d e r  to  e^qplain th e s e  o b s e r v a t io n s  i t  may be n e c e s s a r y  to  p ro ­

p o se  t h a t  c y t  b j ^ £ p  I s  in v o lv e d  i n  a  Q - c y c le  ty p e  e le c t r o n  t r a n s f e r  

( s e e  M i t c h e l l ,  1 9 7 6 ) . The cytoch rom e can  be e n v is a g e d  a s  r e c e i v i n g  

e le c t r o n s  from  q u in o l- o x id a t io n  b y  th e  R ie s k e  ir o n - s u lp h u r  c e n t r e ,  

p o s s i b l y  v i a  c y t  b ^ ^ » d o n a tin g  them to  an a n io n ic  sem iquinone w h ich  

i s  p erh a p s g e n e r a te d  b y  P d -m ed ia ted  c y c l i c  e le c t r o n  f lo w  aroun d PS1 

(s e e  P i g .  5 . 1 2 ) .  Under c o n d it io n s  where e le c t r o n  f lo w  th ro u gh  b o th  

p h o to syste m s i s  s lo w  n e t  p h o to o x id a t io n  o f  c y t  n iig jit be e x p e c te d

to  o c c u r . When e le c t r o n  f lo w  i s  s t im u la t e d , th e  Q - c y c le  tu r n o v e r  m ig h t 

e i t h e r  be in c r e a s e d  and c y t  b ^ ^ ^ p  k e p t  i n  a  re d u ce d  s t a t e  o r  p erh a p s  

sw itc h e d  o f f .  The l a t t e r  c a s e  m ig h t be more p la u s i b le  a s  c y t  

r e d u c t io n  h a s  been  shown to  r e l y  on th e  c y t  f  o x id a t io n  k i n e t i c s  ( s e e  

B e n d a ll ,  1 9 8 2 ). T h is  p ro p o s a l o f  c y t  b^ ^ ^ ^  b e in g  in v o lv e d  i n  a  Qr 

c y c l e  mechanism can  e x p la in  th e  i n h i b i t o r y  a c t io n  o f  UBMTB s in c e  i t  

w i l l  i n h i b i t  th e  fo rm a tio n  o f  th e  o x id a n t  f o r  c y t  b cirrtT_ w h ile  th e  i n -  

h i b i t i o n  b y  DCMU i s  n o t so e a s i l y  e x p la in e d .

A r o l e  f o r  c y t  b ^ ^ ^ p  i 11 a  Q r c y c le  can  a ls o  a c c o u n t f o r  th e  e f f e c t  

o f  c a t io n s  and p h o s p h o r y la tio n  on th e  e x t e n t  o f  th e  p h o to o x id a t io n . I t  

h as been a rg u e d  t h a t  PS1 a c t i v i t y  i s  in c r e a s e d  a t  th e  exp en se  o f  PS2 a s  

a  r e s u l t  o f  th e s e  two d i f f e r e n t  tre a tm e n ts  ( e g .  Ben-E ayyim  and A v ro n , 

1 9 7 1 ;  P a rch a u s e t  a l . ,  1982; K rau se and B ehrend, 1 9 8 3 ) . Changes i n  th e  

b a la n c e  o f  PS1 and PS2 a c t i v i t y  a p p e a r  to  be r e f l e c t e d  i n  th e  e x t e n t  o f
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F i g .  5 .1 2  A m o d ifie d  Q - c y c le  ty p e  scheme p ro p o sed  to  a cco u n t f o r  th e

r o l e  o f  c y t  i n  in t e r s y s t e m  e le c t r o n  t r a n s f e r  r e a c t i o n s .

The cytoch rom e r e c e iv e s  e le c t r o n s  from  c y t  b j- ^  and d o n a te s  

them to  a  bound a n io n ic  sem iquinone g e n e r a te d  b y  F d -m ed iated  

c y c l i c  e le c t r o n  f lo w  around P S 1 . Sym bols a s  i n  F i g .  1 . 1 .
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c y t  b ^ ^ £ p  p h o to o x id a t io n  ( P i g s .  5*1 and. 5*6 ) so t h a t  an  in c r e a s e  i n  

PS1 a c t i v i t y  r e l a t i v e  to  PS2 i n h i b i t s  th e  p h o to o x id a t io n  p erh a p s b e­

ca u s e  th e  Q - c y c le  i s  i n h i b i t e d .

An i n h i b i t i o n  i n  PS2 e le c t r o n  t r a n s f e r  from  HgO to  DCPIP, a s  a  

r e s u l t  o f  p r o te in - p h o s p h o r y la t io n , can  be s e e n  i n  P i g .  5 * 8 . Such a  

d e c r e a s e  w ould  be e x p e c te d  a t  l i m i t i n g  l i g h t  i n t e n s i t i e s  ( P ig .  5«8a) 

b e ca u se  o f  th e  p ro p o se d  d e c r e a s e  i n  PS2 a n ten n a  s i z e  (s e e  C h a p te r  4) 

b u t n o t  a t  s a t u r a t i n g  l i g h t  i n t e n s i t i e s  ( P ig .  5 -8 b ) , where a  20% i n ­

h i b i t i o n  i s  s t i l l  o b s e r v e d . T h is  i n h i b i t i o n  a t  h i g h - l i ^ i t  i n t e n s i t i e s  

was n o t  rem oved b y  th e  a d d i t io n  o f  BPC, w h ich  d o n a te s  e le c t r o n s  to  Z+ , 

and t h e r e fo r e  s u g g e s ts  t h a t  a  p h o s p h o r y la tio n - in d u c e d  a l t e r a t i o n  o f  th e  

oxygen  e v o lv in g  p r o c e s s e s  i s  u n l i k e l y .  The e x t e n t  o f  th e  i n h i b i t i o n  

a p p e a rs  to  b e r e l a t e d  to  th e  d e g re e  o f  p h o s p h o r y la t io n , a s  d e term in ed  

b y  th e  a t t e n u a t io n  i n  f lu o r e s c e n c e  e x h ib i t e d  b y  D C M C-treated t h y la k o id s  

( P ig .  5 * 9 )•  H orton and Lee (19 8 3 ) have p o s t u la t e d  t h a t  p h o s p h o r y la t io n  

s t im u la t e s  a  d i s s i p a t i v e  c y c l i n g  o f  e le c t r o n s  aroun d  PS2. T h is  was 

co n c lu d e d  from  th e  p r o p o r t i o n a l ly  l a r g e r  s t im u la t io n  o f  f lu o r e s c e n c e  on 

h yd ro x y la m in e  a d d it io n  b y  th e  p h o s p h o r y la te d  t h y la k o id s .  As h y d r o x y l-  

amine i s  b e l ie v e d  to  i n h i b i t  a  PS2 b ack  r e a c t i o n  (Bennoun, 1 9 7 0 ), th e  

l a r g e r  e f f e c t  on p h o s p h o r y la te d  membranes i n d ic a t e d  a  s t im u la te d  b a ck  

t r a n s f e r  o f  e le c t r o n s .  H owever, i t  h as been  shown t h a t  h yd ro x y la m in e  

p o s s i b l y  e f f e c t s  th e  r e d u c in g - s id e  o f  PS2, a s  i t  a p p e a rs  to  m o d ify  

a t r a z in e  b in d in g  ( J u r s in ic  and S te m le r , 1983)* I t  h as been s u g g e s te d  

t h a t  th e  d i s s i p a t i v e  p athw ay c o u ld  e x p la in  th e  PS2 i n h i b i t i o n  a t  s a t ­

u r a t i n g  l i g h t  i n t e n s i t i e s ,  a lth o u g h  th e  g r e a t e s t  e f f e c t  o f  h y d r o x y l-  

am ine o c c u r r e d  a t  l i m i t i n g  l i g h t  i n t e n s i t i e s  and was g r e a t l y  re d u ce d  b y  

DCMJ, when a  c y c l i n g  o f  e le c t r o n s  m ight h ave been  e x p e c te d  to  be more

e v id e n t
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T h is  b a ck  r e a c t i o n  may in v o lv e  c y t  b^,--. i n  a  mechanism s i m i la r  

to  t h a t  p ro p o se d  f o r  th e  g re e n  a lg a e ,  C h lam yd obotrys s t e l l a t a , i n  w h ich  

e le c t r o n s  a r e  p a s s e d  from  Q,̂  to  th e  cytoch rom e (5 n s) f o l lo w e d  b y  don­

a t i o n  to  P680 (60̂ is) (Mende and W iesn n er, 1 9 8 3 ) . Ih e  r e s u l t s  p r e s e n te d  

i n  t h i s  c h a p te r  can n o t be i n t e r p r e t e d  u s in g  su ch  a  schem e, i f  p h osph ory­

l a t i o n  s t im u la t e s  su ch  a  c y c l i n g  i n v o lv i n g  c y t  b KC-Q_ .  I t  i s  se e n  t h a t  

e le c t r o n  t r a n s f e r  to  SiMo was u n a f f e c t e d  b y  p h o s p h o r y la t io n  a t  s a t u r a t ­

i n g  l i g h t  i n t e n s i t i e s  and t h e r e fo r e  i f  a  d i s s i p a t i v e  c y c l i n g  o f  e l e c ­

tr o n s  was more p ro m in en t i n  th e  p h o s p h o r y la te d  t h y la k o id s ,  i t  m ig h t be 

e x p e c te d  to  com pete w ith  SiMo f o r  e le c t r o n s  le a d in g  to  an  i n h i b i t e d  HgO 

to  SiMo r a t e .  F u rth erm o re , i f  th e  c y c l i n g  in v o lv e d  c y t  b KKQ__ th e n  th e  

o b s e rv e d  ch an ges i n  c y t  p h o to o x id a t io n  ( F ig .  5 . 7 )  upon phos­

p h o r y la t io n  w ould n o t  be e x p e c te d  i f  su ch  a  mechanism was s t im u la t e d .

Such an  in c r e a s e  i n  c y c l i c  e le c t r o n  f lo w  aroun d PS2 m ig h t be e x p e c te d

t o  i n h i b i t  o r  p rod uce a  s lo w e r  c y t  bcc-Qtro p h o to o x id a t io n , h o w ever, th eOOynr

a b s o r p t io n  change became f a s t e r  w ith  no change i n  i t s  e x t e n t  a f t e r  

p h o s p h o r y la t io n . T h is  o b s e r v a t io n , c o n c e r n in g  c y t  p h o to  o x id a t io n ,

can  be s im p ly  e x p la in e d  b y  a  d e c r e a s e  i n  th e  amount o f  e x c i t a t i o n  

e n e r g y  a r r i v i n g  a t  PS2 ( s e e  Packham and B a r b e r , 1 9 8 4 ) .

O th er p r o t e in s  a r e  known to  become p h o s p h o r y la te d  i n c lu d in g  a  

32kda and a  47kda s p e c ie s .  I t  h a s  been  shown t h a t  p r o t e in  d e -p h o sp h o ry - 

l a t i o n  d e c r e a s e s  th e  a f f i n i t y  f o r  DCMU to  b in d  to  th e  Q ^ -p ro te in  

(S h o ch at e t  a l . ,  1982) and t h a t  p h o s p h o r y la t io n  a l t e r s  th e  I^ q f o r  

h e r b ic id e  i n h i b i t i o n  o f  HgO to  BCPIP e le c t r o n  t r a n s f e r  r a t e s  (Verm aas 

e t  a l . ,  1 9 8 4 ) .  I t  h a s  a l s o  been  shown t h a t  l ig h t - in d u c e d  p h o s p h o r y la t io n  

le a d s  to  a  s t a b i l i s a t i o n  o f  th e  bound sem iquin one s p e c ie s ,  ( J u r s in ic  

and K y le ,  1983)* T h is  l a t t e r  o b s e r v a t io n  h a s  been in t e r p r e t e d  a s  b e in g  

th e  con sequ en ce o f  e i t h e r  a  s t im u la te d  c y c l i c  f lo w  o f  e le c t r o n s  around 

PS2 o r  to  an  i n h i b i t i o n  o f  an  endogenous r e d u c ta n t  to  i n t e r a c t  w ith  Qg.
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P i g .  5 .1 0  shows t h a t  c h e m ic a lly - in d u c e d  p r o te in - p h o s p h o r y la t io n  d id  n o t  

le a d  to  an  enhanced a b i l i t y  o f  DCMtT to  i n h i b i t  PS2 e le c t r o n  f lo w  to  

DCPIP and t h i s  was a l s o  o b s e rv e d  f o r  l ig h t - in d u c e d  t h y la k o id  p h o sp h ory­

l a t i o n  (n o t  show n), c o n t r a r y  to  w hat m igh t be e x p e c te d  from  th e  r e s u l t s  

m en tion ed  a b o v e . T h is  p r o b a b ly  r e f l e c t s  th e  p o o r n o n -p h o s p h o ry la te d  

c o n t r o l  u se d  b y  Verm aas e t  a l .  (1984)» who compared l ig h t - i n d u c e d  p h o s- 

p h o r y la t e d  t h y la k o id s  w ith  d a rk -a d a p te d  n o n -p h o s p h o ry la te d  mem branes.

Prom P i g .  5 .1 0 ,  i t  ca n  be se e n  t h a t  su ch  a  com p arison  w ould in d e e d  p ro ­

duce a  d i f f e r e n c e  i n  1 ,-q v a lu e s  betw een  p h o s p h o r y la te d  and n o n -p h o sp h ory­

l a t e d  t h y la k o id s .  H ow ever, when membranes a re  g iv e n  th e  same p r e t r e a t ­

m ent, e x c e p t  f o r  th e  a d d it io n  o f  ATP, w h ich  g e n e r a te d  th e  same re d o x  

c o n d it io n s  th e n  no su ch  d i f f e r e n c e  i s  o b s e rv e d .

R ed u cin g  c o n d it io n s  a r e  e x p e c te d  to  f u l l y  re d u ce  th e  sem iquin one 

s p e c ie s ,  Q~, th e r e b y  i n c r e a s in g  th e  a f f i n i t y  o f  DCMU to  b in d , b y  remov­

i n g  th e  lo w  a f f i n i t y  s t a t e ,  ( s e e  L a v e rg n e , 1 9 8 2 d ) ,w h ile  o x id is e d

PQ w ould be e x p e c te d  to  com pete w ith  DCMtJ f o r  th e  b in d in g  s i t e .  T hese 

o b s e r v a t io n s  may s u g g e s t  t h a t  p h o s p h o r y la t io n  does n o t  s t a b i l i s e  th e  

s t a t e  b u t i n  f a c t  s t a b i l i s e s  th e  s t a t e  i n  th e  l i g h t ,  p erh a p s th ro u g h

a l t e r i n g  th e  e q u il ib r iu m  betw een  to  th e  l e f t  i n  a  manner

s i m i la r  to  t h a t  p ro p o se d  f o r  a t r a z i n e - r e s i s t a n t  p la n t  s p e c ie s  ( s e e  Verm aay 

and A m tz e n , 1 9 8 3 ).

I t  i s  i n t e r e s t i n g  to  n o te  t h a t  th e  ch an ges se e n  i n  P i g .  5 .1 1  and 

T a b le  5*1 a f t e r  p r o te in - p h o s p h o r y la t io n  a r e  s i m i la r ,  a lth o u g h  s m a l le r , t o  

th o se  s e e n  when com paring a t r a z in e  r e s i s t a n t  w ith  a t r a z i n e - s u s c e p t i b le  p la n t

s p e c ie s  (Verm aas and A m tz e n , 1983 and P i g . 9 . 2 ) .  I t  i a b e l i e v e d  t h a t  h e r b ic id e  r e s i s ­

ta n c e  a r i s e s  from  a  s i n g le  amino a c id  change i n  th e  p r o t e i n  (E r ic k s o n  

e t  a l . ,  19 8 4 ). T h e r e fo r e , th e  a d d it io n  o f  n e g a t i v e ly  ch a rg e d  p h o sp h ate
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g ro u p s on to  th e  same p r o t e i n  o r  o th e r  PS2 a s s o c ia t e d  p r o t e in s  m ig h t 

a l t e r  PS2 f u n c t io n in g  i n  some way so a s  to  a f f e c t  PS2 e l e c t r o n  f lo w  to  

PQ. I t  i s  se e n  from  P i g .  5 .1 1  and T a b le  5 .1  t h a t  th e r e  i s  a  l a r g e r  o - i  

r i s e  i n  th e  p h o s p h o r y la te d  t h y la k o id s ,  i n d i c a t i v e  o f  a  f a s t e r  i n i t i a l  

a c c u m u la tio n  o f  Q” . T h is  may s u g g e s t  an i n h ib i t e d  f lo w  o f  e le c t r o n s  

from  Q,̂  to  Q^, w h ich  a t  h ig h  l i g h t  i n t e n s i t i e s  m igh t become q u it e  s i g ­

n i f i c a n t .  The d e c r e a s e  i n  Amfly (T a b le  5 . 1 )  s u g g e s ts  t h a t  l e s s  q u an ta  

a r e  now r e q u ir e d  to  re d u ce  a l l  o f  th e  qu in one p o o l i n  th e  p h o s p h o r y la te d  

mem branes. T h is  d e c r e a s e  i n  Amqy i s  a g a in  s i m i la r  to  t h a t  o b s e r v e d  f o r  

h e r b i c i d e - r e s i s t a n t  s p e c ie s  ( s e e  C h a p te r  9 ) .

T h e r e fo r e , p erh a p s a t  lo w  l i g h t  i n t e n s i t i e s  p r o t e in  p h o s p h o r y la t io n  

d e c r e a s e s  PS2 r e a c t i o n s  b y  a  d e c r e a s e  i n  PS2 a n te n n a - s iz e  w h ile  a t  

h ig h e r  l i g h t  i n t e n s i t i e s  P S 2 - in h ib i t io n  a r i s e s  b e c a u se  o f  a  s lo w e r  Q,̂

to  Qg e le c t r o n  t r a n s f e r  r a t e .
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CHAPTER 6

PS2 H e te r o g e n e ity  a s  D eterm in ed  from  C h lo r o p h y ll  F lu o r e s c e n c e

I n d u c t io n  C u rves

R oom -tem perature c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u r v e s  m easured 

u s in g  H C M C -inh ib ited  t h y la k o id s  r e f l e c t  th e  p h o to r e d u c t io n  o f  Q andA
p ro d u ce s  a  cu rv e  w h ich  i s  n o t  i n d i c a t i v e  o f  a  s i n g le  f i r s t  o r d e r  p h o to ­

c h e m ic a l e v e n t .  The b ip h a s ic  n a tu r e  can  be r e a d i l y  d e te c te d ,,  when th y ­

la k o i d s  a r e  suspended i n  "h ig h "  s a l t ,  b y  a n a ly s in g  th e  grow th  o f  th e  

n o rm a lis e d  a r e a  o v e r  th e  cu rv e  (M e lis  and Homann, 1 9 7 6 ) . T h is  shows 

two k i n e t i c a l l y  d i f f e r e n t  p h a s e s , one b e in g  f a s t  and n o n -e x p o n e n tia l 

w h ile  th e  o t h e r  i s  s lo w e r  and r i s e s  e x p o n e n t ia l ly .  T hese two k i n e t i c  

com ponents have been  a t t r i b u t e d  to  two d i s t i n c t  form s o f  PS2 term ed a 

and p c e n t r e s  (M e lis  and Homann, 1 9 7 8 ) . Many d i f f e r e n c e s  have b een  

a t t r i b u t e d  to  th e s e  c e n t r e s ,  a s  h a s  a lr e a d y  been  d is c u s s e d  i n  th e  in ­

t r o d u c t io n  ( 1 . 9 . 1 ) .  I n  c o n t r a s t  to  th e  above i n t e r p r e t a t i o n  i t  h as 

a l s o  been  s u g g e s te d  t h a t  th e  b ip h a s ic  n a tu r e  o f  th e  f lu o r e s c e n c e  r i s e  

r e f l e c t s  d i f f e r e n t  l e v e l s  o f  PS2 " c o n n e c t i v i t y "  (Bowes and H orton , 1982) 

o r  d i f f e r e n t  d e g r e e s  o f  c h lo r o p la s t  i n t e g r i t y  l in k e d  to  a l t e r a t i o n s  i n  

DCMtf a f f i n i t y  ( S c h r e ib e r  and P f i s t e r ,  19 8 2 ).

T h is  c h a p te r  i n v e s t i g a t e s  th e s e  c o n c e p ts  b y  m e a su rin g  and a n a ly s in g  

roo m -tem p eratu re  c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u r v e s  from  DCMU- 

p o is o n e d  p ea  t h y la k o id s  w ith  and w ith o u t  v a r io u s  p r e tr e a tm e n ts .

6 . 1  PS2 and PS2n 
 oc-------------p

P i g .  6 .1  shows t h a t  pmay ( th e  y - i n t e r c e p t  o f  th e  s e m i- lo g  p l o t  o f  

th e  a r e a  g ro w th , see  2 . 3 . 6  and P i g .  2 .2 )  o b ta in e d  from  t h y la k o id s  w h ich  

had undergone c a t io n -  o r  p r o te in - p h o s p h o r y la t io n - in d u c e d  membrane
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c o n fo r m a tio n a l ch an g es c o u ld  he c o r r e l a t e d  w ith  th e  n o rm a lis e d  a r e a  o v e r

th e  f lu o r e s c e n c e  c u rv e  (A ) .  T h is  a r e a  i s  b e l ie v e d  to  r e p r e s e n t  th enorm

number o f  q u an ta  r e q u ir e d  to  re d u ce  a l l  Q and i t  g iv e s  an  o v e r a l l  p i c -ii
tu r e  o f  p h o to r e d u c t io n  k i n e t i c s  a ssu m in g  th e  t o t a l  number o f  Q r e ­

m ains c o n s t a n t .

M e lis  (19 7 8 ) showed t h a t  a l t e r i n g  th e  re d o x  c o n d it io n s  u n d er w h ich  

th e  t h y la k o id s  w ere suspended changed th e  k i n e t i c s  o f  th e  o v e r a l l  f l u o r ­

e s c e n c e  r i s e  so t h a t  a t  lo w e r  re d o x  p o t e n t i a l s  (-80mY com pared w ith  

+380mV) th e  s lo w  p h ase  was s e l e c t i v e l y  e lim in a te d . P i g .  6 .2  shows t h a t  

th e  b ip h a s ic  n a tu r e  o f  th e  f lu o r e s c e n c e  r i s e  can  be d r a s t i c a l l y  a l t e r e d  

b y  th e  a d d it io n  o f  sodium d i t h i o n i t e ,  w h ich  re d u c e s  th e  PQ p o o l p r i o r  

to  i l lu m in a t io n .  T h is  can  be s e e n  i n  P i g .  6 .2 a  b y  th e  change i n  th e  

s e m i- lo g  p l o t  o f  th e  a r e a  grow th  and i n  P i g .  6 .2 b  w h ich  shows th e  a l t e r ­

a t i o n  i n  th e  g ro w th  o f  th e  n o r m a lis e d  a r e a  when t h y la k o id s  w ere in c u b a te d  

w ith  and w ith o u t  r e d u c t a n t .  In  th e  p re s e n c e  o f  t h i s  s t r o n g  r e d u c t a n t ,

Qa  ap p eared  to  be p h o to re d u ce d  more r a p i d ly  ( t h i s  was a ls o  se e n  i n  th e  

a b se n ce  o f  Mg , n o t  shown) w h ile  th e  s lo w  k i n e t i c  component was e i t h e r  

rem oved o r  became f a s t e r .

A n oth er way o f  a n a ly s in g  th e  f lu o r e s c e n c e  r i s e  i s  b y  p l o t t i n g  P^ 

a g a in s t  th e  n o r m a lis e d  a r e a .  I f  th e  r i s e  i s  e x p o n e n t ia l  th e n  such  a  

p l o t  y i e l d s  a  s t r a i g h t  l i n e ,  h ow ever t h i s  i s  r a r e l y  th e  c a s e  a s  f l u o r e s ­

cen ce  i s  n o t  u s u a l l y  a  l i n e a r  i n d i c a t o r  o f  a c c u m u la tio n . P i g .  6 . 3  

shows th e  e f f e c t  o f  d i t h i o n i t e  on th e  r e la t i o n s h i p  betw een  P^ and A r e a .

By com paring P i g .  6 . 3a  w ith  P i g .  6 . 3b i t  can  be se e n  t h a t  d i t h i o n i t e  

a l t e r e d  th e  p l o t  e s p e c i a l l y  a t  th e  t a i l  end o f  th e  r i s e  where a  non­

l i n e a r  d e v ia t io n  was changed to  a  sim p le  l i n e a r  r e l a t i o n s h i p .
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I I . l l l____ I_____ I______ L_

0 10 20 30 40 50 60 70 80
Anorm

F i g .  6 .1  The c o r r e l a t i o n  o f  th e  s lo w  ph ase (3 ) w ith  th e  n o rm a lis e d'max'
a r e a  o v e r  th e  f lu o r e s c e n c e  in d u c t io n  cu rv e  (A ) .  The 

d a ta  w ere o b ta in e d  b y  e i t h e r  c a t io n - in d u c e d  ( O ) o r  p r o t e i n -  

p h o s p h o r y la t io n  in d u ced  ( • )  c o n fo r m a tio n a l c h a n g e s . The 

l i n e  i s  th e  l e a s t  sq u a re s  f i t  to  th e  e x p e r im e n ta l p o i n t s .
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P i g .  6 .2 The e f f e c t  o f  th e  p re s e n c e  (----- ) and a b se n ce  ( -----) o f

sodium  d i t h i o n i t e  on; a )  th e  s e m i- lo g  p l o t ,  Ln (Amay-

A(t)/AmaX) ^  ®row'*'h normalise(i area over
the room-temperature fluorescence induction curve (indica­
t i v e  o f  Q,”  a ccu m u la tio n ) e x h ib i t e d  b y  D C M U -inhibited  th y la -

Jx
k o id s .



190

F i g .  6.

a. -Dithionite □ ✓ □ '□ '✓□ '✓*
/

0-5
O '

/
s

/  □✓✓✓ □

V

✓ □ 
f f/ □

b. +Difhionife

0-5

0-5
Area

3 F r a c t io n  o f  c lo s e d  PS2 c e n t r e s  (A rea ) v e r s u s  th e  F^ f o r

D C M J -in h ib ited  t h y la k o id s  suspended i n  (a )  th e  a b se n ce  ( □  ) 

and b) th e  p re s e n c e  ( ■  ) o f  d i t h i o n i t e .  The t h e o r e t i c a l  

p r e d i c t i o n  f o r  z e ro  PS2 c o n n e c t i v i t y  i s  g iv e n  b y  th e  d o tte d  

l i n e .
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T a b le  6 .1  i n d i c a t e s  t h a t  v a r io u s  in d u c t io n  cu rv e  p a ra m e te rs  a re  

changed b y  h a v in g  th e  PQ p o o l re d u ce d  p r i o r  to  i l lu m in a t io n .  Under 

th e s e  r e d u c in g  c o n d it io n s  t h e r e  was an  in c r e a s e  i n  PQ and P^ so P ^ P  

rem ain ed  r e l a t i v e l y  u n a l t e r e d .  H owever, Amay became s m a lle r  a f t e r  PQ 

r e d u c t io n ,  i n d i c a t i n g  l e s s  q u an ta  w ere now r e q u ir e d  to  p h o to re d u ce  Q  ̂

p erh a p s r e f l e c t i n g  th e  rem o v a l o f  e le c t r o n  a c c e p to r s  a s s o c ia t e d  w ith  

PS2p, a s  th e  s lo w  ph ase g i v i n g  r i s e  to  was rem oved.

The a b i l i t y  o f  v a r io u s  r e a g e n t s  to  a l t e r  p h o to s y n t h e t ic  e le c t r o n  

t r a n s f e r  r e a c t io n s  i s  e v id e n t  from  th e  f lu o r e s c e n c e  s i g n a ls  shown i n  

P i g .  6 . 4 . I t  can  be se e n  t h a t  i n  th e  p re s e n c e  o f  r e d u c t a n t s ,  l i k e  Pd/ 

NADPH, o r  PS2 i n h i b i t o r s ,  l i k e  DCMU, e le c t r o n  f lo w  away from  PS2 was 

i n h ib i t e d  a s  th e r e  was a  f a s t  r i s e  to  th e  maxi imam f lu o r e s c e n c e  l e v e l .  

H owever, th e  Pm l e v e l  was h ig h e r  i n  th e  p re s e n c e  o f  Pd/NADPH p r o b a b ly  

b e ca u se  o f  th e  rem oval o f  some f lu o r e s c e n c e  q u en ch in g  b y  o x id is e d  PQ 

(s e e  V e m o t te  e t  a l . ,  19 7 9 )*  I n  th e  a b se n ce  o f  r e d u c ta n t  o r  DCMU, th e  

f lu o r e s c e n c e  r o s e  s lo w ly  due to  c o m p e tit io n  betw een  P S 2 -in d u ce d  re d u c ­

t io n  o f  Qa  and i t s  r e o x id a t io n  b y  P S 1-m ed ia te d  e le c t r o n  f lo w .  T h is  

c o n c lu s io n  i s  su p p o rte d  b y  th e  o b s e r v a t io n  t h a t  a d d it io n  o f  MV l e d  to  

an  even  s lo w e r  f lu o r e s c e n c e  r i s e  p resu m a b ly  due to  a  s t im u la te d  PS1 

tu r n o v e r . The a d d it io n  o f  PeCy to  t h y la k o id s  h as a ls o  been  shown to  

h ave a  s i m i la r  e f f e c t  on f lu o r e s c e n c e  a s  MV, when no DCMU i s  p r e s e n t  

(s e e  M e lis  and A n d erson , 19 8 3 )-

To see if the slow, fluorescence rise exhibited by DCMU-inhibited 
thylakoids could be due to a leak of electrons through the DCMU block 
the effect of various electron acceptors and inhibitors of electron 
transfer on the fluorescence signal was investigated. Pig. 6 . 5A com­
pares the semi-log plots and area growth curves for thylakoids suspended
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TABLE 6 .1

The Effect of PQ, Reduction on Induction Curve Fluorescence Parameters

Condition F0 Fm Amax F /F v7 m 3 phase

+ dithionite 33 98.4 1795 0.67 absent

- dithionite 27 84.4 2750 0.68 present
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Fig . 6 . 4  The room tem p e ra tu re  c h lo r o p h y ll  f lu o r e s c e n c e  s i g n a ls  e x -

h i b i t e d  b y  t h y la k o id s  suspended i n  th e  p re s e n c e  o f  5eM Mg 

and a )  7.2nM f e r r e d o x in  and 0.5mM NAUPH, b ) 20pM DCMCT, c )  

m inus DCMC and d) 100|iM m eth y l v io lo g e n .

2+
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i n  th e  p re s e n c e  o f  o -p h e n a n th r o lin e  (a  PS2 i n h i b i t o r )  o r  DCMU. P i g .

6 .5 B  g iv e s  s i m i la r  p lo t s  f o r  t h y la k o id s  suspended i n  th e  p re s e n c e  o f  

FeCy added b e fo r e  o r  a f t e r  DCMU i n h i b i t i o n .  The p re s e n c e  o f  o -p h en an - 

t h r o l in e  o r  FeCy ( a f t e r  DCMU) b o th  le d  to  a  f a s t e r  r a t e  o f  Q,̂  r e d u c t io n  

due to  an in c r e a s e  i n  k^ (a p p r o x im a te ly  d o u b led , n o t  sh ow n). The 

a d d it io n  o f  FeC y ( b e fo r e  DCMU), h ow ever, l e d  to  a  s lo w e r  r a t e  o f  Q,̂  

p h o to a c cu m u la tio n  m a in ly  a s  a  r e s u l t  o f  a  d e c r e a s e  i n  k a (n o t  show n). 

F ig .  6 .5 C  shows t h a t  th e  a d d i t io n  o f  Fd/NABPH le d  to  a  f a s t e r  r e d u c t io n  

o f  Q , i n  a  manner s i m i la r  to  t h a t  shown i n  F ig .  6 .2  f o r  d i t h i o n i t e .ii
F i g .  6 .6  shows th e  e f f e c t  o f  MV on th e  s e m i- lo g  p l o t  and a r e a  grow th  

c u rv e s  i n  th e  p re s e n c e  o f  20^M DCMU. The a d d it io n  o f  MV, a g a in  s u r ­

p r i s i n g l y ,  l e d  to  a  f a s t e r  p h o to r e d u c t io n  o f  Q, .̂ T a b le  6 .2  g iv e s  th e  

v a r io u s  f lu o r e s c e n c e  p a ra m e te rs  m easured from  th e  in d u c t io n  c u r v e s  o f  

DCMU t r e a t e d  t h y la k o id s  i n  th e  p re s e n c e  o r  a b se n ce  o f  MV. I t  can  be

se e n  t h a t  MV had no e f f e c t  on th e  F b u t d id  le a d  to  lo w e r  F and Ao m max

v a lu e s .  F u rth e rm o re , th e r e  was a  s m a ll in c r e a s e  in k .^  and a p p r o x im a te ly  

a  d o u b lin g  o f  k^  w h ich  le d  to  a  d e c r e a s e  i n  When th e  a r e a  due to

e a ch  component was c a lc u la t e d  i t  was se e n  t h a t  th e  a d d it io n  o f  MV p ro ­

duced a  48% d e c r e a s e  i n  Area^ w ith  o n ly  a  17% d e c r e a s e  i n  A rea^ .

S c h r e ib e r  and P f i s t e r  (19 8 2 ) r e p o r te d  t h a t  th e  s lo w  component 

c o u ld  be rem oved b y  r a i s i n g  th e  c o n c e n t r a t io n  o f  DCMU, such  an  o b s e r ­

v a t io n  p erh a p s i n d i c a t e s  t h a t  some PS2 c e n t r e s  h ave an  e x c e p t i o n a l l y  

lo w  a f f i n i t y  f o r  th e  b in d in g  o f  DCMU. H owever, H orvath  e t  a l .  ( 1 9 8 4 ) 

h ave s u g g e s te d  t h a t  such  h ig h  l e v e l s  o f  i n h i b i t o r  p r e f e r e n t i a l l y  damages 

PS2p c e n t r e s  so t h a t  th e y  a r e  u n a v a i la b le  f o r  p h o to r e d u c t io n . DCMU 

t i t r a t i o n  c u rv e s  on v a r io u s  f lu o r e s c e n c e  p a ra m e te rs  a r e  shown i n  F i g s .  

6 .7 a , b , c  and d . I t  can  be se e n  from  F i g .  6 .7 a  t h a t  on r a i s i n g  th e  DCMU 

l e v e l  from  0.2|iM (DCMU/Chl = 0 .0 5 ) to  100jiM (DCMU/Chl = 2 7 .0 )  t h e r e  was
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P i g .  6 .5  The s e m i- lo g  p l o t s ,  Ln (A - A / .s / A  ) ,  and th e  g ro w th  o fmar ( tj ) max
th e  n o rm a lis e d  a r e a  o v e r  room tem p e ra tu re  f lu o r e s c e n c e  i n -

2+
d u c t io n  c u rv e s  f o r  t h y la k o id s  suspended a t  5niM Mg and i n

A) th e  p re s e n c e  o f  e i t h e r  2mM O -p h e n a n th ro lin e  (----- ) and

20|iM DCMC B) th e  p re s e n c e  o f  0.5nM PeCy b e fo r e  (-— )

o r  a f t e r  (----- ) DCMU a d d i t io n  and i n  th e  a b se n ce  o f  PeCy

( -----) and C) th e  p r e s e n c e  o f  20jiM DCMU w ith  (----- ) and

w ith o u t  ( -----) th e  a d d i t io n  o f  4«2^M Pd and 0.5mM NADPH.
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F i g .  6 .5  A) th e  p re s e n c e  o f  e i t h e r  2mM O -p h e n a n th ro lin e  (----- ) and

20|iM DCMU ( -----) .
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P i g .  6 .5  B) th e  p re s e n c e  o f  0.5mM FeC y B e fo r e  (•’ ..... ) o r  a f t e r  (----- )

DCMU a d d it io n  and i n  th e  ab sen ce  o f  FeC y ( ---- ) .



0

0 250 500
Time, ms

Fig. 6.5 C) the presence of 20[iM DCMtJ with (---) and without (___)
the addition of 4.2jiM Fd and 0.5mM NADPH.



199

Fig. 6.6 The effect of the presence (---) and absence (---) of 100|iM
methyl viologen on a) the semi-log plot, Ln (A -A/.n/A '
and b) the growth of the normalised area over the room tem­
perature fluorescence induction curve exhibited by DCMU-

2+inhibited tbylakoids suspended in 5giM Mg .
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TABLE 6 .2

The E f f e c t  o f  M eth yl Y io lo g e n  (W) on V a r io u s  F lu o r e s c e n c e  P a ra m ete rs

C o n d it io n  51o m Amax k cr 1 1 ^max
( s “ 1 ) ( s ' 1 )

A rea
a

A rea P

-MV 22 8 6 .9  1251 4 2 .7  3-8 0 .3 1  870 381

+MV 22 80 .1 918 4 4 .5  6 .8  0 .2 1  720 197
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l i t t l e  change i n  F , F and F , w h ile  th e  A v a lu e  d e c r e a s e d  b y  43% 

w ith  no s i g n i f i c a n t  change i n  F ^ F  ( F i g .  6 .7 b ) .  P a ra m e te rs  from  th e  

k i n e t i c  a n a ly s e s  o f  th e  f lu o r e s c e n c e  r i s e  a s  a  f u n c t io n  o f  DCMtJ concen­

t r a t i o n  a r e  p r e s e n te d  i n  F i g .  6 .7 c .  I t  i s  se e n  t h a t  on i n c r e a s in g  th e  

DCMtJ l e v e l  th e r e  was a  p r e f e r e n t i a l  in c r e a s e  i n k ^  (68% ch an ge) w ith  

o n ly  a  7% a l t e r a t i o n  i n  k^. From th e  v a r io u s  Pmgy v a lu e s  g e n e r a te d , th e  

a r e a s  due to  th e  a  and P com ponents w ere c a lc u la t e d  i n  re s p o n s e  to  

c h a n g in g  DCMU l e v e l s  ( F i g .  6 .7 d ) .  T h is  i n d ic a t e d  t h a t  i n c r e a s in g  th e  

DCMC c o n c e n tr a t io n  p r e f e r e n t i a l l y  e f f e c t s  th e  PS2p c e n t r e s ,  le a d in g  to  

a  68% d e c r e a s e  i n  Area^ . o v e r  th e  c o n c e n t r a t io n  ra n g e  i n v e s t i g a t e d ,  

w h ile  o n ly  d e c r e a s in g  A re a a b y  1 7 %.

A f t e r  a  s a t u r a t i n g  l i g h t  p r e tr e a tm e n t  to  re d u ce  Q , even  i n  th eil
p re s e n c e  o f  DCMtJ and an  i n h i b i t o r  o f  PS2 b a c k r e a c t io n s  w ith  th e  o x i d i s ­

in g  s id e  o f  PS2, Q s lo w ly  becom es p a r t i a l l y  r e o x id is e d  i n  th e  d a r k . 

T h ie le n  and va n  Gorkom (19 8 1a )  have p r e v io u s ly  r e p o r t e d  t h a t  th e  r e ­

o x id is e d  Q. c o u ld  be a t t r i b u t e d  to  PS2 c e n t r e s ,  t h i s  o b s e r v a t io n  w ould 

n o t  be e x p e c te d  i f  PS2^ r e s u l t e d  from  p o o r ly  in h ib i t e d  r e a c t i o n  c e n t r e s .  

F i g .  6 .8  shows th e  s e m i- lo g  p l o t s  and a r e a  grow th  c u r v e s  f o r  c o n t r o l  

t h y la k o id s  (no l i g h t  p re tr e a tm e n t)  and th o s e  t h y la k o id s  g iv e n  1 5 s  d a rk  

r e o x id a t io n  a f t e r  a  l i g h t  p r e tr e a tm e n t . I t  i s  se e n  from  F i g .  6 .8  t h a t  

th e  r e o x id is e d  PS2 c e n t r e s  g a ve  r i s e  to  a  component w h ich  was su b seq ­

u e n t ly  re re d u c e d  w ith  m a in ly , s lo w  e x p o n e n t ia l  k i n e t i c s .  T a b le  6 . 3  

g iv e s  th e  v a r io u s  f lu o r e s c e n c e  p a ra m e te rs  a s s o c ia t e d  w ith  th e  two s i t u ­

a t i o n s  m entioned a b o v e . A f t e r  th e  l i g h t  tre a tm e n t f o l lo w e d  b y  1 5 s  d a rk

r e o x id a t io n  th e  F rem ain ed  h ig h  w h ile  th e  F was s l i g h t l y  lo w e re d  com- o m
p a re d  w ith  th e  c o n t r o l  w h ich  had no l i g h t  p re  tre a tm e n t. M ost o f  th e  

a r e a  o v e r  th e  cu rv e  w h ich  was r e g e n e r a te d  b y  th e r e o x id a t io n  c o u ld  be 

a t t r i b u t e d  to  th e  s lo w , P-com ponent.
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F i g .  6 .7  The e f f e c t  o f  DCMU c o n c e n t r a t io n  on th e room tem p e ra tu re

f lu o r e s c e n c e  in d u c t io n  c u rv e  p a ra m e te rs  a )  F^ ( a  ) ,  F ( •  ) 

and Fq ( ■ ) ;  h ) A ^  ( a ) and F^/F^ ( o  ) ;  c )  k a ( a ) and 

kp ( A  ) and d) Area^ ( ■  ) and Area^ ( □ ) e x h ib i t e d  b y  

th y la k o id s  suspended i n  th e  p re s e n c e  o f  5mM M gClg.



203

DCMU, jjM

F i g .  6 .7  a )  Fm ( a  ) ,  ( •  ) and Fq ( ■  ) .

b) W  ( A ) V Pm (°)-
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I

F i g .  6 .7 c )  k a  ( A ) and k p ( A ) .

d) Area^ ( ■ ) and Area^ ( □ ).
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Pig. 6.8 a) The semi-log plot, Ln (A -A/,\/A ), and b) the area
growth curves exhibited by control thylakoids given no 
preillumination treatment (-- ) and light-pretreated thy­
lakoids given a 15s dark reoxidation time after preillum-
ination (---). All experiments were carried out at room
temperature in the presence of 20jiM DCMIT, 4.5nM Ant 2p and 
5mM Mg2+.
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TABLE 6 .5

The E f f e c t  o f  a  P r e i l l im i .n a t io n  L ig h t  T reatm en t on V a r io u s  

F lu o r e s c e n c e  I n d u c t io n  Curve P a ra m ete rs

C o n d itio n Fm Amax k2l
(■ 1) (■ 1)

max
A rea A rea r

C o n tr o l 
(no l i g h t  
tre a tm e n t)

25 7 5 .4

61 7 2 .7

1470 30

598 64

5 .4  0 .3 5

5.9  0.81

956 515

757 322
1 5 s  r e o x i ­
d a t io n  ( a f t e r  
l i g h t  tre a tm e n t)
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R e c e n t l y ,  i t  h a s  b e e n  r e p o r t e d  t h a t  P S 2 a  a n d  P S 2 p  h a v e  d i f f e r e n t  

f l u o r e s c e n c e  e m i s s i o n  s p e c t r a  s o  t h a t  P S 2 p  f l u o r e s c e s  w i t h  a  m a xim u m  a t  

7 1 5 - 7 3 0 n m  c o m p a r e d  w i t h  685nm  f o r  P S 2 ^  ( B r e a r l e y  a n d  H o r t o n ,  1 9 8 4 ) .

T a b l e  6 . 4  g i v e s  v a r i o u s  f l u o r e s c e n c e  p a r a m e t e r s  f r o m  f l u o r e s c e n c e  i n ­

d u c t i o n  c u r v e s  d e t e c t e d  a t  e i t h e r  685nm  o r  7 3 1  A l t h o u g h  F  ,  F  a n do  m

A  l e v e l s  c a n n o t  b e  c o m p a r e d  b e c a u s e  o f  t h e  d i f f e r e n t  t r a n s m i s s i o n  m a x

p r o p e r t i e s  o f  t h e  f i l t e r s  a n d  a l t e r e d  f l u o r e s c e n c e  y i e l d s  a t  t h e  tw o

w a v e l e n g t h s  t h e  k i n e t i c  d a t a  c a n  b e  c o m p a r e d  d u e  t o  t h e  n o r m a l i s a t i o n

i n v o l v e d  i n  t h e  a n a l y s e s .  I t  w a s  s e e n  t h a t  t h e r e  w a s  n o  o b s e r v a b l e

d i f f e r e n c e  b e t w e e n  k  ,  k o  a n d  |3 w h e n  t h e  f l u o r e s c e n c e  s i g n a l  w a so r p m a x

m o n i t o r e d  a t  e i t h e r  685nm  o r  7 3 1 nm« T h i s  o b s e r v a t i o n  d i s a g r e e s  w i t h

t h e  c o n t e n t i o n  t h a t  P S 2  a n d  P S 2 Q h a v e  d i f f e r e n t  f l u o r e s c e n c e  e m i s s i o n
oc (3

c h a r a c t e r i s t i c s  a s  m i g h t  b e  p r e d i c t e d  f r o m  t h e  r e p o r t e d  s h i f t  i n  t h e  

a b s o r p t i o n  p r o p e r t i e s  o f  t h e  tw o  t y p e s  o f  c e n t r e  ( T h i e l e n  a n d  v a n  G o r k o m , 

1 9 8 1 b ) .

I t  w a s  o r i g i n a l l y  p r o p o s e d  b y  M e l i s  a n d  H o m a n n  ( 1 9 7 8 )  t h a t  P S 2 a  

w a s  l o c a t e d  i n  t h e  g r a n a l  l a m e l l a e  w h i l e  P S 2 p  w a s  s i t u a t e d  o u t  i n  t h e  

s t r o m a l  m e m b r a n e s . T h e  f l u o r e s c e n c e  a n a l y s i s  o f  m e m b ra n e  f r a g m e n t s  h a s  

s o  f a r  c o n f i r m e d  t h e  a b o v e  c o n t e n t i o n  ( A n d e r s o n  a n d  M e l i s ,  1 9 8 3 ;  La m  

e t a l . ,  1 9 8 3 ) •  T a b l e  6 . 5  c o m p a r e s  v a r i o u s  f l u o r e s c e n c e  p a r a m e t e r s  o b ­

t a i n e d  f r o m  i n d u c t i o n  c u r v e s  g e n e r a t e d  f r o m  O g - e ^ o l v i n g  P S 2  p r e p a r a t i o n s  

( B B Y )  w i t h  i n t a c t  t h y l a k o i d  m e m b r a n e s , b o t h  a t  p H  6 . 0  a n d  p H  8 . 2 .  A  

s l o w  c o m p o n e n t p e r h a p s  c o r r e s p o n d i n g  t o  (3 c e n t r e s  w a s  o b s e r v e d  i n  t h e  

P S 2  p a r t i c l e s  w h i c h  a r e  b e l i e v e d  t o  o r i g i n a t e  f r o m  t h e  a p p r e s s e d , g r a n a l  

l a m e l l a e .  P r o m  t h e  k  a n d  P _ / P  v a l u e s  i t  w o u l d  seem  t h a t  t h e s e  p r e -  

p a r a t i o n s  a r e  n o t  a s  e f f i c i e n t  a t  t r a p p i n g  q u a n t a  a s  s h o c k e d  c h l o r o -  

p l a s t s ,  i n d i c a t i n g  t h a t  some d e g r e e  o f  P S 2  d am age o r  r e o r g a n i s a t i o n  h a d  

o c c u r r e d .  T h i s  i s  h i g h l i g h t e d  b y  t h e  h i g h  P Q l e v e l s  a n d  l o w  P
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TABLE 6 . 4

Various Fluorescence Induction Curve Parameters Measured at 
685nm  a n d  7 5 1  ran

Condition F F o m Am a x ka . V  Pma* V Pm 
(s_1) (S“1)

P 68 5

F731

25 9 0 .5  1 3 4 0  4 1 . 9  4 - 6  0 . 3 7  0 . 7 2  8 4 0  5 0 0

2 0 .2  5 8 .5  7 7 7  4 4 .5  4 . 9  0 .4 0  0 .6 5  4 6 7  3 1 0



TABLE 6.5
V a r i o u s  F l u o r e s c e n c e  I n d u c t i o n  C u r v e  P a r a m e t e r s  M e a s u r e d  f r o m  

I n t a c t  P e a  C h l o r o p l a s t s  a n d  a  P S 2  P r e p a r a t i o n  ( B B Y )

C o n d i t i o n F
0

F m A m a x k

( s  1 ) (s-1) 0m a x

p H  8 . 0  

B B Y 4 0 6 8 .5 1 1 7 0 2 7 .0 4 .0 0 . 5 7 0 .4 2

I n t a c t 3 4 1 0 4 . 5 1600 3 8 .4 4 . 1 0 . 3 4 0 .6 8

p H  6 . 0

B B Y 4 0 8 8 .5 5 8 0 0 2 0 .0 2 . 1 0 . 7 0 0 .5 5

I n t a c t 30 9 3 .0 2400 5 1 . 0 2 . 7 0 . 5 2 0 .6 8
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r a t i o s  i n d i c a t i v e  o f  a n  i n a b i l i t y  t o  g e n e r a t e  o x i d i s e d  Q,^ b e f o r e  i l l u m ­

i n a t i o n  i n  t h e  B B Y * s .

A l l  o f  t h e  w o r k  w h i c h  h a s  s o  f a r  b e e n  c a r r i e d  o u t  t o  i n v e s t i g a t e  

t h e  P S 2 a ,  P S 2 p  t y p e  o f  h e t e r o g e n e i t y ,  a s  w e l l  a s  t h e  o r i g i n a l  e x p e r i m e n t s  

b y  M e l i s  a n d  H o m a n n , w e r e  c a r r i e d  o u t  i n  v i t r o .  P i g .  6 . 9  s h o w s  t h e  s e m i­

l o g  p l o t s  a n d  a r e a  g r o w t h  c u r v e s  f o r  D C f f l J - i n h i b i t e d  i n t a c t  p e a  l e a v e s  

a n d  i s o l a t e d  p e a  t h y l a k o i d s .  I t  c a n  b e  s e e n  t h a t  i n  v i v o  t h e  s e m i - l o g  

p l o t  w a s  n o t  e a s i l y  d i f f e r e n t i a t e d  i n t o  tw o  k i n e t i c  c o m p o n e n t s , a l t h o u g h  

t h e  k  v a l u e s  a n d  P r a t i o s  ( n o t  s h o w n ) e x h i b i t e d  b y  l e a v e s  w e r e  com­

p a r a b l e  t o  t h a t  o b t a i n e d  i n  v i t r o  w h e n  e a c h  h a d  b e e n  g i v e n  t h e  sam e e x ­

c i t a t i o n  l i g h t  i n t e n s i t y .

6 . 2  D i s c u s s i o n :

T h e  d a t a  p r e s e n t e d  i n  t h i s  c h a p t e r  s u g g e s t s  t h a t  t h e  b i p h a s i c  n a t ­

u r e  o f  ro o m  t e m p e r a t u r e  f l u o r e s c e n c e  i n d u c t i o n  c u r v e s  f r o m  D C M I - i n h i b i t e d  

t h y l a k o i d s  m a y  n o t  b e  d u e  t o  tw o  d i s t i n c t  f o r m s  o f  P S 2  c e n t r e  l o c a t e d  

i n  d i f f e r e n t  t h y l a k o i d  r e g i o n s  a s  p r e v i o u s l y  p r o p o s e d  b y  M e l i s  a n d  c o ­

w o r k e r s  .

I t  h a s  a l r e a d y  b e e n  s h o w n  i n  C h a p t e r  3 t h a t  t h e  r e l a t i v e  e x t e n t  o f

P i s  a l t e r e d  w h e n  t h y l a k o i d  m e m b ra n e s  u n d e r g o  c o n f o r m a t i o n a l  c h a n g e s  m a x

( T a b l e  3 . 1  a n d  3 - 2 ) .  H o w e v e r , t h i s  c h a n g e  i n  P m a Y  d o e s  n o t  n e c e s s a r i l y  

r e f l e c t  a  c o n v e r s i o n  o f  t h e  P S 2  c e n t r e s  i n t o  P S 2 0 c e n t r e s .  P r o m  a b ­

s o r p t i o n  d i f f e r e n c e  s p e c t r o s c o p y  i n  t h e  u l t r a  v i o l e t  ( 3 2 0 n m ) , M e l i s  a n d  

Ow ( 1 9 8 2 ) ,  h a v e  s u g g e s t e d  t h a t  t h e  a b s o l u t e  n u m b e r o f  t h e  tw o  c e n t r e s  

d o e s  n o t  c h a n g e  w h e n  c o m p a r i n g  t h y l a k o i d s  s u s p e n d e d  i n  t h e  p r e s e n c e  a n d  

a b s e n c e  o f  M g C l g . T h e y  p r o p o s e d  t h a t  t h e  d i s c r e p a n c y  b e t w e e n  t h e A A ^ Q
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F i g .  6 . 9 a )  T h e  s e m i - l o g  p l o t ,  L n  ( A  - A / . n / A  )  a n d  t>) t h e  a r e am a x   ̂x  j m a x
g r o w t h  c u r v e s  e x h i b i t e d  b y  i n t a c t  p e a  l e a v e s  ( - — )  a n d

i s o l a t e d  p e a  t h y l a k o i d s  ( ------ )  s u s p e n d e d  i n  t h e  p r e s e n c e  o f
2+5mM M g ,  a n d  i n h i b i t e d  w i t h  DCMET.



m e a s u r e m e n ts  a n d  f l u o r e s c e n c e  a n a l y s i s  w a s  d u e  t o  a  M g  - s p e c i f i c  e f f e c t

o n  P S 2  c e n t r e s  w h i c h  a l t e r e d  t h e i r  f l u o r e s c e n c e  y i e l d .  T a b l e  3 « 1  a n d  a
2+3 . 2 ,  h o w e v e r , i n d i c a t e d  t h a t  n o  M g  - s p e c i f i c  e f f e c t  w a s  a p p a r e n t  a n d  

t h a t  t h e  c h a n g e  i n  f l u o r e s c e n c e  i n d u c t i o n  p r o f i l e  p r o b a b l y  r e f l e c t e d  a  

c a t i o n - s p e c i f i c  a l t e r a t i o n  i n  m e m b ra n e  a n d  p r o t e i n  o r g a n i s a t i o n  w h i c h  

a l t e r e d  P S 2 - P S 2  i n t e r a c t i o n s  a s  w e l l  a s  P S 2 - P S 1  i n t e r a c t i o n s  ( s e e  

B a r b e r ,  1 9 8 2 a ) .  I f  t h e  n u m b e r  o f  t h e  tw o  c e n t r e s  r e m a i n s  t h e  s a m e , a s  

a r g u e d  b y  M e l i s  a n d  Ow ( 1 9 8 2 ) ,  t h e n  t h e  o b s e r v e d  c h a n g e s  i n  p m a y  b r o u g h t  

a b o u t  b y  v a r i o u s  c o n d i t i o n s  ( s u c h  a s  c a t i o n  l e v e l s  a n d  p r o t e i n  p h o s ­

p h o r y l a t i o n )  c a n  b e  e x p l a i n e d  b y  a  c h a n g e  i n  t h e  f a s t ,  s i g m o i d a l  a  com­

p o n e n t  d u e  t o  d i f f e r e n c e s  i n  P S 2 - P S 2  i n t e r a c t i o n .  S u c h  c h a n g e s  i n  P S 2 -  

P S 2  i n t e r a c t i o n s  c o u l d  b e  b r o u g h t  a b o u t  b y  e i t h e r  p i g m e n t - p r o t e i n  r a n ­

d o m i s a t i o n  o r  L H C  d e t a c h m e n t . B y  t h e  n a t u r e  o f  t h e  a n a l y s i s  s u c h  a  

c h a n g e  i n  t h e  a - p h a s e  m e a n s  8 b e c o m e s  a l t e r e d .  T h i s  c a n  b e  s e e n  i n  

P i g .  6 . 1 ,  w h e r e  B i s  c o r r e l a t e d  t o  A  .  T h i s  a r e a  g i v e s  a n  i n d i ­

c a t i o n  o f  t h e  o v e r a l l  k i n e t i c s  o f  Q,^ p h o t o r e d u c t i o n ,  t a k i n g  i n t o  a c c o u n t  

a n y  c h a n g e s  i n  f l u o r e s c e n c e  e m i s s i o n  y i e l d .  H o t  s u r p r i s i n g l y ,  t h e  e x ­

t e n t  o f  [3̂ ^  b r o u g h t  a b o u t  b y  e i t h e r  s a l t -  o r  p h o s p h o r y l a t i o n - i n d u c e d  

c h a n g e s  l e d  t o  a  s i m i l a r  c h a n g e  i n  A  .  A s  t h e  t w o  p r o c e s s e s  a r e  

b e l i e v e d  t o  a l t e r  P S 2  o r g a n i s a t i o n  i n  d i f f e r e n t  w a y s  ( s e e  C h a p t e r s  3 

a n d  4 )  i t  i s  d i f f i c u l t  t o  r e c o n c i l e  c h a n g e s  i n  {3 w i t h  t h e  c o n v e r s i o n  

o f  P S 2 a  i n t o  P S 2 p  o r  v i c e - v e r s a ,  t h e r e f o r e  t h e  c h a n g e  i n  p r o b a b l y

r e f l e c t s  a l t e r a t i o n s  i n  t h e  a - c o m p o n e n t  w h i c h  b r i n g s  a b o u t  a n  o v e r a l l  

s l o w e r  p h o t o r e  d u c t i o n  o f  Q ^ .

V e m o t t e  e t  a l .  ( 1 9 7 9 )  h a v e  s h o w n  t h a t  t h e  r e d o x  s t a t e  o f  t h e  P Q

p o o l  c a n  a l t e r  P  l e v e l s  a n d  T a b l e  6 . 1  s h o w s  t h a t  t h e  P  c a n  a l s o  b e  * m o
a f f e c t e d .  T h e s e  c h a n g e s  i n  P  a n d  P  ,  d u e  t o  d i t h i o n i t e  a d d i t i o n ,  m e a n to m
t h a t  P .y/P jH  s t a y e d  u n a l t e r e d .  T h i s  w a s  n o t  o b s e r v e d  b y  M e l i s  ( 1 9 7 8 )  who
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■ under r e d u c i n g  c o n d i t i o n s  f o u n d  a  l o w e r  F ^ F  r a t i o .  A n o t h e r  c o n s e q ­

u e n c e  o f  t h e  d i t h i o n i t e  t r e a t m e n t  w a s  t h a t  A  d e c r e a s e d , i n d i c a t i n gm a x

l e s s  q u a n t a  w e r e  n o w  r e q u i r e d  t o  p h o t o r e d u c e  Q ^ ,  p e r h a p s  "b e c a u s e  o f  t h e  

r e m o v a l  o f  a  p o o l  o f  e l e c t r o n  a c c e p t o r s .  T h i s  t r e a t m e n t  a l s o  l e d  t o  a  

r e m o v a l  o f  t h e  b i p h a s i c  n a t u r e  o f  t h e  f l u o r e s c e n c e  r i s e  a n d  a n  a c c e l e r ­

a t e d  r a t e  o f  Q ^  r e d u c t i o n  ( F i g .  6 . 2  a n d  T a b l e  6 . 1 ) .  T h e  p r i o r  r e d u c t i o n  

o f  t h e  P Q  p o o l ,  b y  d i t h i o n i t e ,  a l s o  m e a n t  t h a t  t h e  r e l a t i o n s h i p  b e t w e e n

F  a n d  Q  a c c u m u l a t i o n  w a s  a l t e r e d  s o  t h a t  t h e  d e v i a t i o n  a t t r i b u t e d  t o  V A
P S 2 p  ( s e e  M e l i s  a n d  S c h r e i b e r ,  1 9 7 9 )  b e c a m e  l i n e a r .  T h e s e  r e s u l t s  a r e  

v e r y  s i m i l a r  t o  t h o s e  r e p o r t e d  b y  M e l i s  ( 1 9 7 8 )  w ho d i s c u s s e d  h i s  d a t a  

i n  t e r m s  o f  d i f f e r e n t  m i d p o i n t  r e d o x  p o t e n t i a l s  f o r  P S 2 a  a n d  P S 2 p .  

H o w e v e r , s u c h  o b s e r v a t i o n s  c o u l d  a l s o  s u g g e s t  t h a t  t h e  s l o w  p h a s e  m a y , 

i n p a r t ,  r e f l e c t  P S 2  c e n t r e s  n o t  f u l l y  i n h i b i t e d  b y  D C M U  s o  t h a t  w h e n  P Q  

i s  o v e r - r e d u c e d  a n d  e l e c t r o n  t r a n s f e r  i s  i n h i b i t e d  ( s e e  F i g .  6 . 4 )  t h e  

r e o x i d a t i o n  o f  a  c e r t a i n  p o o l  o f  Q ^ ,  a s s o c i a t e d  w i t h  t h e  s l o w  p h a s e , v i a  

a  D C M H - i n s e n s i t i v e  r e a c t i o n  c a n n o t  t a k e  p l a c e .

T h e  i n v o l v e m e n t  o f  P Q  i n  t h e  m a n i f e s t a t i o n  o f  t h e  s l o w  p h a s e  i s  

c o n s i s t e n t ,  i n  p a r t ,  w i t h  t h e  r e p o r t e d  m i d p o i n t  p o t e n t i a l  f o r  Q ^ .  R e d o x  

t i t r a t i o n s  o f  t h e  (3- c o m p o n e n t  h a s  p r o d u c e d  a n  E^j ^  =  + 1 20m V w i t h  a n  

ru=1 f i t  t o  t h e  N e m s t  e q u a t i o n  ( H o r t o n ,  1 9 8 1 ) .  A l t h o u g h  t h e  m i d p o i n t  

p o t e n t i a l  i s  s i m i l a r  t o  t h a t  f o r  P Q ,  t h e  n = 1  f i t  w o u l d  i m p l y  a  1 e l e c ­

t r o n  a c c e p t o r  w h i c h  i s  t h e r e f o r e  i n c o n s i s t e n t  w i t h  P Q ,  a s  t h i s  i s  a  2 

e l e c t r o n  a c c e p t o r .  P e r h a p s ,  h o w e v e r , t h i s  m a y  r e f l e c t  t h e  i n v o l v e m e n t  

o f  t h e  b o u n d , s e m i - q u i n o n e  f o r m  o f  P Q  i n  t h e  g e n e r a t i o n  o f  a  s l o w  com­

p o n e n t .  I t  h a s  b e e n  r e p o r t e d  t h a t  w h e n  t h e  b o u n d  s e m i - q u i n o n e  f o r m  

( Q ^ )  i s  p r e s e n t  t h e  DCMCT b i n d i n g  a f f i n i t y  a t  t h e s e  s i t e s  i s  l o w e r e d  b y  

a  f a c t o r  o f  2 0  ( L a v e r g n e ,  1 9 8 2 c ) .  B r e a r l e y  a n d  H o r t o n  ( 1 9 8 4 )  h a v e  s u g ­

g e s t e d  f r o m  DC M U t i t r a t i o n s  o f  F  ,  t h a t  a  a n d  (3 c e n t r e s  s h o w  d i f f e r e n tm
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a f f i n i t i e s  f o r  DC M U s o  t h a t  t h e  I c _ f o r  P S 2  w a s  0 .0 5 f iM  w h i l e  t h e  I c r .pO a pU
f o r  P S 2 p  w a s  3 6 > fiM . J o l i o t  a n d  J o l i o t  ( 1 9 8 3 )  h a v e  a l s o  n o t i c e d  t h a t  

DCMCT l e v e l s  p r e f e r e n t i a l l y  e f f e c t  i n  t h a t  t h e  t ^  f o r  t h e  r e d u c t i o n  

o f  a s s o c i a t e d  w i t h  t h e  s l o w  p h a s e  w a s i n v e r s e l y  p r o p o r t i o n a l  t o  

DCM U c o n c e n t r a t i o n .  F u r t h e r m o r e ,  S c h r e i h e r  a n d  P f i s t e r  ( 1 9 8 2 )  h a v e  r e ­

p o r t e d  t h a t  c h l o r o p l a s t  i n t a c t n e s s  a n d  m e m b ra n e  i n t e g r i t y  i n f l u e n c e  

t h e  e x t e n t  o f  t h e  s l o w  c o m p o n e n t a n d  t h e y  h a v e  a l s o  s u g g e s t e d  t h a t  |3 

c e n t r e s  r e f l e c t  t h o s e  P S 2  u n i t s  w i t h  a  l o w  DCMIT a f f i n i t y .  S u c h  r e p o r t s  

a r e ,  t h e r e f o r e ,  c o n s i s t e n t  w i t h  t h e  c o n c e p t  t h a t  a n  a l t e r e d  DCM IJ a f f i n i t y  

m a y  p a r t l y  e x p l a i n  t h e  s l o w  r i s e .  H o w e v e r , H o r v a t h  e t  a l .  ( 1 9 8 4 )  h a v e  

s h o w n  t h a t  h i g h  DC M C T/C hl r a t i o s  p r e f e r e n t i a l l y  a l t e r  P S 2 ^  s o  a s  t o  i n ­

h i b i t  t h e i r  p h o t o r e d u c t i o n  w h i c h  l e a d s  t o  a  d e c r e a s e  i n  F  w i t h  l i t t l e  

c h a n g e  i n  F q .  T h e y  c o n c l u d e d  t h a t  f l u o r e s c e n c e  m e a s u r e m e n ts  w e r e  o n l y  

m e a n i n g f u l  i f  l o w  D C M O / C h l r a t i o s  w e r e  u s e d  b e c a u s e  w i t h  a  D C M H / C h l =

3 . 7 5  n o  P S 2 p  p h o t o r e d u c t i o n  w a s  a p p a r e n t l y  o b s e r v e d , d u e  t o  som e d e s ­

t r u c t i v e  c o n f o r m a t i o n a l  c h a n g e  t a k i n g  p l a c e  a t  t h e  P S 2 ^  r e a c t i o n  c e n t r e .  

F i g .  6 . 7  s h o w s  t h a t  e v e n  a t  a  D C M T / C h l  r a t i o  o f  g r e a t e r  t h a n  1 0  v e r y  

l i t t l e  c h a n g e  w a s  s e e n  i n  e i t h e r  F q ,  F m o r  F  b u t  t h e r e  w a s  a  p r e f e r e n ­

t i a l  DCMIJ e f f e c t  o n  t h e  s l o w  c o m p o n e n t s o  w a s  i n c r e a s e d  a n d  A r e a ^  

d r a s t i c a l l y  d i m i n i s h e d .  H o w e v e r , e v e n  i n  t h e  p r e s e n c e  o f  1 0 0 |iM  DCM IJ a  

s l o w  c o m p o n e n t s t i l l  e x i s t e d  a n d  t h i s  m a y  r e f l e c t  t h o s e  P S 2  c e n t r e s  

w h i c h  p r o d u c e  t h e  o f  385|^M» F u r t h e r m o r e ,  D i n e r  a n d  D e ls o m e  ( 1 9 8 3 ) >  

w h i l e  i n v e s t i g a t i n g  P S 2  e l e c t r o n  a c c e p t o r s  f o u n d  t h a t ,  c o n t r a r y  t o  

M e l i s  a n d  S c h r e i b e r  ( 1 9 7 9 ) »  Qp r e d u c t i o n  d i d  n o t  g i v e  r i s e  t o  a  C ^ q  

a b s o r p t i o n  c h a n g e . T h e y  a l s o  f o u n d  t h a t  d i d  n o t  g e n e r a t e  a  t r a n s ­

m e m b ra n e  p o t e n t i a l  o n  r e d u c t i o n  ,  w h ic h  i s  c o n s i s t e n t  w i t h  a  r e p o r t  b y  

M e i b u r g  e t  a l .  ( 1 9 8 4 ) .  A n  e x p l a n a t i o n  p u t  f o r w a r d  b y  D i n e r  a n d

D e ls o m e  w a s  t h a t  i f  h a d  a  m i d p o i n t  p o t e n t i a l  o f  + 1 2 0 m Y  t h e n  i t  w a s  

n o t  a  P S 2  p r i m a r y  e l e c t r o n  a c c e p t o r  a n d  t h e r e f o r e  m a y  b e  a  s e c o n d a r y
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e l e c t r o n  a c c e p t o r  o r  r e l a t e d  t o  P S 2  c e n t r e s  w i t h  m o d i f i e d  D C M - b i n d i n g .  

T h i s  l a t t e r  c o n c l u s i o n  i s  a g a i n  c o n s i s t e n t  w i t h  t h e  r e p o r t s  a l r e a d y  

m e n t i o n e d  a b o v e  a n d  w i t h  t h e  w o r k  o f  T h i e l e n  a n d  v a n  G o r k o m  ( 1 9 8 1 c )  

w ho s u g g e s t e d  t h a t  (3 c e n t r e s  w e r e  n o t  a s s o c i a t e d  w i t h  t h e  tw o  e l e c t r o n  

g a t e  ( Q g )  b e c a u s e  P S 2 p  d i d  n o t  g e n e r a t e  f l u o r e s c e n c e  o n  D C M J  a d d i t i o n  

i n  r e s p o n s e  t o  s a t u r a t i n g  p r e f l a s h  n u m b e r . T h e y  a l s o  s h o w e d  t h a t  t r i s -  

w a s h i n g  l e d  t o  t h e  r e m o v a l  o f  t h e  s l o w  r i s e .  T h i s  t r e a t m e n t  i n h i b i t s  

e l e c t r o n  d o n a t i o n  t o  P 6 8 0 +  a n d  c o u l d  i m p l y  t h e  r e q u i r e m e n t  f o r  m o re  

t h a n  o n e  P S 2  t u r n o v e r  t o  g e n e r a t e  t h e  s l o w  p h a s e , a g a i n  c o n s i s t e n t  w i t h  

t h e  i n v o l v e m e n t  o f  u n i n h i b i t e d  P S 2  c e n t r e s  i n  t h e  m a n i f e s t a t i o n  o f  t h e  

s l o w  p h a s e .

I t  c a n  b e  s e e n  f r o m  P i g .  6 . 5 a  t h a t  t h e  P S 2 - i n h i b i t o r  o - p h e n a n t h r o -  

l i n e  a l t e r e d  t h e  k i n e t i c s  o f  t h e  s l o w  r i s e .  T h i e l e n  a n d  v a n  G o r k o m  

( 1 9 8 1 c )  a l s o  r e p o r t e d  t h i s  e f f e c t  a n d  s u g g e s t e d  i t  w a s  d u e  t o  a n  i n c r e a s e  

i n  f r o m  P S 2 p  c e n t r e s  a s  a  r e s u l t  o f  a n  a l t e r e d  P S 2  o r g a n i s a t i o n .  

V e r m a a s  e t  a l .  ( 1 9 8 4 )  h a v e  s h o w n  t h a t  o - p h e n a n t h r o l i n e  e x h i b i t s  r a p i d  

e x c h a n g e  k i n e t i c s  w i t h  t h e  h e r b i c i d e - b i n d i n g  p r o t e i n  ( Q ^ )  c o m p a r e d  w i t h  

P C M J . T h e r e f o r e ,  i f  p a r t  o f  t h e  s l o w  r i s e  w a s  d u e  t o  Q^Qrg t h e n  a f t e r  a  

s i n g l e  P S 2  t u r n o v e r  i n  t h e s e  c e n t r e s  o - p h e n a n t h r o l i n e  c o u l d  q u i c k l y  

b i n d  a n d  i n h i b i t  Q  r e o x i d a t i o n  b e f o r e  t h e  r e g e n e r a t i o n  o f  l e a d i n g

t o  a  f a s t e r  ,  o r  p e r h a p s  o - p h e n a n t h r o l i n e  i s  c a p a b l e  o f  b i n d i n g  t o  

t h o s e  P S 2  c e n t r e s  w h i c h  s h o w  a  v e r y  l o w  a f f i n i t y  f o r  D C M U .

T h e  s l o w  r i s e  k i n e t i c s  c a n  a l s o  b e  a l t e r e d  b y  t h e  a d d i t i o n  o f  P S 1  

e l e c t r o n  a c c e p t o r s .  I t  i s  s e e n  f r o m  P i g .  6 . 4  t h a t  t h e  a d d i t i o n  o f  M V 

t o  u n p o i s o n e d  t h y l a k o i d s  m e a n t  t h a t  w a s  k e p t  m o re  r e o x i d i s e d  t h a n  i n  

t h e  a b s e n c e  o f  M V . T h i s  i s  a l s o  s e e n  f o r  F e C y  a d d i t i o n  ( A n d e r s o n  a n d  

M e l i s ,  1 9 8 3 )  • I n  t h e  p r e s e n c e  o f  M V ( P i g .  6 . 6 )  o r  F e C y  ( P i g .  6 . 5 b )  i t
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c a n  b e  s e e n  t h a t  t h e  s l o w  p h a s e  w a s  a f f e c t e d  e v e n  i n  t h e  p r e s e n c e  o f  

s a t u r a t i n g  l e v e l s  o f  DC M U w h i c h  a r e  s u p p o s e d  t o  t o t a l l y  i n h i b i t  0  ̂

e v o l u t i o n .  J o l i o t  a n d  J o l i o t  ( 1 9 8 3 )  h a v e  a l s o  o b s e r v e d  t h e s e  c h a n g e s  

d u e  t o  MV" a n d  F e C y  a n d  e x p l a i n e d  t h e i r  r e s u l t s  a s  b e i n g  d u e  t o  t h e  r e ­

m o v a l  o f  t h e  Q  Q“  s t a t e  w h i c h  i s  s t i l l  p r e s e n t  i n  t h e  d a r k .  T h e y  c o n ­

c l u d e d  t h a t  t h e  s l o w  f l u o r e s c e n c e  r i s e  w a s  p a r t l y  d u e  t o  t h o s e  P S 2  

c e n t r e s  i n  t h e  s t a t e  a n d  p a r t l y  d u e  t o  P S 2 p  c e n t r e s .  T h e  r e m o v a l

o f  t h e  Q  ( £  s t a t e  i s  c o n s i s t e n t  w i t h  t h e  r e s u l t s  s h o w n  i n  T a b l e  3 - 3 >

h o w e v e r , a n o t h e r  p o s s i b l e  e x p l a n a t i o n  i s  t h a t  k ^  i s  i n c r e a s e d  a n d  Pp mstx

d e c r e a s e d  d u e  t o  a  p o o r  e v a l u a t i o n  o f  A  .  B e l l  a n d  H i p k i n s  ( 1 9 8 4 )m a x

h a v e  s h o w n  t h a t  o n l y  a  1 %  u n d e r e s t i m a t i o n  o f  F  c a n  l e a d  t o  a  1 7 %  l o w -in

e r i n g  o f  A  ,  w h i c h  i n  t u r n  p r o d u c e s  a n  a p p a r e n t  f a s t e r  r e d u c t i o n  o f
311 SIX

Q  .  I f  a  n u m b e r  o f  P S 2  r e a c t i o n  c e n t r e s  a r e  n o t  i n h i b i t e d  b y  BCMD" t h e n
Jx

t h e  p r e s e n c e  o f  M V o r  F e C y  w o u l d  m e a n  t h a t  t h e s e  c e n t r e s  m i g h t  b e  e x ­

p e c t e d  t o  b e  p h o t o r e d u c e d  m o re  s l o w l y  ( s e e  F i g .  6 . 4 )  p r o d u c i n g  a n  e x ­

t e n d e d , v e r y  s l o w  f l u o r e s c e n c e  t a i l  w h i c h  m i g h t  l e a d  t o  a n  u n d e r e s t i m ­

a t i o n  o f  A  .  T a b l e  6 . 2  s h o w s  t h a t  M V a d d i t i o n ,  e v e n  i n  t h e  p r e s e n c e  m a x

o f  B C M C , l e d  t o  a  d e c r e a s e  i n  F m ,  i m p l y i n g  t h e  g e n e r a t i o n  o f  e i t h e r  a  

f l u o r e s c e n c e  q u e n c h e r  o r  t h e  i n a b i l i t y  t o  r e m o v e  o n e . T h i s  m a y  r e f l e c t  

t h e  p r e s e n c e  o f  r e d u c e d  P Q  i n  t h e  d a r k  b e f o r e  i l l u m i n a t i o n  w h i c h  i s  r e ­

m o v e d  e f f i c i e n t l y  i n  t h e  l i g h t  o r  t h e  i n h i b i t e d  r e d u c t i o n  o f  P Q  i n  t h e  

l i g h t  b y  M V  o r  F e C y .

A f t e r  a  s a t u r a t i n g  l i g h t  p r e  t r e a t m e n t ,  i n  t h e  p r e s e n c e  o f  DCMCT a n d  

h y d r o x y l a m i n e ,  a  p o r t i o n  o f  Q ^  s t i l l  b e c o m e s  r e o x i d i s e d  i n  t h e  d a r k  

( s e e  B o w e s  e t  a l . ,  1 9 8 1 ) .  F i g .  6 . 8  a n d  T a b l e  6 .3  s h o w  t h a t  t h e  m a j o r  

c o m p o n e n t  w h i c h  b e c o m e s  r e - o x i d i s e d  c a n  b e  a t t r i b u t e d  t o  P S 2 p  c e n t r e s ,  

s u g g e s t i n g  a g a i n  t h a t  a  p e r m a n e n t l y  D C M C - i n s e n s i t i v e  P S 2  r e a c t i o n  c e n t r e  

m i g h t  b e  r e s p o n s i b l e  f o r  t h e  s l o w  p h a s e . T h e  s l o w  c o m p o n e n t w h i c h  i s
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r e g e n e r a t e d  "by t h e  d a r k  p r e t r e a t m e n t  p r o b a b l y  d o e s  n o t  r e f l e c t  t h o s e

P S 2  c e n t r e s  i n  t h e  s t a t e  b e c a u s e  t h e  1 5 s  l i g h t  p r e t r e a t m e n t  u s e d

w o u l d  h a v e  p r o d u c e d  s e v e r a l  P S 2  t u r n o v e r s  a n d  s h o u l d  h a v e  r e m o v e d  Q^Qrg*

T h e s e  o b s e r v a t i o n s  a r e  i n  c o n t r a s t  t o  T h i e l e n  a n d  v a n  G o r k o m  ( 1 9 8 1 a )

w h o  s h o w e d  t h a t  t h e  m a j o r  r e o x i d i s a b l e  Q  w a s  a s s o c i a t e d  w i t h  P S 2A . 0»
c e n t r e s .

A l l  w o r k  r e l a t i n g  t o  t h i s  f o r m  o f  P S 2  h e t e r o g e n e i t y  h a s  b e e n  c a r ­

r i e d  o u t  o n  i s o l a t e d  t h y l a k o i d s .  I t  h a s ,  h o w e v e r , b e e n  m e n t i o n e d  i n  

t h e  l i t e r a t u r e  t h a t  t h e  s l o w  p h a s e  a s s o c i a t e d  w i t h  P S 2 p  i s  n o t  s e e n  i n  

i n t a c t  a l g a e  ( s e e  D u y s e n s , 1 9 8 3 ) *  P i g .  6 . 9  s h o w s  t h a t  i n  i n t a c t  l e a f  

t i s s u e ,  a  s l o w  c o m p o n e n t s i m i l a r '  t o  t h a t  e x h i b i t e d  b y  i s o l a t e d  t h y l a ­

k o i d s  i s  n o t  p r e s e n t ,  a l t h o u g h  t h e  a - p h a s e  i s  c o m p a r a b le  w i t h  t h a t  o f  

t h y l a k o i d s  ( a s  d e t e r m i n e d  f r o m  k a  v a l u e s  p r o d u c e d  b y  s i m i l a r  e x c i t a t i o n  

e n e r g i e s ) .  T h e r e f o r e ,  p e r h a p s  t h e  s l o w  c o m p o n e n t i s  d e p e n d e n t  u p o n  

m e m b ra n e  i n t e g r i t y  a s  s u g g e s t e d  b y  S c h r e i b e r  a n d  P f i s t e r  ( 1 9 8 2 ) ,  a n d  

o n l y  a r i s e s  b e c a u s e  o f  some c h a n g e ( s )  b r o u g h t  a b o u t  b y  c h l o r o p l a s t  i s o ­

l a t i o n .

I t  h a s  b e e n  r e p o r t e d  t h a t  P S 2 p  c e n t r e s  h a v e  a  s m a l l e r  a n t e n n a  s i z e  

c o n s i s t i n g  o f  r e d - s h i f t e d  c h l o r o p h y l l s  (A .ma^  68 3 n m ) c o m p a r e d  w i t h  P S 2 a  

( T h i e l e n  e t  a l . ,  1 9 8 1 ) .  T h i s  l e d  B r e a r l e y  a n d  H o r t o n  ( 1 9 8 4 )  t o  i n v e s ­

t i g a t e  t h e  f l u o r e s c e n c e  e m i s s i o n  c h a r a c t e r i s t i c s  o f  t h e  2 c e n t r e s .  I n  

t h e  p r e s e n c e  o f  M V a n d  a t  8 0 |ig  c h l / m l  t h e y  s h o w e d  t h a t  3 - c e n t r e s  h a d  a  

jn a x i im a i iif l u o r e s c e n c e  e m i s s i o n  a t  7 2 5 - 7 3 5 n n i .  T a b l e  6 . 4  s h o w s  t h a t  i n  t h e  

a b s e n c e  o f  M V a n d  w i t h  3 * 3 3 H g  c h l / m l  p r e s e n t  n o  d i f f e r e n c e s  w e r e  s e e n

i n  t h e  l e v e l  o f  3 w h e n  f l u o r e s c e n c e  w a s  m e a s u r e d  a t  685nm  o r  731  n m . m a x

T h e s e  r e s u l t s  w o u l d  s u g g e s t  t h a t  n o  s u c h  d i f f e r e n c e  i n  f l u o r e s c e n c e  

e m i s s i o n  c h a r a c t e r i s t i c s  i s  s e e n  b e t w e e n  P S 2 a  a n d  P S 2 p ,  a n d  m i g h t  i n d i c a t e  

t h a t  t h e  c h l o r o p h y l l s  a s s o c i a t e d  w i t h  t h e  tw o  t y p e s  o f  P S 2  a r e  a l s o  s im ­

i l a r .
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I t  h a s  a l s o  b e e n  s h o w n , u s i n g  m e m b ra n e  f r a g m e n t s  f r o m  a p p r e s s e d  

a n d  n o n - a p p r e s s e d  m e m b ra n e  r e g i o n s ,  t h a t  a - c e n t r e s  a r e  a s s o c i a t e d  o n l y  

w i t h  a p p r e s s e d , g r a n a l  l a m e l l a e  w h i l e  P - c e n t r e s  a r e  l o c a t e d  o n l y  i n  t h e  

s t r o m a l  l a m e l l a e  ( A n d e r s o n  a n d  M e l i s ,  1 9 8 3 ;  L a m  e t  a l . ,  1 9 8 3 ) *  H o w e v e r , 

f r o m  t h e  r e s u l t s  s h o w n  i n  T a b l e  6 .5  > w h i c h  g i v e s  v a r i o u s  f l u o r e s c e n c e  

p a r a m e t e r s  f o r  a  P S 2  p r e p a r a t i o n  d e r i v e d  f r o m  a p p r e s s e d  l a m e l l a e  b y  

d e t e r g e n t  t r e a t m e n t  ( B B Y ) ,  t h e  a b o v e  c o n t e n t i o n  i s  n o t  b o r n e  o u t .

T h e s e  m e m b ra n e  f r a g m e n t s  s h o w  a  s i m i l a r  s l o w  c o m p o n e n t t o  t h a t  o b s e r v e d  

i n  u n f r a c t i o n a t e d  t h y l a k o i d s  b u t  p r o d u c e  a  h i g h e r  v a l u e  b e c a u s e  o f

a n  a l t e r e d  f a s t  c o m p o n e n t ( k ^  b e c a m e  l o w e r ) .  T h i s  t y p e  o f  p r e p a r a t i o n  

p r o d u c e d  P S 2  f r a g m e n t s  w h i c h  g a v e  a  l o w  P ^ P  r a t i o  a n d  a  h i g h  P q  l e v e l  

w h e n  c o m p a r e d  w i t h  u n f r a c t i o n a t e d  c h l o r o p l a s t s ,  s u g g e s t i n g  som e d e g r e e  

o f  a l t e r e d  P S 2 - i n t e r a c t i o n  a n d  a n  i n a b i l i t y  t o  g e n e r a t e  o x i d i s e d  Q ^ .

T h e s e  o b s e r v a t i o n s  d o  n o t  s u p p o r t  t h e  c o n c e p t  o f  t h e  2  t y p e s  o f  P S 2  

b e i n g  l o c a t e d  i n  d i f f e r e n t  m e m b ra n e  r e g i o n s .

P u r t h e r m o r e ,  i f  P S 2 ^  w a s  l o c a t e d  i n  t h e  s t r o m a l  l a m e l l a e  t h e n  i t  

w o u l d  b e  p r e d i c t e d  t h a t  t h e y  w o u l d  s p i l l o v e r  e x c i t a t i o n  e n e r g y  t o  P S 1 ,  

t h e r e b y  l o w e r i n g  t h e i r  f l u o r e s c e n c e  y i e l d  ( s e e  C h a p t e r  3 ) -  S u c h  a n  

e f f e c t  w o u l d  m e a n  t h a t  t h e  f l u o r e s c e n c e  a n a l y s i s  w o u l d  u n d e r e s t i m a t e  

t h e  p r o p o r t i o n  o f  P S 2 p  w i t h  r e s p e c t  t o  P S 2 a * H o w e v e r , t h e  f l u o r e s c e n c e  

a n a l y s i s  p r o d u c e s  s i m i l a r  a/{3 r a t i o s  t o  t h o s e  o b t a i n e d  f r o m  t h e  k i n e t i c  

a n a l y s i s  o f  A A ^ q  a b s o r p t i o n  c h a n g e s  ( M e l i s  a n d  O w , 1 9 8 2 ) .  S u c h  a n  o b ­

s e r v a t i o n  w o u l d  n o t  b e  e x p e c t e d  u n l e s s  e i t h e r  P S 2 p  c e n t r e s  d o  n o t

s p i l l o v e r  e x c i t a t i o n  e n e r g y  t o  P S 1  o r  t h e y  a r e  n o t  l o c a t e d  i n  t h e  s t r o m a l

2+l a m e l l a e .  T h e  o b s e r v e d  c h a n g e  i n  k p ,  o n  l o w e r i n g  t h e  M g  l e v e l  ( P i g .

3 . 9 )  w o u l d  a l s o  n o t  b e  e x p e c t e d .

M u c h  o f  t h e  o r i g i n a l  w o r k  o n  P S 2 a  a n d  P S 2 ^  h a s  b e e n  c a r r i e d  o u t  o n  

t o b a c c o  m u t a n t s  l a c k i n g  L H C  ( s e e  T h i e l e n  a n d  v a n  G o r k o m , 1 9 8 1 a , b ;
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T h i e l e n  e t  a l . ,  1 9 8 1 ) .  S u c h  m u t a n t s  s h o w e d  a n  i n c r e a s e  i n  (3 c o r r e l -mEx
a t e d  t o  a  d e c r e a s e  i n  m e m b ra n e  s t a c k i n g ,  w h i c h  i s  v e r y  s i m i l a r  t o  t h e  

o b s e r v a t i o n s  s e e n  w i t h  t h y l a k o i d s  o n  l o w e r i n g  t h e  b a c k g r o u n d  c a t i o n

T h e  a p p a r e n t  i n c r e a s e  m a y  j u s t  b e  a  r e f l e c t i o n  o f  a n  a l t e r e d  d e g r e e  o f  

P S 2  c o n n e c t i v i t y  d u e  t o  a  l a c k  o f  m e m b ra n e  a p p r e s s i o n  a s  a  r e s u l t  o f  

t h e  l o w  l e v e l s  o r  a b s e n c e  o f  L H C ,  w h i c h  c h a n g e s  t h e  k i n e t i c s  o f  t h e  

f a s t ,  a - c o m p o n e n t  l e a d i n g  t o  a  l a r g e r  v a l u e .  F u r t h e r m o r e ,  i f

t h e s e  tw o  t y p e s  o f  P S 2  c e n t r e s  h a v e  d i f f e r e n t  p i g m e n t - a n t e n n a  s i z e s ,  a s  

s u g g e s t e d , t h e n  i t  i s  s u r p r i s i n g  t h a t  i n  o n e  o f  t h e  t o b a c c o  m u t a n t s  

u s e d  b y  T h i e l e n  a n d  v a n  G o r k o m  ( 1 9 8 1 b )  t h e  r a t i o  w a s  o n l y  1 . 0 2 .

T h e  l i t e r a t u r e  c o n c e r n i n g  t h i s  f o r m  o f  P S 2  h e t e r o g e n e i t y  i s  v e r y  

c o n f u s e d .  T h i s  i s  p a r t l y  a  c o n s e q u e n c e  o f  w o r k e r s  u s i n g  d i f f e r e n t  

t y p e s  o f  p h o t o  s y n t h e t i c  m a t e r i a l ,  l i k e  m u t a n t s  a n d  t h y l a k o i d  f r a g m e n t s ,  

w h i l e  a l w a y s  d e t e r m i n i n g  t h e  a p p a r e n t  n u m b e r  o f  a  a n d  0 c e n t r e s  f r o m  

t h e  f l u o r e s c e n c e  a n a l y s i s  o f  M e l i s  a n d  H o m a n n  ( 1 9 7 6 ) .  T h i s  k i n e t i c  

a n a l y s i s  i s  v e r y  s e n s i t i v e  t o  t h y l a k o i d  m e m b ra n e  c o n f o r m a t i o n  a n d  c a n  

b e  d r a s t i c a l l y  a l t e r e d  b y  u n d e r e s t i m a t i n g  t h e  a r e a  o v e r  t h e  c u r v e .  T h e  

f l u o r e s c e n c e  r i s e  i s  p r o b a b l y  f a r  m o re  c o m p l e x  t h a n  j u s t  t h e  tw o  p h a s e s  

i t  i s  u s u a l l y  s h o w n  t o  e x h i b i t .  I t  c o u l d  b e  m ade u p  f r o m  c o m p o n e n ts  

r e p r e s e n t i n g  " c o n n e c t e d ”  P S 2  c e n t r e s ,  s e p a r a t e  P S 2  c e n t r e s  b r o u g h t  

a b o u t  b y  t h e  i l e t  e f f e c t ,  P S 2  c e n t r e s  w h i c h  a r e  i n i t i a l l y  i n  t h e  Q  

s t a t e  a s  w e l l  a s  p o o r l y  i n h i b i t e d  P S 2  c e n t r e s .  T h e  r e s u l t s  i n  t h i s  

c h a p t e r  d o  n o t  a p p e a r  t o  a g r e e  w i t h  t h e  c o n c e p t  o f  t h e  s l o w , e x p o n e n t i a l  

c o m p o n e n t b e i n g  r e p r e s e n t a t i v e  o f  P S 2  c e n t r e s  w i t h  a  s m a l l  a n t e n n a - s i z e  

c o n s i s t i n g  o f  r e d - s h i f t e d  c h l o r o p h y l l s ,  l o c a t e d  i n  t h e  s t r o m a l  l a m e l l a e ,  

w i t h  d i f f e r e n t  f l u o r e s c e n c e  e m i s s i o n  c h a r a c t e r i s t i c s  a n d  a  p r i m a r y  e l e c -

w i t h  a n  E  =  + 1 2 0 m V . M a n y  o f  t h e  o b s e r v a t i o n s  m
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p r e s e n t e d  i n  t h i s  c h a p t e r  c a n  "be e x p l a i n e d  b y  a  c e r t a i n  n u m b e r  o f  P S 2  

c e n t r e s  w h i c h  h a v e  a  v e r y  l o w  a f f i n i t y  t o  b i n d  DCMCT. T h i s  a r e a  o f  

r e s e a r c h ,  o b v i o u s l y  r e q u i r e s  f u r t h e r  i n  v i t r o  a n d  i n  v i v o  i n v e s t i g a t i o n  

p r e f e r a b l y  u s i n g  d i f f e r e n t  t e c h n i q u e s  t o  q u a n t i f y  a n d  e x a m in e  t h e  P S 2  

h e t e r o g e n e i t y  p h e n o m e n o n .
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C H A P T E R  7

S t a t e  1 -  S t a t e  2 T r a n s i t i o n s  i n  a  U n i c e l l u l a r  G r e e n  A l g a e

T o  m a i n t a i n  g r a t e s  o f  p h o t o s y n t h e s i s  a t  l i m i t i n g  l i g h t  i n t e n s i t i e s  

d u r i n g  c h a n g e s  i n  l i g h t  q u a l i t y ,  p l a n t s  h a v e  e v o l v e d  a  m e c h a n is m  w h i c h  

e n a b l e s  th e m  t o  o p t i m i s e  t h e  b a l a n c e  o f  i n c o m i n g  q u a n t a  b e t w e e n  P S 1  

a n d  P S 2  ( s e e  M y e r s , 1 9 7 1 ) .  T h i s  r e a d j u s t m e n t  i n  e x c i t a t i o n  e n e r g y  

d i s t r i b u t i o n  h a s  b e e n  t e r m e d  S t a t e  1 -  S t a t e  2 t r a n s i t i o n s ,  a n d  i s  n o w  

a  w e l l - e s t a b l i s h e d  p h y s i o l o g i c a l  m e c h a n is m  f o u n d  i n  a  w i d e  r a n g e  o f  

p h o t o  s y n t h e t i c  s y s t e m s  i n c l u d i n g  h i g h e r  p l a n t s  ( s e e  C h o w  e t  a l . ,  1 9 8 1 b ) .  

W h a t i s  n o t  y e t  f u l l y  k n o w n  a r e  t h e  d e t a i l s  o f  t h e  m e c h a n i s m ( s )  i n v o l v e d ,  

a l t h o u g h  t h i s  a d a p t i v e  p r o c e s s  h a s  b e e n  l i n k e d  w i t h  t h e  r e v e r s i b l e  p h o s ­

p h o r y l a t i o n  o f  L H C  ( S a i t o  e t  a l . ,  1 9 8 3 ;  B e n n e t t ,  1 9 8 3 ;  C a n a a r i  e t  a l . ,  

1 9 8 4 ) »  w h i c h  i s  c o n t r o l l e d  b y  t h e  r e d o x  s t a t e  o f  t h e  P Q  p o o l  ( e g .  H o r t o n  

e t  a l . ,  1 9 8 1 ) .

P r o m  t h e  r e s u l t s  o f  C h a p t e r  4  i t  c a n  b e  s e e n  t h a t  t h e  m e c h a n is m s

i n v o l v e d  i n ,  a n d  t h e  d e g r e e  o f  t h y l a k o i d  r e o r g a n i s a t i o n  b r o u g h t  a b o u t

b y ,  i n  v i t r o  p r o t e i n - p h o s p h o r y l a t i o n  a r e  h i g h l y  d e p e n d e n t  u p o n  t h e  b a c k -

2+g r o u n d  l e v e l  o f  M g  c a t i o n s .  A s  t h e  i n  v i v o  l e v e l s  o f  s t r o m a l  c a t i o n s

a r e  r e l a t i v e l y  h i g h  ( s e e  P o r t i s ,  1 9 8 1 )  i t  m i g h t  b e  e x p e c t e d  t h a t  t h e

S t a t e  1 -  S t a t e  2 t r a n s i t i o n  r e p r e s e n t s  c h a n g e s  s i m i l a r  t o  t h o s e  s e e n

2+t o  o c c u r  i n  v i t r o  u p o n  p r o t e i n - p h o s p h o r y l a t i o n  a t  " h i g h "  M g  c o n c e n ­

t r a t i o n s  •

T h i s  c h a p t e r  a n a l y s e s  t h e  f l u o r e s c e n c e  c h a r a c t e r i s t i c s  o f  t h e  i n  

v i v o  S t a t e  1 -  S t a t e  2 c h a n g e  i n  o r d e r  t o  r e l a t e  th e m  t o  t h e  i n  v i t r o  

p r o t e i n - p h o s p h o r y l a t i o n  s t u d i e s  o f  C h a p t e r  4> c a r r i e d  o u t  u s i n g  p e a  

t h y l a k o i d s .  T h i s  h a s  i n v o l v e d  t h e  c a r e f u l  a n a l y s i s  o f  c h l o r o p h y l l
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f l u o r e s c e n c e  i n d u c t i o n  c u r v e s  f r o m  D C M d - p o i s o n e d  C h l o r e l l a  p y r e n o i d o s a  

c e l l s  a d a p t e d  t o  e i t h e r  S t a t e  1 o r  S t a t e  2 .

7 . 1  A n a l y s i s  o f  i n  v i v o  C h l o r o p h y l l  F l u o r e s c e n c e  I n d u c t i o n  C u r v e s :

F i g .  7 * 1  a  s h o w s  t h e  F  a n d  F  l e v e l s  o b t a i n e d  f r o m  f l u o r e s c e n c eo m

i n d u c t i o n  c u r v e s  o f  d a r k - a d a p t e d  C h l o r e l l a  p - y r e n o i d o s a  c e l l s  p o i s o n e d
_2

w i t h  DCMD-.  A s  t h e  l i g h t  i n t e n s i t y  w a s  r e d u c e d  f r o m  1 0 0 %  (8 \ fo  )  t o  5%

t h e r e  w a s  a  l i n e a r  d e c r e a s e  i n  b o t h  F  a n d  F  so  t h a t  F  / F  a n d  Ao m v '  m m a x

r e m a i n e d  u n c h a n g e d  ( F i g .  7 » 1 b ) .  T h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  

t h o s e  o b s e r v e d  u s i n g  i s o l a t e d  p e a  t h y l a k o i d s  ( F i g .  3 * 5 )  s h o w i n g  t h a t  

t h e  i n  v i v o  a n d  i n  v i t r o  s y s t e m s  b e h a v e d  i n  a  s i m i l a r  m a n n e r  t o  c h a n g e s  

i n  l i g h t  i n t e n s i t y .  T h e  s i g n i f i c a n c e  o f  t h e s e  r e s u l t s  h a s  a l r e a d y  b e e n  

d i s c u s s e d  i n  t e r m s  o f  a  " t r u e "  F q  m e a s u r e m e n t  a n d  t h e  e a p e c t e d  f l u o r e s ­

c e n c e  c h a n g e s  a s s o c i a t e d  w i t h  a n  a l t e r e d  P S 2  a b s o r p t i o n  c r o s s  s e c t i o n ,  

i n  C h a p t e r  3 *  P i g .  7 . 1 c ,  e x t e n d s  t h e  p r e v i o u s  o b s e r v a t i o n s ,  a n d  s h o w s  

t h a t  t h e  f l u o r e s c e n c e  c h a n g e s  b r o u g h t  a b o u t  b y  a l t e r a t i o n s  i n  e x c i t a t i o n  

e n e r g y  i n t e n s i t y  w e r e  n o t  a c c o m p a n ie d  b y  c h a n g e s  i n

F i g .  7 « 2 a  s h o w s  a  t y p i c a l  S t a t e  1 -  S t a t e  2 c h l o r o p h y l l  f l u o r e s ­

c e n c e  t r a c e  f o r  t h e  p a r t i c u l a r  i l l u m i n a t i o n  c o n d i t i o n s  u s e d .  T h e  a l g a l  

s u s p e n s i o n  w a s  p r e t r e a t e d  w i t h  l i g h t  1 f o r  1 0  m i n u t e s  t o  i n d u c e  S t a t e

1 .  T h e  i n t r o d u c t i o n  o f  m o d u l a t e d  l i g h t  2 a n d  t h e  s i m u l t a n e o u s  r e m o v a l  

o f  l i g h t  1 g a v e  t h e  i n i t i a l  f l u o r e s c e n c e  y i e l d  i n d i c a t i v e  o f  S t a t e  1 ,  

w h e r e  a n  i m b a l a n c e  o f  e n e r g y  d i s t r i b u t i o n  o f  l i g h t  2 b e t w e e n  t h e  tw o  

p h o t o s y s t e m s  l e a d s  t o  a  h i g h  f l u o r e s c e n c e  l e v e l  d u e  t o  t h e  o v e r r e d u c t i o n  

o f  Q,^ a n d  P Q .  A s  l i g h t  2 w a s  l e f t  o n  t h e  f l u o r e s c e n c e  w a s  s e e n  t o  d e ­

c r e a s e  t o  a  l o w e r  l e v e l .  A f t e r  s e v e r a l  m i n u t e s  o f  l i g h t  2 ,  t h e  a l g a e  

h a d  a d a p t e d  t o  S t a t e  2 ,  s i n c e  s u p e r i m p o s i n g  l i g h t  1 h a d  o n l y  a  s m a l l  

q u e n c h i n g  e f f e c t  o n  t h e  m o d u l a t e d  f l u o r e s c e n c e  y i e l d .  T h u s  a t  t h i s
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F i g .  7 . 1  C h l o r o p h y l l  f l u o r e s c e n c e  p r o p e r t i e s  o f  C h l o r e l l a  c e l l s  a s  a

f u n c t i o n  o f  a c t i n i c  l i g h t  i n t e n s i t y  s h o w i n g  t h e  c h a n g e s  i n

a )  F m ( •  )  a n d  F q  (  O  ) ;  t>) ( □  )  a n d  P v / P m ( 0  )  a n d  c )

B ( ■ ) .  A l l  m e a s u r e m e n ts  w e r e  m ade a t  r o o m  t e m p e r a t u r e

i n  t h e  p r e s e n c e  o f  5 0 D C MC  a f t e r  a  2 m i n u t e  d a r k  a d a p t -
_2

a t i o n .  1 0 0 %  i n t e n s i t y  w a s  QWm a n d  t h e  l i n e s  a r e  t h e  l e a s t  

s q u a r e s  f i t  t o  t h e  d a t a  p o i n t s .
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b. +Glutaraldehyde

ON OFF

P i g .  7 . 2  R e l a t i v e  c h a n g e s  i n  t h e  y i e l d  o f  m o d u l a t e d  c h l o r o p h y l l

f l u o r e s c e n c e  f r o m  C h l o r e l l a  c e l l s  s u s p e n d e d  a )  i n  t h e  a b ­

s e n c e  o f  g l u t a r a l d e h y d e  a n d  b )  i n  t h e  p r e s e n c e  o f  g l u t a r -  

a l d e h y d e .  T h e  a l g a e  w e r e  p r e t r e a t e d  f o r  1 0  m i n u t e s  w i t h  

l i g h t  1 a n d  t h e  f o l l o w i n g  s e q u e n c e  o f  l i g h t  t r e a t m e n t s  u s e d  

w e r e  a s  d e s c r i b e d  i n  2 . 3 - 7 *
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s t a g e  e l e c t r o n  t r a n s p o r t  a w a y  f r o m  P S 2  w a s  n o t  s i g n i f i c a n t l y  l i m i t e d ,  b y  

P S 1  t u r n o v e r  a n d  t h e r e f o r e  t h e  a l g a e  h a d  a c h i e v e d  a  b e t t e r  b a l a n c e  o f  

P S 2  a n d  P S 1  a c t i v i t i e s  w i t h  l i g h t  2 .

P i g .  7 . 2 b  s h o w s  t h e  i n h i b i t i o n  o f  t h e s e  f l u o r e s c e n c e  c h a n g e s  w h e n  

t h e  a l g a e  h a d  b e e n  p r e f i x e d  w i t h  g l u t a r a l d e h y d e ,  s u g g e s t i n g  t h a t  t h e  

f l u o r e s c e n c e  f l u c t u a t i o n s  w e r e  a c c o m p l i s h e d  b y  som e s t r u c t u r a l  r e o r g a n ­

i s a t i o n  w i t h i n  t h e  t h y l a k o i d  m e m b r a n e s .

P i g .  7 « 3 s h o w s  t y p i c a l  c h l o r o p h y l l  f l u o r e s c e n c e  i n d u c t i o n  c u r v e s

m e a s u r e d  u s i n g  D C M U - i n h i b i t e d  C h l o r e l l a  c e l l s  w h i c h  h a d  p r e v i o u s l y  b e e n

a d a p t e d  t o  S t a t e  1 o r  S t a t e  2 ,  u s i n g  t h e  i l l u m i n a t i o n  c o n d i t i o n s  a l r e a d y

d e s c r i b e d  f o r  P i g .  1,2, T h e s e  f l u o r e s c e n c e  t r a n s i e n t s  w e r e  s u b j e c t e d

t o  a  c a r e f u l  a n a l y s i s  t o  o b t a i n  t h e  v a r i o u s  c h a r a c t e r i s t i c  f l u o r e s c e n c e

p a r a m e t e r s  p r e s e n t e d  i n  P i g .  7 . 4 *  F r o m  P i g .  7 •  3» i t  c a n  b e  s e e n  t h a t

a d a p t a t i o n  f r o m  S t a t e  1 t o  S t a t e  2 l e d  t o  a  d e c r e a s e  i n  b o t h  P  a n d  Po m

a n d  a  s l o w e r  r i s e  t o  P ^  i n  S t a t e  2. ( t j ~ 2 0 m s )  c o m p a r e d  w i t h  S t a t e  1 

( t i ~ 1 0 m s ) .  V a l u e s  o f  P  ,  P  a n d  P  f o r  b o t h  S t a t e  1 a n d  S t a t e  2 a r e  

g i v e n  i n  P i g .  7«4> w h e r e  i t  c a n  b e  s e e n  t h a t  a l l  t h r e e  p a r a m e t e r s  w e r e  

l o w e r  i n  t h e  S t a t e  2 c o n d i t i o n  c o m p a r e d  w i t h  S t a t e  1 .  P i g .  7 » 5 a  s h o w s  

t h a t  t h e  c h a n g e s  s e e n  i n  P i g s .  7.3 a n d . 7*4 d i d  n o t  l e a d  t o  a n  a l t e r a t i o n  

i n  P ^ / p ^  o r  A m fly ( F i g .  7 * 5 b ) .  W hen t h e  c u r v e s  w e r e  a n a l y s e d  t o  d e t e r m i n e  

t h e  e x t e n t  o f  t h e  tw o  k i n e t i c  c o m p o n e n ts  i t  w a s  s e e n  t h a t  B h a d  b e -  

com e s i g n i f i c a n t l y  l a r g e r  i n  t h e  S t a t e  2 a d a p t e d  C h l o r e l l a  c o m p a r e d  w i t h  

t h o s e  c e l l s  i n  S t a t e  1 ( F i g .  7»5c)• I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  

r e l a t i v e  a m o u n t o f  t h e  s l o w  k i n e t i c  p h a s e  w a s  c o n s i d e r a b l y  s m a l l e r  i n  

v i v o  t o  t h a t  s e e n  i n  i s o l a t e d  p e a  t h y l a k o i d s .  F u r t h e r m o r e ,  t h e  s l o w  

p h a s e  e x h i b i t e d  f a s t e r  i n  v i v o  k i n e t i c s  c o m p a r e d  w i t h  t h e  i n  v i t r o  

s i t u a t i o n ,  a s  d e t e r m i n e d  b y  t h e  r a t e  c o n s t a n t ,  k ^  ( d a t a  n o t  s h o w n ) .
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F i g .  7 . 3  R oom  t e m p e r a t u r e  c h l o r o p h y l l  f l u o r e s c e n c e  i n d u c t i o n  c u r v e s  

i n  D C M U - i n h i h i t e d  C h l o r e l l a  c e l l s  p r e v i o u s l y  a d a p t e d  t o  

e i t h e r  S t a t e  1 o r  S t a t e  2 w i t h  1 0  m i n u t e  p r e t r e a t m e n t s  w i t h  

l i g h t  1 a n d  l i g h t  2 r e s p e c t i v e l y .  T h e  f l u o r e s c e n c e  s i g n a l  

w a s i n i t i a t e d  a f t e r  a  1 m i n u t e  d a r k  i n c u b a t i o n .
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7 . 4  T h e  e f f e c t  o f  S t a t e  1 a n d  S t a t e  2 a d a p t a t i o n  o f  C h l o r e l l a  

c e l l s  o n  t h e  ro o m  t e m p e r a t u r e  f l u o r e s c e n c e  i n d u c t i o n  c u r v e  

p a r a m e t e r s  F m ,  F  a n d  F q  e x h i b i t e d  b y  B C M I J - i h h i b i t e d  a l g a e .
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P i g .  7 * 5  T h e  e f f e c t  o f  S t a t e  1 a n d  S t a t e  2 a d a p t a t i o n  o f  C h l o r e l l a  c e l l s  o n  t h e  

ro o m  t e m p e r a t u r e  f l u o r e s c e n c e  i n d u c t i o n  c u r v e  p a r a m e t e r s  a )  A m a Y > b )

F  / F  a n d  c )  3 e x h i b i t e d  b y  D C M O - i n h i b i t e d  a l g a e .  S t a t i s t i c a l  t e s t s  

o f  t h e  d a t a  s h o w e d  t h a t  o n l y  t h e  c h a n g e s  i n  p w e r e  s i g n i f i c a n t  ( a tIQcLX
t h e  V/o l e v e l ) .
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7 .2  D i s c u s s i o n :

T h e r e  i s  g o o d  e v i d e n c e  t o  s u g g e s t  t h a t  p r o t e i n - p h o s p h o r y l a t i o n  

b r i n g s  a b o u t  t h e  i n  v i v o  S t a t e  1 -  S t a t e  2 t r a n s i t i o n s  ( T e l f e r  e t  a l . ,  

1 9 8 2 ;  S a i t o  e t  a l . ,  1 9 8 3 ;  B e n n e t t ,  1 9 8 3 ) *  W h a t i s  n o t  c l e a r  i s  w h e t h e r  

t h e  m e c h a n is m  g i v i n g  r i s e  t o  t h i s  p h y s i o l o g i c a l  c o n t r o l  p r o c e s s  i n v o l v e s  

c h a n g e s  i n  p h o t o s y s t e m  a b s o r p t i o n  c r o s s  s e c t i o n  o r  e x c i t a t i o n  e n e r g y  

s p i l l o v e r  o r  b o t h .  P r o m  C h a p t e r  4> i t  c a n  b e  s e e n  t h a t  t h e  m a n i f e s t a t i o n  

o f  t h e s e  tw o  d i f f e r e n t  m e t h o d s  o f  a l t e r i n g  l i g h t  d i s t r i b u t i o n  b e t w e e n  

t h e  t w o  p h o t o s y s t e m s  w i l l  b e  h i g h l y  d e p e n d e n t  o n  t h e  b a c k g r o u n d  c a t i o n  

l e v e l s  p r e s e n t  i n  t h e  s t r o m a . B e n n o u n  ( 1 9 7 4 )  s u g g e s t e d , f r o m  f l u o r e s ­

c e n c e  s t u d i e s ,  t h a t  t h e  S t a t e  t r a n s i t i o n s  e x h i b i t e d  b y  C h la m y d o m o n a s  

r e i n h a r d t i  s h o w e d  s i m i l a r  a l t e r a t i o n s  i n  i n d u c t i o n  c u r v e  c h a r a c t e r i s t i c s  

t o  t h e  o b s e r v e d  i n  v i t r o  c a t i o n - i n d u c e d  c h a n g e s  s h o w n  b y  i s o l a t e d  a l g a l  

t h y l a k o i d s .  H e  s a w  a  p r e f e r e n t i a l  q u e n c h i n g  o f  a  d e c r e a s e  i n  F q  

a n d  a n  a l t e r e d  P r a t i o  a n d  v a l u e  o n  g o i n g  f r o m  S t a t e  1 t o  S t a t e

2 ,  i n d i c a t i v e  o f  a  s p i l l o v e r  m e c h a n is m  a n d  a  c h a n g e  i n  a b s o r p t i o n  

ctosb s e c t i o n  b o t h  b e i n g  i n v o l v e d .  T h e s e  c h a n g e s  w e r e  a l s o  a c c o m p a n ie d  

b y  a  33 %  d e c r e a s e  i n  m e m b ra n e  s t a c k i n g  ( B e n n o u n  a n d  J u p i n ,  1 9 7 4 ) *  S a i t o  

e t  a l .  ( 1 9 8 3 ) >  u s i n g  C h l o r e l l a  v u l g a r i s ,  h a v e  a l s o  r e p o r t e d  a  d e c r e a s e  

i n  P q  a n d  F m w i t h  a  s m a l l  l o w e r i n g  i n  t h e  P v / P m r a t i o  o n  g o i n g  f r o m  

S t a t e  1 t o  S t a t e  2 .  H o w e v e r , S a n e  e t  a l .  ( 1 9 8 2 ) ,  a g a i n  u s i n g  C h l o r e l l a  

c e l l s ,  i n v e s t i g a t e d  t h e  e f f e c t  o f  u n c o u p l e r s  o n  t h e  S t a t e  t r a n s i t i o n  

a n d  c o n c l u d e d  t h a t  r e d o x  c h a n g e s  m a y  b e  w h o l l y  r e s p o n s i b l e  f o r  t h e  d e ­

v e l o p m e n t  o f  S t a t e  2 .

T h e  r e s u l t s  p r e s e n t e d  i n  t h i s  c h a p t e r  i n d i c a t e  t h a t  t h e  S t a t e  1 -  

S t a t e  2 t r a n s i t i o n  r e f l e c t s  c h a n g e s  i n  P S 2  a b s o r p t i o n  c r o s s  s e c t i o n .  

M e a s u r e m e n t s  o f  v a r i o u s  f l u o r e s c e n c e  p a r a m e t e r s  f r o m  i s o l a t e d  t h y l a k o i d s
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p o i s o n e d  w i t h  DCMCT h a v e  s u g g e s t e d  t h a t  i t  i s  p o s s i b l e  t o  d i s t i n g u i s h

b e t w e e n  t h e  tw o  m e c h a n is m s  w h i c h  c a n  o p e r a t e  t o  a l t e r  e x c i t a t i o n  e n e r g y

d i s t r i b u t i o n  ( s e e  C h a p t e r s  3 a n d  4 ) »  I t  c a n  b e  s e e n  t h a t  a  d e c r e a s e  i n

t h e  a m o u n t o f  l i g h t  a b s o r b e d  b y  P S 2  b r o u g h t  a b o u t  a n  a t t e n u a t i o n  i n  F q

a n d  F  s o  b o t h  F  _ / F  a n d  A  r e m a i n e d  u n c h a n g e d  ( F i g .  7  - 1 a  a n d  b ) .

S i m i l a r  c h a n g e s  a r e  o b s e r v e d  i n  F i g s .  7 « 3 >  7 « 4  a n d  7 « 5  f o r  C h l o r e l l a

w h i c h  h a v e  u n d e r g o n e  a  S t a t e  1 -  S t a t e  2 t r a n s i t i o n ,  i n d i c a t i n g  t h a t

l e s s  q u a n t a  a r e  n o w  a r r i v i n g  a t  P S 2  r e a c t i o n  c e n t r e s .  T h e s e  c h a n g e s

a r e  i d e n t i c a l  t o  t h o s e  e x h i b i t e d  b y  i s o l a t e d  t h y l a k o i d s  f r o m  h i g h e r

p l a n t s  w h i c h  h a v e  u n d e r g o n e  c h e m i c a l l y - i n d u c e d  p r o t e i n - p h o s p h o r y l a t i o n  

2+a t  " h i g h 1’ M g  l e v e l s ,  a n d  w o u l d  i n d i c a t e  t h a t  t h i s  m i g h t  b e  t h e  m e c h ­

a n is m  i n v o l v e d  i n  b r i n g i n g  a b o u t  t h e  S t a t e  t r a n s i t i o n  w i t h i n  i n t a c t

t i s s u e .  H o w e v e r , a s  s e e n  i n  C h a p t e r  4  f r o m  t h e  T)~HMJB f l u o r e s c e n c e  t i -

2+t r a t i o n  r e s u l t s ,  a t  5niM M g  ,  s u c h  c h a n g e s  i n  t h e  f l u o r e s c e n c e  i n d u c t i o n  

c u r v e  c h a r a c t e r i s t i c s  c a n n o t  r u l e  o u t  s m a l l  i n c r e a s e s  i n  s p i l l o v e r  t a k ­

i n g  p l a c e .

A n  i n c r e a s e  i n  ( F i g .  7 . 5 c )  w a s  s e e n  w h e n  C h l o r e l l a  w e r e  a d a p ­

t e d  t o  t h e  S t a t e  2 c o n d i t i o n .  T h i s  w o u l d  b e  o b s e r v e d  w h e t h e r  f l u o r e s ­

c e n c e  w a s  b e i n g  q u e n c h e d  b y  s p i l l o v e r  o r  a b s o r p t i o n  c r o s s  s e c t i o n  

c h a n g e s . T h e  P m a x  v a l u e  a p p e a r s  t o  g i v e  a n  i n d i c a t i o n  o f  t h e  d e g r e e  o f

P S 2 - P S 2  i n t e r a c t i o n  ( s e e  C h a p t e r  6 ) .  T h e  i n c r e a s e  i n  f3 w o u l d  t h e r e -' ma-T
f o r e  i n d i c a t e  t h a t  a  d e c r e a s e  i n  P S 2  c o n n e c t i v i t y  w a s  t a k i n g  p l a c e .

T h i s  c h a n g e  i n  a l o n g  w i t h  t h e  i n h i b i t i o n  o f  t h e  S t a t e  t r a n s i t i o n s

b y  g l u t a r a l d e h y d e  f i x a t i o n  ( F i g .  7 *  2 b )  s h o w  t h a t  c o n f o r m a t i o n a l  c h a n g e s  

a r e  i n v o l v e d  i n  p r o d u c i n g  t h e  i n  v i v o  c h a n g e  w h i c h  l e a d s  t o  a n  a l t e r ­

a t i o n  i n  P S 2  o r g a n i s a t i o n .  A s  e x p e c t e d ,  t h e  (3 v a l u e  d i d  n o t  c h a n g e
fflftX

i n  t h e  e x p e r i m e n t s  p r e s e n t e d  i n  F i g . 7 « 1 >  w h e r e  F m a n d  F q  w e r e  d e c r e a s e d  

b y  l o w e r i n g  t h e  l i g h t  i n t e n s i t y  a n d  n o t  b y  c o n f o r m a t i o n a l  c h a n g e s .
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I t  i s  c o n c l u d e d  t h a t  i n  v i v o  S t a t e  1 -  S t a t e  2  t r a n s i t i o n s ,  i n

C h l o r e l l a ,  s h o w  f l u o r e s c e n c e  c h a n g e s  c o m p a r a b le  w i t h  t h o s e  o b s e r v e d

w hen t h y l a k o i d s  a r e  p h o s p h o r y l a t e d  a t  , , h i g h ,,  b a c k g r o u n d  c a t i o n  l e v e l s .

2+T h i s  w o u l d  b e  c o n s i s t e n t  w i t h  t h e  e s t i m a t e d  nh i g h M M g  l e v e l s  p r e s e n t  

i n  i n t a c t  c h l o r o p l a s t s  ( P o r t i s ,  1 9 8 1 ) .  I t ,  t h e r e f o r e ,s e e m s  l i k e l y  t h a t  

p r o t e i n - p h o s p h o r y l a t i o n  i n d u c e s  s u f f i c i e n t  e l e c t r o s t a t i c  r e p u l s i o n  t o  

a l l o w  t h e  l a t e r a l  m o v e m e n t o f  a  " m o b i l e "  p o o l  o f  p h o s p h o r y l a t e d  L H C  

f r o m  t h e  a p p r e s s e d  t o  t h e  n o n - a p p r e s s e d  m e m b ra n e  r e g i o n s  w h e r e  i t  c a n  

t h e n  a c t  a s  P S 1  a n t e n n a  p i g m e n t s  ( s e e  C h a p t e r  4  a n d  s e c t i o n  1 . 7 . 4 ) -  

T h i s  p r o c e s s  m a y  a l s o  l e a d  t o  a  s m a l l  i n c r e a s e  i n  s p i l l o v e r  f r o m  P S 2  t o  

P S 1 ,  a s  s e e n  a f t e r  i n  v i t r o  p r o t e i n - p h o s p h o r y l a t i o n  a t  5inM M g C lg  ( F i g -  

4 . 6 a ) ,  b u t  s u c h  a  c h a n g e  c a n n o t  b e  c l e a r l y  d i s t i n g u i s h e d  f r o m  t h e  r e s u l t s  

p r e s e n t e d  a b o v e .
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CHAPTER 8
P h o t o  s y n t h e t i c  A d a p t a t i o n  t o  G r o w t h  C o n d i t i o n s  i n  R e l a t i o n  t o  

C h l o r o p l a s t  U l t r a s t r u e t u n e

H i g h e r  p l a n t s  h a v e  t h e  a b i l i t y  t o  r e s p o n d  t o  e n v i r o n m e n t a l  g r o w t h  

c o n d i t i o n s .  T h e  e f f e c t  o f  l i g h t  i n t e n s i t y  o n  c h l o r o p l a s t  u l t r a s t r u c t u r e  

a n d  p h o t o  s y n t h e t i c  c a p a c i t y  i s  n o w  w e l l  e s t a b l i s h e d .  I n  g e n e r a l  t e r m s  

t h e r e  a p p e a r s  t o  b e  e i t h e r  a  s t r o n g  o r  w e a k  l i g h t  r e s p o n s e  w h i c h  p r o ­

d u c e s  c h a r a c t e r i s t i c  c h l o r o p l a s t s  d i f f e r i n g  i n  t h e  d e g r e e  o f  t h y l a k o i d  

a p p r e s s i o n  a n d  t h e  l e v e l s  o f  e n z y m e s  a n d  p i g m e n t - c o n t a i n i n g  p r o t e i n  

c o m p l e x e s  ( s e e  I n t r o d u c t i o n ,  1 . 4 - 3 •  “1 )  • T h e  i n t e r p l a y  b e t w e e n  l i g h t  

i n t e n s i t y  a n d  t e m p e r a t u r e  o n  s t r u c t u r a l  a d a p t a t i o n ,  h o w e v e r , i s  s t i l l  

p o o r l y  u n d e r s t o o d .  I t  i s  b e l i e v e d  t h a t  p a r t  o f  t h e  p l a n t * s  l o w  t e m p e r ­

a t u r e  a d a p t i v e  s t r a t e g y  i s  t o  a l t e r  t h y l a k o i d  m e m b ra n e  f l u i d i t y  b y  

s y n t h e s i s i n g  t h y l a k o i d s  w i t h  l o w e r  p r o t e i n / l i p i d  r a t i o s  (C h a p m a n  e t  a l . ,  

1 9 8 3 ) *  E i e  f i r s t  p a r t  o f  t h i s  c h a p t e r  c o r r e l a t e s  o b s e r v e d  s t r u c t u r a l  

d i f f e r e n c e s  i n d u c e d  b y  d i f f e r e n t  g r o w t h  c o n d i t i o n s  w i t h  t h e  S t a t e  1 -  

S t a t e  2 t r a n s i t i o n s  e x h i b i t e d  b y  p e a  l e a v e s  a t  r o o m  t e m p e r a t u r e .  B e ­

c a u s e  o f  t h e  p r o p o s e d  m e c h a n is m s  i n v o l v e d  i n  b r i n g i n g  a b o u t  t h i s  s h o r t ­

t e r m  a d a p t i v e  m e c h a n is m  t o  l i g h t  q u a l i t y ,  w h i c h  r e q u i r e s  t h e  p h o s p h o r y ­

l a t i o n  a n d  d e p h o s p h o r y l a t i o n  o f  L H C  ( s e e  s e c t i o n  1 . 7 ;  C h a p t e r s  4  a n d  7 ) >  

i t  m a y  b e  e x p e c t e d  t o  d e p e n d  o n  a  n u m b e r o f  s t r u c t u r a l  f a c t o r s  w h i c h  

1 )  c o n t r o l  t h e  b a l a n c e  o f  k i n a s e  a n d  p h o s p h a t a s e  a c t i v i t i e s  a n d  2 )  a f f e c t  

t h e  r a t e  o f  i n t r i n s i c  p r o t e i n  m o v e m e n t .

T h e  s e c o n d  p a r t  o f  t h i s  c h a p t e r  p r e s e n t s  c h l o r o p h y l l  f l u o r e s c e n c e  

s t u d i e s  w h i c h  h a v e  b e e n  u s e d  t o  i n v e s t i g a t e  s t r u c t u r a l  c h a n g e s  i n d u c e d  

b y  t r a n s f e r r i n g  t o m a t o  p l a n t s  f r o m  h i g h  l i g h t  t o  l o w  l i g h t  g r o w t h  c o n ­

d i t i o n s ,  a n d  w h i c h  w e r e  c a r r i e d  o u t  a t  t h e  G l a s s h o u s e  C r o p s  R e s e a r c h  

I n s t i t u t e  ( G . C . R . I . ) ,  L i t t l e h a m p t o n .
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8 . 1  T h e  E f f e c t  o f  L i g h t  I n t e n s i t y  o n  S t a t e  1 -  S t a t e  2 T r a n s i t i o n s

a n d  A s s o c i a t e d  F l u o r e s c e n c e  C h a n g e s :

F i g .  8 . 1 a  s h o w s  a  S t a t e  1 -  S t a t e  2 t r a n s i t i o n ,  a s  m e a s u r e d  b y  

c h l o r o p h y l l  f l u o r e s c e n c e ,  f r o m  a n  a t t a c h e d  p e a  l e a f  f o r  t h e  p a r t i c u l a r  

i l l u m i n a t i o n  c o n d i t i o n s  d e s c r i b e d  i n  t h e  M a t e r i a l s  a n d  M e t h o d s  ( s e c t i o n  

2 . 2 ) ,  w h i c h  i n v o l v e d  a  1 0  m i n u t e ,  l i g h t  1 p r e i l l u m i n a t i o n  t o  d r i v e  t h e  

l e a f  i n t o  S t a t e  1 b e f o r e  t h e  s i g n a l  w a s  r e c o r d e d .  T h e  s l o w  f l u o r e s c e n c e  

d e c l i n e  o b s e r v e d  f r o m  i n t a c t  p e a  l e a v e s  i s  v e r y  s i m i l a r  t o  t h a t  e x h i b i t e d  

b y  t h e  g r e e n  a l g a e ,  C h l o r e l l a  p y r e n o i d o s a  ( F i g .  1.2). F i g .  8 . 1 b  s h o w s  

t h e  f l u o r e s c e n c e  s i g n a l  f r o m  a  b a r l e y  m u t a n t  w h i c h  l a c k s  L H C  i n  r e s p o n s e  

t o  t h e  sam e c h a n g e s  i n  l i g h t  q u a l i t y  w h i c h  l e d  t o  t h e  f l u o r e s c e n c e  t r a c e  

s h o w n  i n  F i g .  8 . 1 a .  T h i s  o b s e r v a t i o n  r e a f f i r m s  t h e  L H C - r e q u i r e m e n t ,  i n  

h i g h e r  p l a n t s ,  f o r  t h e  S t a t e  1 -  S t a t e  2 t r a n s i t i o n  t o  t a k e  p l a c e  a s  

p r e v i o u s l y  s h o w n  b y  C h o w  e t  a l .  ( 1 9 8 1 b ) .

N o r m a l i s a t i o n  o f  f l u o r e s c e n c e  s i g n a l s ,  s i m i l a r  t o  t h o s e  s h o w n  i n  

F i g .  8 . 1 a ,  t o  t h e  S t a t e  1 (m a xim u m  f l u o r e s c e n c e )  l e v e l  f o r  p e a  l e a v e s  

g r o w n  a t  d i f f e r e n t  l i g h t  i n t e n s i t i e s  a r e  s h o w n  i n  F i g .  8 . 2 .  I t  c a n  b e  

s e e n  t h a t  t h e  e x t e n t  a n d  k i n e t i c s  o f  t h e  S t a t e  1 -  S t a t e  2  t r a n s i t i o n  

a r e  a l t e r e d  b y  g r o w i n g  t h e  p l a n t s  u n d e r  d i f f e r e n t  l i g h t  r e g i m e s , s o  t h a t  

l o w  l i g h t  g r o w n  p l a n t s  ( L L P )  h a v e  t h e  a b i l i t y  t o  r e s p o n d  m o re  q u i c k l y  

t o  c h a n g e s  i n  l i g h t  q u a l i t y  t h a n  t h o s e  p l a n t s  g r o w n  u n d e r  h i g h  l i g h t  

( H L P ) .

T h e  c h a n g e  f r o m  S t a t e  1 t o  S t a t e  2 i s  e x p e c t e d  t o  b e  a c c o m p a n ie d  

b y  a n  a l t e r a t i o n  i n  t h e  r e d o x  s t a t e  o f  t h e  P Q  p o o l .  A s  t h e  i n p u t  o f  

q u a n t a  t o  t h e  tw o  p h o t o s y s t e m s  b e c o m e s  b e t t e r  b a l a n c e d  t h e n  t h e  P Q  p o o l  

s h o u l d  b e c o m e  m o re  o x i d i s e d ,  a s  a  r e s u l t  o f  a n  o v e r a l l  i n c r e a s e  i n  e l e c ­

t r o n  t r a n s f e r  r a t e s .  U s i n g  t h e  m e t h o d  d e s c r i b e d  i n  t h e  M a t e r i a l s  a n d
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P i g .  8 . 1  R e l a t i v e  c h a n g e s  i n  t h e  y i e l d  o f  ro o m  t e m p e r a t u r e  m o d u l a t e d  

c h l o r o p h y l l  f l u o r e s c e n c e  y i e l d  f r o m  a )  a t t a c h e d  p e a  l e a v e s

( ------- )  a n d  b )  d e t a c h e d  l e a v e s  f r o m  a n  L H C - l a c k i n g  b a r l e y

m u t a n t  ( ------ ) .  I l l u m i n a t i o n  c o n d i t i o n s  u s e d  w e r e  a s  d e s ­

c r i b e d  i n  2 . 3 . 7 *
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Time a fte r Light2 on, min.

P i g .  8 . 2  R e l a t i v e  c h a n g e s  i n  t h e  y i e l d  o f  ro o m  t e m p e r a t u r e  m o d u l a t e d  

c h l o r o p h y l l  f l u o r e s c e n c e ,  i n d i c a t i v e  o f  a  S t a t e  1 -  S t a t e  2 

t r a n s i t i o n ,  f r o m  a t t a c h e d  p e a  l e a v e s  f r o m  p l a n t s  g r o w n  a t
A  0 0

1 7 ° C  a n d  u n d e r  l i g h t  i n t e n s i t i e s  o f  70V/m (  A  ) ;  50T/fa~ (  □ )
_2

a n d  20Wm ( o  ) .  T h e  m axim um  f l u o r e s c e n c e  y i e l d  a t  S t a t e  1 

h a s  "been n o r m a l i s e d  t o  u n i t y .  E a c h  c u r v e  i s  a n  a v e r a g e  o f  

1 0  r e p l i c a t e s .
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M e t h o d s  ( S e c t i o n  2 . 3 . 8 ) ,  t h e  r e d o x  s t a t e  o f  t h e  P Q  p o o l  w a s  e s t i m a t e d  

d u r i n g  t h e  S t a t e  t r a n s i t i o n s  o f  a t t a c h e d  p e a  l e a v e s  o f  p l a n t s  g r o w n  

u n d e r  t h r e e  d i f f e r e n t  l i g h t  r e g i m e s .  P i g .  8 .3  s h o w s  t h e  a n t i c i p a t e d  

r e l a t i o n s h i p  b e t w e e n  P Q  r e d o x  s t a t e  a n d  t h e  S t a t e  1 -  S t a t e  2  t r a n s ­

i t i o n ,  i n d i c a t i n g  t h a t  L L P  w e r e  c a p a b l e  o f  r e o x i d i s i n g  t h e i r  P Q  p o o l ,  

a t  l i m i t i n g  l i g h t  i n t e n s i t i e s ,  f a s t e r  t h a n  e i t h e r  t h e  H L P  o r  m e d iu m  

l i g h t  g r o w n  p l a n t s  ( M L P ) .

P i g .  8 . 4  s h o w s  t h e  f a s t  c h a n g e  i n  f l u o r e s c e n c e  e x h i b i t e d  b y  l e a v e s  

f r o m  p e a  p l a n t s  g r o w n  u n d e r  e a c h  l i g h t  i n t e n s i t y  i n v e s t i g a t e d ,  w h i c h  

h a d  u n d e r g o n e  a d a p t a t i o n  t o  S t a t e  1 b y  t h e  1 0  m i n u t e ,  l i g h t  1 p r e i l l u m ­

i n a t i o n  u s e d  b e f o r e  m e a s u r i n g  t h e  S t a t e  t r a n s i t i o n s  s h o w n  i n  P i g .  8 . 1  

a n d  8 . 2 .  T h e  k i n e t i c s  o f  t h e s e  f a s t  s i g n a l s  i n d i c a t e  t h e  r a t e  o f  i n t e r ­

s y s t e m  e l e c t r o n  f l o w  t h r o u g h  t h e  P Q  p o o l  a n d  w i l l  d e p e n d  o n  t h e  r a t e  o f  

P Q  r e d u c t i o n  a n d  o x i d a t i o n .  T h e  f l u o r e s c e n c e  s i g n a l s  p r e s e n t e d  i n  

P i g .  8 . 4 ,  w h i c h  h a v e  b e e n  n o r m a l i s e d  t o  t h e  m axim um  l e v e l ,  s h o w  t h a t  

t h e  L L P  a r e  a b l e  t o  r e d u c e  t h e i r  P Q  p o o l  f a s t e r  t h a n  t h e  M L P  a n d  H L P  

i n d i c a t i n g  p o s s i b l e  d i f f e r e n c e s  i n  e l e c t r o n  t r a n s f e r  c a p a c i t y .

P i g .  8 . 5  s h o w s  f a s t  f l u o r e s c e n c e  t r a n s i e n t s  f r o m  p e a  l e a v e s  l o c a t e d  

a t  d i f f e r e n t  h e i g h t s  d o w n  a  H L P  c a n o p y . T h e  l e a v e s  w e r e  d a r k - a d a p t e d  

b e f o r e  i l l u m i n a t i o n  a n d  t h e  f l u o r e s c e n c e  s i g n a l  g e n e r a t e d  w a s  d e t e c t e d  

v i a  a  t r a n s i e n t  r e c o r d e r  u s i n g  t h e  e q u i p m e n t  d e t a i l e d  i n  s e c t i o n  2 . 3 * 6  

a n d  P i g .  2 . 1 .  I t  c a n  b e  s e e n  t h a t  l e a v e s  s i t u a t e d  a t  t h e  b o t t o m  o f  t h e  

c a n o p y  ( B o t t o m ) ,  w h i c h  w o u l d  h a v e  r e c e i v e d  l o w e r  l i g h t  i n t e n s i t i e s  e n ­

r i c h e d  i n  f a r  r e d  w a v e l e n g t h s , p r o d u c e d  t h e  f a s t e s t  a n d  h i g h e s t  f l u o r e s ­

c e n c e  t r a n s i e n t s  w h e n  c o m p a r e d  w i t h  l e a v e s  l o c a t e d  a t  t h e  t o p  o f  t h e  

p l a n t  c a n o p y  ( T o p ) ,  w h i c h  w o u l d  b e  " n o r m a l "  H L P  l e a v e s .  T h e s e  d i f f e r ­

e n c e s  a r e  v e r y  s i m i l a r  t o  t h e  c h a r a c t e r i s t i c s  s h o w n  i n  P i g .  8 . 4  f o r  id le
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Time during State 1-State2 transition

F i g .  8 . 3  C h a n g e s  i n  t h e  r e d o x  s t a t e  o f  t h e  P Q  p o o l ,  a s  e s t i m a t e d  "by 

t h e  F ^ / F q  r a t i o ,  d u r i n g  t h e  S t a t e  1 -  S t a t e  2 t r a n s i t i o n s  

e x h i b i t e d  a t  r o o m  t e m p e r a t u r e  b y  a t t a c h e d  p e a  l e a v e s  g r o w n  

a t  1 7 ° C  u n d e r  h i g h  (  A  ) ,  m e d iu m  (  □ )  a n d  l o w  (  O  )  l i g h t  i n ­

t e n s i t i e s .  T h e  m e t h o d  u s e d  t o  d e t e r m i n e  P Q  r e d o x  s t a t e  w a s  

a s  d e s c r i b e d  i n  2 . 3 . 8 .
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P i g . 8 . 4  The f a s t  c h lo r o p h y ll  f lu o r e s c e n c e  r i s e  e x h ib i t e d  a t  room

tem p e ra tu re  b y  a tta c h e d  p ea  le a v e s  grown a t  17 °C  and un d er 

h ig h  ( ^ ) ,  medium ( □ )  and lo w  ( o )  l i g h t  i n t e n s i t i e s ,  a f t e r  

a  10 m inute l i g h t  1 p r e tr e a tm e n t . The ma-xirmim f lu o r e s c e n c e  

y i e l d  h a s  been  n o rm a lis e d  to  u n i t y .  The tim e ta k e n  to  r e a c h  

th e  S ta t e  1 f lu o r e s c e n c e  l e v e l  i n  lo w - , medium- and h ig h ­

l i g h t  grown p la n t s  was 1 7 s ,  2 1s  and 2 7 s r e s p e c t i v e l y .
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P i g .  8 .5  Room tem p e ra tu re  f a s t  c h lo r o p h y ll  f lu o r e s c e n c e  t r a n s ie n t s  

e x h ib i t e d  b y  d e ta c h e d  p ea  le a v e s  grown a t  17°C  u n d er h ig h  

l i g h t .  The th r e e  t r a c e s  show th e  f lu o r e s c e n c e  s i g n a ls  

from  th e  3̂ cL (T o p ), 2nd (M id d le) and 1 s t  (B ottom ) l e a f  

p a i r s  down th e  p ea  can o p y . A l l  le a v e s  w ere d a rk  a d a p te d  

f o r  5 m in u tes b e fo r e  m easurem ent.
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to p  l e a f  p a i r  o f  p la n t s  grown a t  d i f f e r e n t  l i g h t  i n t e n s i t i e s  and a r e  

i n d i c a t i v e  o f  f a s t e r  r a t e s  o f  PQ, r e d u c t io n  i n  th e  shade le a v e s .

The p h o to  s y n t h e t ic  r a t e s ,  b a se d  on l e a f  a r e a ,  e x h ib i t e d  b y  HLP 

and LLP w ere m easured a s  a  f u n c t io n  o f  e x c i t a t i o n  l i g h t  i n t e n s i t y  u s in g  

a  l e a f  oxygen  e le c t r o d e .  P i g .  8 .6  shows t h a t  a t  h ig h  e x c i t a t i o n  e n e r­

g i e s  th e  HLP p ro d u ced  f a s t e r  r a t e s  o f  p h oto  s y n t h e t i c  0  ̂ e v o lu t io n  when 

com pared w ith  LLP, w h ile  a t  l i m i t i n g  l i g h t  i n t e n s i t i e s  HLP and LLP 

e x h ib i t e d  s i m i la r  r a t e s .

The e f f e c t  o f  l i g h t  i n t e n s i t y  d u r in g  grow th  on c h lo r o p la s t  u l t r a ­

s t r u c t u r e  was i n v e s t ig a t e d  b y  a n a ly s in g  t h in  s e c t io n  e le c t r o n  m icro ­

g r a p h s . P i g .  8 .7  shows r e p r e s e n t a t iv e  m icro g ra p h s o f  i n  v iv o  c h lo r o -  

p l a s t s  from  HLP and LLP p la n t s .  I t  can  be se e n  t h a t  no s t a r c h  was 

fou n d  i n  th e  LLP c h lo r o p l a s t s ,  w h ile  th e  HLP c h lo r o p la s t s  a p p a r e n t ly  

c o n ta in e d  l e s s  t h y la k o id  membrane. I n  o r d e r  to  q u a n t i f y  an y d i f f e r e n c e s  

i n  t h y la k o id  o r g a n is a t io n  betw een  th e  two grow th  c o n d it io n s  a  number o f  

p a ra m e te rs  w ere m easured ( s e e  T a b le  8 .1 )  i n c lu d in g  th e  fr e q u e n c y  o f  

g ra n a  o f  d i f f e r e n t  w id th s  ( P i g .  8 .8 ) ,  w h ich  em p hasise th e  d i f f e r e n t  

arran gem en t o f  t h y la k o id  membranes betw een  HLP and LLP.

8 .2  The E f f e c t  o f  T em perature on th e  S ta te  1 -  S ta t e  2 T r a n s i t io n :

The i n t e r p l a y  betw een  l i g h t  i n t e n s i t y  and g row th  tem p e ra tu re  h as 

a ls o  been  i n v e s t ig a t e d  i n  r e s p e c t  to  th e  p l a n t 's  a b i l i t y  to  u n d ergo 

S ta t e  1 -  S ta t e  2 t r a n s i t i o n s .  P i g .  8 .9  shows n o rm a lis e d  S ta t e  1 -  

S ta te  2 t r a n s i t i o n s ,  m easured a t  room te m p e ra tu re , from  a t t a c h e d  p ea  

le a v e s  o f  p la n t s  grown a t  e i t h e r  h ig h  o r  lo w  l i g h t  i n t e n s i t i e s  a t  lo w  

te m p e ra tu re s  ( 4 - 7 ° C ) .  I t  can  be se e n  t h a t  v e r y  l i t t l e  d i f f e r e n c e  i s



242

F i g .  8 .6  L ig h t  s a t u r a t io n  c u rv e s  o f  p h oto  s y n t h e t i c  0̂  e v o lu t io n

from  d e ta c h e d  p ea  le a v e s  o f  p la n t s  grown a t  17°C  and un d er

h ig h  ( • )  and lo w  ( o  ) l i g h t  i n t e n s i t i e s .  The le a v e s  w ere

i l lu m in a te d  w ith  w h ite  l i g h t  o f  d i f f e r e n t  i n t e n s i t i e s  a t

2 1°C and 0« was d e t e c te d  u s in g  a  H an satech  l e a f  oxygen_2
e le c t r o d e .  100% i n t e n s i t y  -was 200Win .
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P i g .  8 .7  R e p r e s e n ta t iv e  e le c t r o n  m icro g ra p h s o f  i n t a c t  p ea  c h lo r o -  

p l a s t s  s i t u a t e d  i n  th e  le a v e s  o f  p la n t s  grow n a t  17°C  and 

u n d er a )  h ig h  and b) lo w  l i g h t  i n t e n s i t i e s .  M a g n if ic a t io n  

x20830.
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P i g .  8 .8  H istogram  o f  th e  fr e q u e n c y  o f  g ra n a  o f  d i f f e r e n t  w id th s  from  

h ig h  l i g h t  (HLW) and lo w  l i g h t  (LLW) p ea  c h lo r o p la s t s  grown 

a t  1 7 ° C . The v a lu e s  w ere o b ta in e d  by m e a su rin g  th e  g r a n a l 

w id th s  from  1 2 -1 6  d i f f e r e n t  c h lo r o p l a s t s .
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fou n d  i n  t h e i r  a b i l i t y  to  c a r r y  o u t a  S ta t e  1 -  S ta t e  2 t r a n s i t i o n ,  

w ith  b o th  e x h i b i t i n g  s i m i la r  f lu o r e s c e n c e  ch an ges to  th o s e  p ro d u ced  

b y  LLP grown a t  1 4 -1 7 ° C  ( F i g .  8 .2 ) .  When s i m i la r  e x p e rim e n ts  w ere 

c a r r ie d  o u t  on th e  co ld -g ro w n  p e a  p la n t s  a t  4°C> in s t e a d  o f  room 

te m p e ra tu re , o n ly  a  v e r y  s m a ll f lu o r e s c e n c e  d e c l in e  to o k  p la c e  and th e  

le a v e s  c o u ld  o n ly  p ro d u ce  a  lo w , S ta t e  2 f lu o r e s c e n c e  s i g n a l  a f t e r  th e  

10 m in u te , l i g h t  1 p re tr e a tm e n t  (d a ta  n o t  show n). T h is  o b s e r v a t io n  ten d s 

to  s u g g e s t  t h a t  th e  c h lo r o p la s t s  a r e  u s u a l l y  i n  S ta t e  2 u n d er norm al 

l i g h t i n g  c o n d it io n s  and t h a t  a t  4°C th e  S t a t e  1 -  S ta t e  2 t r a n s i t i o n  

becom es in o p e r a t iv e  o r  slo w ed  down.

F i g .  8 .1 0  shows r e p r e s e n t a t iv e  e le c t r o n  m icro g ra p h s o f  HLP and LLP 

c h lo r o p la s t s  from  p ea  p la n t s  grown a t  4“ 7 ° C . O nly th e  HLP ( c o ld )  

c h lo r o p la s t s  c o n ta in e d  s t a r c h ,  s i m i la r  to  t h a t  s e e n  f o r  th e  HLP (warm) 

p la n t s ,  b u t  th e r e  was no o b v io u s  la r g e  d i f f e r e n c e s  i n  th e  amount o f  

t h y la k o id  membrane p r e s e n t  o r  th e  d e g re e  o f  membrane s t a c k in g  betw een  

th e  h ig h  and lo w  l i g h t  co ld -g ro w n  p la n t s  ( s e e  T ab le  8 .1  and F i g .  8 . 1 1 ) .

A co m p arison  o f  th e  S ta t e  1 -  S ta t e  2 f lu o r e s c e n c e  ch a n g es w ith  

s t r u c t u r a l  p a ra m e te rs  a s s o c ia t e d  w ith  th e  c h lo r o p la s t s  p r e s e n t  i n  

le a v e s  from  p la n t s  grown u n d er th e  d i f f e r e n t  e n v iro n m e n ta l g ro w th  con­

d i t i o n s  a r e  shown i n  T a b le  8 . 1 .  The m a jo r d i f f e r e n c e s  i n  b o th  S ta t e  

t r a n s i t i o n s  and c h lo r o p la s t  u l t r a s t r u c t u r e  ca n  be s e e n  i n  th e  warm 

grow n, HLP when com pared w ith  th e  o th e r  t h r e e  grow th  c o n d it io n s .  I t  

can  be s e e n  t h a t  th e  s lo w e s t  and s m a l le s t  S ta t e  1 -  S ta t e  2 t r a n s i t i o n s  

can  be a s s o c ia t e d  w ith  th o s e  c h lo r o p la s t s  w h ich  c o n ta in e d  th e  s m a l le s t  

d e g ree  o f  t h y la k o id  s t a c k in g .
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F ig .  8 .9  R e la t i v e  ch an ges i n  th e  y i e l d  o f  room tem p e ra tu re  m odulated  

c h lo r o p h y ll  f lu o r e s c e n c e ,  i n d i c a t i v e  o f  a  S ta t e  1 -  S t a t e  2 

t r a n s i t i o n ,  from  a tta c h e d  p e a  le a v e s  grown a t  4°C u n d er 

e i t h e r  h ig h  ( a ) o r  lo w  ( a ) l i g h t  i n t e n s i t i e s .  The maximum 

f lu o r e s c e n c e  y i e l d  a t  S ta t e  1 h as been n o rm a lis e d  to  u n i t y .
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F i g .  8 .10  R e p r e s e n ta t iv e  e le c t r o n  m icro g ra p h s o f  i n t a c t  p ea  c h lo r o -  

p l a s t s  s i t u a t e d  i n  th e  le a v e s  o f  p la n t s  grown a t  4°C and 

u n d er  a )  h ig h  and h) lo w  l i g h t  i n t e n s i t i e s .  M a g n if ic a t io n  

x20830.
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P i g .  8 .1 1  H isto gram  o f  th e  fr e q u e n c y  o f  g ra n a  o f  d i f f e r e n t  w id th s

from  h ig h  l i g h t  (HLC) and lo w  l i g h t  (LLC) p ea  c h lo r o p la s t s  

grown a t  4 °C . The v a lu e s  w ere o b ta in e d  b y  m e a su rin g  g r a n a l 

w id th s  from  1 2 -1 6  d i f f e r e n t  c h lo r o p l a s t s .
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TABLE 8 .1

- Com parison o f  S ta t e  1 -  S ta t e  2 F lu o r e s c e n c e  Changes w ith  S t r u c t u r a l  

P a ra m ete rs  A s s o c ia te d  w ith  D i f f e r e n t  E n v iro n m en ta l Growth C on d it io n s

S t a t e  1 - S t a t e  2 T r a n s i t io n s C h lo r o p la s t  U l t r a s t r u e t u r e

Growth
C o n d itio n s %. y.(m in;

% Change C h la/h
r a t i o

T h y la k o id /
G rana

G ra n a l
L en g th

(nm)

% T h y la k o id  
S ta ck e d

H igh  l i g h t  
17 °C /14 °C

6 .2 27 5 .5 4 .5 447 60

H igh l i g h t  
7°C /4 °C

2 .8 58 5 .2 6 . 4 488 87

Low l i g h t  
17 °C /14 °C

2 .9 52 5 .2 6 .7 489 84

Low l i g h t  
7°C /4°C

2 .5 54 5 .0 6 .5 475 78
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8 .3  L ig h t  A d a p ta t io n  i n  Tomato P l a n t s :

The re sp o n se  o f  tom ato le a v e s  f o l lo w i n g  t r a n s f e r  from  h ig h  to  lo w  

l i g h t  re g im e s s u g g e s t  an  a d a p t iv e  change w h ich  a l t e r s  th e  " t r a n s f e r r e d "  

p la n t s  l i g h t - s a t u r a t e d  p h o to s y n t h e t ic  c a p a c i t y  and e f f i c i e n c y  a s  

m easured h y COg exch an ge (W ith e rs  e t  a l . ,  1984)* Such a  c h a n g e .o n ly  

o c c u r r e d , h o w ever, when th e  le a v e s  w ere young and s t i l l  d e v e lo p in g  (~15% 

f i n a l  l e a f  a r e a )  and was n o t  b ro u g h t a b o u t b y  an  a l t e r e d  r i b u lo s e  1 ,5  

b is p h o s p h a te  c a r b o x y la s e  (R5PC) a c t i v i t y  (W ith e rs  e t  a l . ,  1 9 8 4 ). I t  

was fo u n d , h ow ever, t h a t  th e  f a s t  f lu o r e s c e n c e  c h a r a c t e r i s t i c s  o f  th e  

le a v e s  changed a f t e r  th e  lo w  l i g h t  t r a n s f e r  (Chow e t  a l . ,  1 9 8 4 ) .

The f lu o r e s c e n c e  c h a r a c t e r i s t i c s  o f  L C M U -in h ib ited  le a v e s  have 

b een  m easured i n  b o th  c o n t r o l  (m a in ta in e d  u n d er h ig h  l i g h t )  and h ig h  to  

lo w  t r a n s f e r r e d  p la n t s  a s  a  f u n c t io n  o f  th e  tim e a f t e r  th e  t r a n s f e r  to  

i n v e s t i g a t e  i f  ch an ges i n  PS2 o r g a n is a t io n  w ere in v o lv e d  i n  th e  adap­

t i v e  p r o c e s s .  P i g .  8 .1 2  shows th e  Fm, F q and Pv /Pm v a lu e s  f o r  

d e ta c h e d , i n t a c t  tom ato le a v e s  from  c o n t r o l  and " t r a n s f e r r e d " p la n t s .

I t  can  be se e n  t h a t  th e  m ain change was i n  th e  P l e v e l  e x h ib i t e d  b y
, m

th e  " t r a n s f e r r e d "  and c o n t r o l  l e a v e s ,  w h ile  th e  o t h e r  p a ra m e te rs  r e ­

m ained r e l a t i v e l y  u n a l t e r e d .  A n o th er m ajor d i f f e r e n c e  was fou n d  to  

o c c u r  i n  th e  r a t e  c o n s t a n t ,  k.^, w h ich  i s  b e l ie v e d  to  be d eterm in ed  b y  

th e  a b s o r p t io n  c r o s s  s e c t io n  o f  "c o n n e c te d "  PS2 r e a c t i o n  c e n t r e s  (s e e  

C h a p te r 6 ) .  P i g .  8 .1 3  shows t h a t ,  w ith in  a  d ay a f t e r  t r a n s f e r ,  t h i s  

k i n e t i c  p ara m e te r s t a r t e d  to  in c r e a s e  i n  th e  " t r a n s f e r r e d "  p la n t s  

r e a c h in g  a  maximum v a lu e  th r e e  t e  f o u r  d ays a f t e r  th e  t r a n s f e r ,  i n d i ­

c a t in g  t h a t  PS2 i s  in d e e d  in v o lv e d  i n  th e  ch an ges t a k in g  p la c e  d u r in g  

th e  lo w  l i g h t  a d a p t a t io n .
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J______________1_______________ I________________________L0 2 4 7
Time a f t e r  T r a n s f e r , days

F i g .  8 .1 2  The e f f e c t  o f  t r a n s f e r  o f  tom ato p la n t s  from  grow th  u n d er 

h ig h  l i g h t  (80Vfa ) to  lo w  l i g h t  (20Wm ) on th e  room 

tem p e ra tu re  c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u rv e  p a ra ­

m e te rs  a ) .F m and and h) Fv/̂ 'm r a t i o ,  e x h ib i t e d  b y  hCMC- 

i n h i b i t e d ,  d e ta c h e d  le a v e s  a s  a  f u n c t io n  o f  tim e a f t e r  

t r a n s f e r .

T r a n s fe r r e d  p la n t s  (open  s y m b o ls); C o n tr o l p la n t s  ( c lo s e d  

s y m b o ls ) .
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J_________ I__________ I_______________ L
0 2 4 7

Time a f t e r  T r a n s f e r , d a ys

P i g .  8 . 1 3  The e f f e c t  o f  t r a n s f e r  o f  tom ato p la n t s  from  g ro w th  u n d er
_ p  _ o

h ig h  l i g h t  (80Vftn ) to  lo w  l i g h t  (20'Wn ) on th e  i n i t i a l

r a t e  c o n s ta n t  o f  th e  f a s t  k i n e t i c  component o f  room tem per­

a tu r e  f lu o r e s c e n c e  in d u c t io n  c u rv e s  (k^) e x h ib i t e d  b y  DCMC- 

i n h i b i t e d ,  d e ta c h e d  le a v e s  o f  t r a n s f e r r e d  ( □ ) and c o n t r o l  

( ■  ) p l a n t s .
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S im ila r  e x p e rim e n ts  w ere c a r r ie d  o u t u s in g  i s o l a t e d  tom ato c h lo ro ' 

p l a s t s  from  b o th  c o n t r o l  and " t r a n s f e r r e d ” p la n t s .  T hese c h lo r o p la s t s  

w ere s u b je c t  to  a  r a p id  d e t e r i o r a t i o n  a f t e r  i s o l a t i o n  and t h e r e fo r e  

y ie ld e d  p o o r and u n r e l ia b l e  f lu o r e s c e n c e  s i g n a l s .  T a b le  8 .2  shows th e  

c h i  a /b  r a t i o s  and v a r io u s  f lu o r e s c e n c e  p a ra m e te rs  o b ta in e d  from  th e s e

e x h ib it e d  b y  th e  " t r a n s f e r r e d "  c h lo r o p la s t s  w ere q u it e  lo w  p erh a p s  i n ­

d i c a t i n g  an  i n a b i l i t y  to  f u l l y  o x i d i s e  Q  ̂ i n  th e  d a rk -tim e  g iv e n  be-

p ro d u ced  b y  th e  " t r a n s f e r r e d "  p l a n t 's  c h lo r o p l a s t s ,  a g a in  i n d i c a t i v e  

o f  an  a l t e r a t i o n  i n  PS2 t a k in g  p la c e  a f t e r  th e  t r a n s f e r  to  lo w  l i g h t .

8 . 4  D is c u s s io n :

The c h lo r o p h y ll  f lu o r e s c e n c e  ch an ges e x h ib i t e d  b y  i n t a c t  p ea  

le a v e s  in d u c e d  b y  l i g h t  1 and l i g h t  2 ( P ig .  8 .1 a )  a r e  s i m i la r  to  th o s e  

shown b y  C h lo r e l l a  p y re n o id o s a  i n  C h a p te r 7 and t h e r e fo r e  p r o b a b ly  r e ­

f l e c t  th e  same mechanism i n v o lv i n g  th e  p h o s p h o r y la t io n  o f  LHC and 

ch an ges i n  p h o to syste m  a b s o r p t io n  c r o s s  s e c t io n  (s e e  1 . 7  and C h a p te rs  

4 and 7 ) .  The re q u ire m e n t f o r  LHC, i n  h ig h e r  p la n t s ,  i n  a l lo w in g  t h i s  

a d a p t iv e  p r o c e s s  to  ta k e  p la c e  i s  e v id e n t  from  P i g .  8 .1 b  ( s e e  a ls o  Chow 

e t  a l . ,  1 9 8 1 b ) .  P i g .  8 .2  shows t h a t  a s  a  con sequ en ce o f  p h o to  s y n t h e t i c  

a d a p ta t io n  to  l i g h t  i n t e n s i t y  d u r in g  p la n t  g ro w th , th e  le a v e s  e x h i b i t  

d i f f e r e n t  S ta t e  1 -  S ta t e  2 t r a n s i t i o n s  b o th  i n  e x t e n t  and k i n e t i c s .  

F u rth erm o re , i t  i s  se e n  from  P i g .  8 . 3  t h a t  th e  e x p e c te d  ch ange i n  PQ . 

re d o x  s t a t e  fo l lo w e d  th e  o b s e rv e d  k i n e t i c s  o f  th e  S ta t e  1 -  S t a t e  2 

t r a n s i t i o n s  ( F i g .  8 .2 ) .  T h is  r e o x id a t io n  o f  th e  PQ p o o l i n d i c a t e s  t h a t  

on g o in g  from  S ta t e  1 to  S ta t e  2 , l i g h t  2 becom es more e f f e c t i v e  i n

tom ato c h lo r o p la s t  p r e p a r a t io n s .

f o r e  i l lu m i n a t i o n ,  le a d in g  to  an  i n c o r r e c t  Pq v a lu e .  H ow ever, i t  i s  

i n t e r e s t i n g  to  n o te  th e  lo w e r  c h i  a /b  r a t i o s  and F^ l e v e l s  w h ich  a r e
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TABLE 8 .2

The E f f e c t  o f  H igh to  Low L ig h t  T r a n s fe r  on V a r io u s  F lu o r e s c e n c e  

P a ra m e te rs  and c h i  a/h  R a t io s

d ay  a f t e r  PQ 
t r a n s f e r

Pm A k  P /P c h imax a . v ' m • >,
- 1 \ a/h(s )

c o n t r o l 0

t r a n s f e r 1

c o n t r o l 2

2 1 .8 - 0 .3 7 3 .5 ±0 .8 1980 2 2 .6 * .5 0 .70 4 .0 7

2 2 .5 - 1 * 0 5 6 . 4- 1 .6 1260 2 5 .2 * .5 0 .6 0 3.6 9

2 4 . 6* 0 . 4 7 5 .6 * 2 .2 1920 2 1 .5 * .8 0 .6 7 4 .1 8

1 9 .8 * 0 .4 4 4 .2 * 0 .8 1160 2 3 .6* . 3 0 .5 5 3 .5 4t r a n s f e r 3



2 57

d r i v i n g  e le c t r o n  t r a n s f e r  "between th e  two p h o to s y s te m s .

The LLP n o t  o n ly  e x h ib i t e d  th e  f a s t e s t  and l a r g e s t  S ta t e  t r a n s i t i o n s  

h u t from  P i g .  8 . 4  i t  can  he se e n  t h a t  t h e y  a ls o  p ro d u ced  th e  q u ic k e s t  

r i s e  i n  c h lo r o p h y ll  f lu o r e s c e n c e  a f t e r  th e  10 m in u te , l i g h t  1 p r e t r e a t ­

m ent. T h is  d i f f e r e n c e  i n d i c a t e s  t h a t  LLP a r e  c a p a b le  o f  p h o to re d u c in g  

t h e i r  in t e r s y s t e m  e le c t r o n  t r a n s f e r  com ponents more r e a d i l y  than  HLP.

T h is  w ould depend on a  number o f  s t r u c t u r a l  f a c t o r s  w h ich  in f lu e n c e  th e  

b a la n c e  o f  e le c t r o n  f lo w  in t o  and o u t o f  th e  PQ p o o l ,  and i s  t h e r e fo r e  

h ig h ly  d epen d ent upon P S 2 - and PS1 -m e d ia te d  e le c t r o n  f lo w .  The ob­

s e r v e d  d i f f e r e n c e s  betw een  HLP and LLP c o u ld  be b ro u g h t a b o u t b y  d i f ­

f e r e n t  e le c t r o n  t r a n s f e r  c a p a c i t i e s  a t  l i m i t i n g  l i g h t ,  d i f f e r e n t  s i z e d  

p ig m e n t-b ed s a s s o c ia t e d  w ith  th e  two p h o to sy ste m s, a l t e r e d  PS2/PS1 r a t i o s  

o r  a l t e r e d  PS2/PQ r a t i o s .  The f i r s t  p o s s i b i l i t y  d o es n o t  a p p e a r  to  be 

th e  c a s e ,  b e c a u se  l i t t l e  d i f f e r e n c e  i n  p h o to  s y n t h e t ic  o x y g en  e v o lu t io n  

can  be se e n  from  P i g .  8 .6 ,  betw een  HLP and LLP, a t  l i m i t i n g  l i g h t .  O n ly 

a t  th e  h ig h e r  l i g h t  i n t e n s i t i e s  was th e  c h a r a c t e r i s t i c  d i f f e r e n c e  i n  

p h o to  s y n t h e t ic  c a p a c i t y  betw een  HLP and LLP o b s e r v e d .

The d a ta  o b ta in e d  from  th e  e le c t r o n  m icro g ra p h s ( P i g s .  8 .7 ,  8 .8  

and T a b le  8 . 1 ) ,  h o w ever, i n d i c a t e  t h a t  th e  LLP c o n ta in  more t h y la k o id  

membranes w h ich  e x h i b i t  a  g r e a t e r  d e g re e  o f  s t a c k in g  com pared w ith  th e  

HLP. Such d i f f e r e n c e s  im p ly  t h a t  th e  LLP c o n ta in  e i t h e r  a  h ig h e r  PS2/

PS1 r a t i o  o r  p erh a p s more c h lo r o p h y lls  a s s o c ia t e d  w ith  PS2 r e a c t i o n  

c e n t r e s .  T hese d i f f e r e n c e s  h ave b een  r e p o r te d  i n  th e  l i t e r a t u r e  a lo n g  

w ith  l e s s  in t e r s y s t e m  e le c t r o n  t r a n s f e r  com ponents l i k e  PQ and c y t  f  

b e in g  lo c a t e d  i n  th e  LLP (s e e  r e v ie w s  b y  Boardman, 19 77  and Bjorkm an, 

19 8 1)*  T h e r e fo r e  i t  seems l i k e l y  t h a t  th e s e  s t r u c t u r a l  ch an ges may 

h e lp  e x p la in  th e  d i f f e r e n c e s  se e n  i n  P i g .  8 . 4  and P i g .  8 .5 ,  i n  t h a t  th e
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LLP a r e  c a p a b le  o f  t r a p p in g  more l i g h t  2 w h ich  le a d s  to  an  o v e r  r e d a c ­

t io n  o f  PQ b e c a u se  o f  a  g r e a t e r  im b a lan ce  betw een  PS2 e le c t r o n  in p u t  

to  PQ and P S 1-m e d ia te d  e le c t r o n  rem oval from  PQ.

P ea  p la n t s  grown a t  4 -7 ° C , h ow ever, do n o t e x h i b i t  su ch  la r g e  d i f ­

f e r e n c e s  i n  t h e i r  a b i l i t y  to  u n d ergo  a  S ta t e  1 -  S t a t e  2 t r a n s i t i o n  a t  

room tem p e ra tu re  when grown u n d er d i f f e r e n t  l i g h t  i n t e n s i t i e s  ( s e e  P i g .

8 .9 ) .  T h is  may s u g g e s t  t h a t  a n y  lo w  te m p e ra tu re -in d u c e d  ch an ges i n  

c h lo r o p la s t  s t r u c t u r e  may o v e r r id e  th e  d i f f e r e n c e s  u s u a l l y  im posed b y  

h ig h  and lo w  l i g h t  r e g im e s . I t  i s  n o t  s u r p r is i n g ,  t h e r e fo r e  t h a t  th e  

c h lo r o p la s t s  from  th e  c o ld  grown HLP and ^LP showed v e r y  l i t t l e  u l t r a -  

s t r u c t u r a l  d i f f e r e n c e s  ( P i g s .  8 .1 0 ,  8 .1 1  and T a b le  8 . 1 ) .  The c h lo r o ­

p l a s t s  w e re , i n  f a c t ,  s i m i la r  to  th o s e  foun d  i n  th e  warm grown LLP i n  

term s o f  th e  d e g re e  o f  t h y la k o id  s t a c k in g ,  g r a n a l w id th  and number o f  

t h y la k o id s  p e r  granum.

I t  t h e r e fo r e  seems t h a t  th e  i n  v iv o  mechanism f o r  a d a p t a t io n  to  

ch an ges i n  l i g h t  q u a l i t y  i s  h ig h ly  d epen dent upon c h lo r o p la s t  u l t r a ­

s t r u c t u r e .  I n  g e n e r a l  term s, p e a  p la n t s  grown u n d er c o n d it io n s  w h ich  

l i m i t  t h e i r  p h o to s y n t h e t ic  c a p a c i t y  a p p e ar to  s y n t h e s is e  c h lo r o p la s t s  

c o n t a in in g  h ig h  l e v e l s  o f  t h y la k o id  s t a c k in g .  Such c h lo r o p la s t s  a r e  

th en  c a p a b le  o f  u n d e rg o in g  l a r g e r  and f a s t e r  S ta t e  1 -  S ta t e  2 t r a n s ­

i t i o n s  compared w ith  c h lo r o p la s t s  fou n d  i n  p ea  le a v e s -  w hich  do n o t  show 

lo w  p h o to s y n th e t ic  c a p a c i t i e s  a t  s a t u r a t i n g  l i g h t  and w h ich  a r e  a s s o c i ­

a te d  w ith  l e s s  s t a c k in g  and l e s s  t h y la k o id  membranes. T h is  r e l a t i o n ­

s h ip  betw een  S t a t e  t r a n s i t io n s  and c h lo r o p la s t  u l t r a s t r u c t u r e  c o u ld  be 

due to  a  number o f  r e a s o n s  w h ich  in c lu d e  1 )  a l t e r e d  P S2, PS1 and PQ 

l e v e l s ,  2) d i f f e r i n g  amounts o f  ’’m o b ile "  LHC, 3) d i f f e r e n t  am ounts o f  

k in a s e  and p h o sp h a ta se  enzymes w ith  p erh a p s a l t e r e d  s p e c i f i c  a c t i v i t i e s
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and 4 ) ch an ges i n  t h y la k o id  membrane f l u i d i t y .  The e x a c t  r e a s o n ( s )  

a r e  s t i l l  u n r e s o lv e d  and r e q u ir e  f u r t h e r  e x p e r im e n ta t io n .

The t r a n s f e r  o f  you n g, d e v e lo p in g  tom ato le a v e s  from  h ig h  l i g h t  to  

lo w  l i g h t  g ro w th  c o n d it io n s  h as b een  p r e v io u s ly  shown to  le a d  t o  a  de­

c r e a s e  i n  th e  le a v e s  n e t  p h o to  s y n t h e t ic  c a p a c i t y  a f t e r  o n ly  a  fe w  d ays 

a f t e r  th e  t r a n s f e r  (W ith e rs  e t  a l . ,  1 9 8 4 ) .  U sin g  th e  a n a ly s i s  o f  

c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u rv e s  from  D C M U -inhibited le a v e s  

and t h y la k o id s ,  in fo r m a tio n  c o n c e r n in g  th e  p o s s ib le  a d a p t iv e  ch a n g es 

a s s o c ia t e d  w ith  PS2 h as been  d e te rm in e d .

P i g .  8 .1 2  shows t h a t  D C M U -inh ib ited  le a v e s  from  " t r a n s f e r r e d "  

p la n t s  p ro d u ce  h ig h e r  Pm l e v e l s  p e r  l e a f  a r e a  w ith  o n ly  s m a ll ch an g es 

i n  Pq and F ^ F  . T h is  s u g g e s ts  t h a t  th e  l e v e l  o f  th e  f l u o r e s c i n g  s p e c ie s  

h a s  in c r e a s e d ,  on a  l e a f  a r e a  b a s i s ,  soon  a f t e r  th e  t r a n s f e r .  These 

o b s e r v a t io n s  a r e  c o n t r a r y  to  th e  w ork p r e s e n te d  b y  Chow e t  a l .  ( 1 9 8 4 ) 

who fou n d  a  la r g e  in c r e a s e  i n  Pq w ith  a  su b seq u en t d e c r e a s e  i n  P^/Pq 

r a t i o  i n  u n p o iso n ed  " t r a n s f e r r e d "  l e a v e s .  T h is  d is c r e p a n c y  a r o s e  be­

ca u se  o f  an  a l t e r e d  r a t e  o r  a b i l i t y  o f  th e  " t r a n s f e r r e d "  le a v e s  to  

f u l l y  r e o x i d is e  i n  th e  s h o r t  d a rk tim e g iv e n  b y  Chow e t  a l .  ( 1 9 8 4 ) 

a f t e r  th e y  had p r e i l lu m in a t e d  th e  le a v e s  f o r  4  m in u tes w ith  l i g h t  2 .

When th e  " t r a n s f e r r e d "  p la n t s  w ere g iv e n  a  lo n g e r  d a rk -tim e  b e fo r e  

m ea su rin g  th e  f a s t  f lu o r e s c e n c e  t r a n s ie n t s  th e  Pq was se e n  to  d e c r e a s e  

and no change i n  P ^ P  was d e t e c t e d  b etw een  th e  h ig h  l i g h t  c o n t r o l  

le a v e s  and th o s e  w h ich  had b een  " t r a n s f e r r e d " .

The m ost s i g n i f i c a n t  change o b s e rv e d  i n  th e " t r a n s f e r r e d "  le a v e s  

was i n  k ^ , w h ich  in c r e a s e d  i n  th e  " t r a n s f e r r e d "  p la n t s  com pared w ith  

th e  c o n t r o l  to m a to s, i n d i c a t i n g  th e  s y n t h e s is  o f  more PS2 a n ten n a  pig^- 

m ents o r  p erh a p s a  g r e a t e r  PS2 " c o n n e c t i v i t y "  ( P ig .  8 .1 3 ) •  T h is
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p ro p o se d  in c r e a s e  i s  b o r n e -o u t  b y  th e  o b s e rv e d  d e c r e a s e  i n  c h i  a/b 

r a t i o  and p erh a p s b y  th e  lo w e r  Fm l e v e l s  e x h ib i t e d  b y  th e  t r a n s f e r r e d  

tom ato c h lo r o p la s t s  ( s e e  T a b le  8 .2 ) .  The d e c r e a s e  i n  Fm m ig h t be e x ­

p e c te d  i f  th e  f lu o r e s c e n c e  s i g n a l  a r i s e s  from  a b a ck  r e a c t i o n  i n  th e  

PS2 r e a c t i o n  c e n tr e  b etw een  re d u ce d  p h e o p h y tin  and P680 (B r e to n , 1 9 8 2 ). 

I f  th e  c h lo r o p la s t s  s y n t h e s is e  more LHC th an  th e  number o f  PS2 r e a c t i o n  

c e n t r e s  p e r  10^g c h lo r o p h y ll  w ould  be e x p e c te d  to  d e c r e a s e  le a d in g  to  a  

lo w e r  f lu o r e s c e n c e  s i g n a l .  H owever, th e s e  ch an ges c o u ld  a ls o  r e f l e c t  

an  in c r e a s e  i n  th e  l e v e l  o f  PS2 com pared w ith  PS1 w ith  no a l t e r a t i o n  

i n  PS2 a n ten n a  s i z e .  Such o b s e r v a t io n s  do show t h a t  a  r e l a t i v e l y  r a p id  

a d a p t iv e  change i n  PS2 can  ta k e  p la c e  i n  re sp o n se  to  ch an ges i n  l i g h t  

i n t e n s i t y  and from  P i g .  8 .1 3  i t  a p p e a rs  t h a t  t h i s  p r o c e s s  b e g in s  a lm o st 

im m e d ia te ly  a f t e r  th e  h ig h  to  lo w  l i g h t  t r a n s f e r .  P e rh a p s , th e  p la n t  

a tte m p ts  to  s y n th e s is e  lo w  l i g h t - t y p e  c h lo r o p la s t s  (s e e  1 . 4 . 3 » 0  b u t 

t h i s  m ig h t be c o m p lic a te d  b y  th e  c h lo r o p la s t s  b e in g  a b le  to  m a in ta in  

c e r t a i n  " lo n g - t u r n o v e r ” p r o t e in s  w h ich  h ave  a lr e a d y  been  s y n th e s is e d  

u n d er th e  h ig h  l i g h t  grow th  c o n d it io n s  a t  " h i g h - l i g h t "  re s p o n s e  l e v e l s .  

T h is  c o u ld  le a d  to  th e  " t r a n s f e r r e d "  p la n t s  c o n t a in in g  c h lo r o p la s t s  

w h ich  a r e  s i m i la r  i n  some r e s p e c t s  to  lo w  l i g h t  c h lo r o p la s t s  w h ile  

m a in ta in in g  c e r t a i n  " h i g h - l i g h t "  c h a r a c t e r i s t i c s . Such c h lo r o p la s t s  

w o u ld , h ow ever, be e x p e c te d  to  show lo w e r  p h o to s y n th e t ic  c a p a c i t i e s  a t  

s a t u r a t i n g  l i g h t  i n t e n s i t i e s .
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A t r a z in e - R e s is t a n c e

R e s is t a n c e  to  t r i a z i n e  h e r b ic id e s  h a s  been  shown f o r  a  number o f  

d i f f e r e n t  weed b io  ty p e s  ( P f i s t e r  and A m tz e n , 19 79 ; A m tz e n  e t  a l . ,

1 9 8 2 ). I t  i s  now b e l ie v e d  t h a t  t h i s  can  a r i s e  b e ca u se  o f  a  s i n g le  

amino a c i d  change i n  th e  32k d a  h e r b ic id e - b in d in g  p r o t e in  a s s o c ia t e d  

w ith  PS2, so t h a t  i n  an  Am aranthus r e s i s t a n t  s p e c ie s  a  s e r in e  becom es 

c o n v e r te d  to  a  g ly c i n e  r e s id u e  (H ir s c h b e r g  and M cIn to sh , 19 8 3 )- I t  

h a s  b een  p ro p o se d  t h a t  t h i s  m u ta tio n  le a d s  to  an a l t e r a t i o n  i n  th e  

e q u i l ib r iu m  b etw een  QTQt, and Q .Q l w h ich  s lo w s  down e le c t r o n  f lo w  from

to  PQ i n  r e s i s t a n t  p la n t s  (Bowes e t  a l . ,  1980; Yerm aas and A m tz e n ,

19 8 3 )- The co n seq u en ces o f  t h i s  change a p p e a rs  to  be t w o - f o ld ,  i n  t h a t  

c h lo r o p la s t  s t r u c t u r e  and p h o to s y n t h e t ic  c a p a c i t y  ca n  be a f f e c t e d .

B urke e t  a l .  (19 8 2 ) h ave r e p o r te d  t h a t  an  a t r a z i n e - r e s i s t a n t  B r a s s ic a  

s p . p ro d u ced  lo w - l i g h t  ty p e  c h lo r o p la s t s  e x h i b i t i n g  a  la r g e  d e g re e  o f  

membrane s t a c k in g  and lo w e r  H^O to  DCPIP r a t e s  o f  e le c t r o n  t r a n s f e r  

com pared w ith  th e  s u s c e p t ib le  c h lo r o p l a s t s .  Q rt e t  a l . ,  (19 8 3 ) have 

a ls o  shown i n h i b i t e d  PS2 p a r t i a l  r e a c t io n s  i n  r e s i s t a n t  c h lo r o p la s t s  o f  

Amaranthus h y b r id u s  b u t  foun d  no d i f f e r e n c e  i n  f u l l  c h a in  e le c t r o n  

t r a n s f e r  r a t e s ,  how ever th e  i n t a c t  l e a v e s  o f  th e s e  p la n t s  d id  show 

lo w e r  r a t e s  o f  CO  ̂ r e d u c t io n .  I n  t h i s  c h a p te r  roo m -tem p eratu re  c h lo r o ­

p h y l l  f lu o r e s c e n c e  h a s  been  u s e d  to  i n v e s t i g a t e  ch an ges i n  PS2 o r g a n i­

s a t i o n  and f u n c t io n  i n  f o u r  d i f f e r e n t  s p e c ie s  o f  a t r a z i n e - r e s i s t a n t  

p l a n t s .

9 .1  C h lo r o p h y ll  F lu o r e s c e n c e  Changes A s s o c ia te d  w ith  A t r a z in e - R e s is t a n c e

P i g .  9«1 shows roo m -tem p eratu re c h lo r o p h y ll  f lu o r e s c e n c e  f a s t
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t r a n s ie n t s  from  s u s c e p t ib le  and r e s i s t a n t  Amaranthus r e t r o f l e x u s  t h y l a -  

k o id s  suspended i n  th e  p re s e n c e  and a b se n ce  o f  10|im a t r a z i n e .  I t  can  

be se e n  t h a t  th e  a d d it io n  o f  a t r a z i n e  to  th e  r e s i s t a n t  t h y la k o id s  

c a u se d  o n ly  a  s m a ll change i n  th e  f a s t  f lu o r e s c e n c e  r i s e  w h ile  i n  th e  

s u s c e p t ib le  t h y la k o id s  th e  r i s e  was c o m p le te ly  a l t e r e d  to  th e  e x p e c te d  

f a s t  f lu o r e s c e n c e  r i s e  c h a r a c t e r i s t i c s  e x h ib i t e d  b y  P S 2 - in h ib it e d  

t h y la k o id s .  S im ila r  o b s e r v a t io n s  w ere made u s in g  t h y la k o id s  i s o l a t e d  

from  Poa annua, Chenopodium album  and S e n e c io  v u l g a r i s , a lth o u g h  d i f ­

f e r i n g  e x t e n t s  i n  th e  change i n  f lu o r e s c e n c e  w ere o b s e rv e d  i n  th e  r e s ­

i s t a n t  t h y la k o id s  when a t r a z in e  was ad d ed , i n d i c a t i n g  p erh a p s d i f f e r e n t  

d e g r e e s  o f  h e r b ic id e  r e s is t a n c e  (d a ta  n o t show n).

P i g .  9 .2  shows c h lo r o p h y ll  f lu o r e s c e n c e  t r a n s ie n t s  e x h ib i t e d  b y

t h y la k o id s  o f  r e s i s t a n t  and s u s c e p t ib le  Poa annua i n  th e  a b se n ce  o f

a n y  PS2 i n h i b i t o r .  The c u rv e s  have b een  n o rm a lis e d  to  th e  P l e v e l  o fm

th e  r e s i s t a n t  t h y la k o id s ,  w h ich  was fou n d  to  be s l i g h t l y  h ig h e r  th an

th e  Pffi l e v e l  o f  s u s c e p t ib le  t h y la k o id s .  T h is  f i g u r e  shows th e  now w e l l -

docum ented l a r g e r  e x t e n t  o f  th e  o - i  r i s e  i n  f lu o r e s c e n c e  e x h ib i t e d  b y

r e s i s t a n t  t h y la k o id s  fo l lo w e d  b y  a  s l i g h t l y  s lo w e r  r i s e  to  Pm ( P f i s t e r

and A m tz e n , 1 9 7 9 ) . The u n n o rm a lise d  f lu o r e s c e n c e  d a ta  from  th e s e

c u r v e s  a r e  g iv e n  i n  T a b le  9 * 1 . I t  ca n  be se e n  t h a t  th e  P and Pm o
l e v e l s  w ere h ig h e r  i n  th e  r e s i s t a n t  membranes, w h ile  th e  A was lo w e r . °  max

F u rth erm o re , th e  p e r c e n ta g e  o f  th e  t o t a l  F due to  th e  o - i  r i s e  i s  g iv e n  

f o r  th e  two ty p e s  o f  t h y la k o id  sh ow in g th e  s m a lle r  e x t e n t  o f  t h i s  f a s t  

r i s e  i n  th e  a t r a z i n e - s u s c e p t i b le  P oa annua.

T a b le  9*2 g iv e s  v a r io u s  f lu o r e s c e n c e  p a ra m e te rs  o b ta in e d  b y  a n a ly ­

s i n g  f lu o r e s c e n c e  in d u c t io n  c u rv e s  from  D C M U -inhibited t h y la k o id s  p r e ­

p a re d  from  th e  f o u r  s p e c ie s  o f  a t r a z i n e - r e s i s t a n t  and s u s c e p t ib le  p la n t s
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a . su scep tib le

O N

P i g .  9 .1  Room tem p e ra tu re  f a s t  c h lo r o p h y ll  f lu o r e s c e n c e  t r a n s ie n t s

e x h ib i t e d  b y  a )  a t r a z i n e  s u s c e p t ib le  and b) a t r a z i n e  r e s i s ­

t a n t  Am aranthus r e t r o f l e x u s  t h y la k o id s  i n  5niM Mg^+ and 

e i t h e r  i n  th e  p re s e n c e  ( -----) o r  a b se n ce  (----- ) o f  10pM a t r a ­

z i n e .
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Room tem p e ra tu re  f a s t  c h lo r o p h y ll  f lu o r e s c e n c e  t r a n s ie n t s
2+o f  Poa annua t h y la k o id s ,  suspended i n  5elM Mg , from  a t r a z i n e  

r e s i s t a n t  ( r )  and s u s c e p t ib le  ( s )  p la n t s .  The c u r v e s  h ave 

been  n o rm a lis e d  to  an  e q u a l P l e v e l ,  s in c e  i t  was s l i g h t l y  

h ig h e r  i n  th e  r e s i s t a n t  t h y la k o id s .

P i g .  9 .2



TABLE 9 .1

F a s t  F lu o r e s c e n c e  T r a n s ie n t  P a ra m ete rs  E x h ib it e d  b y  A t r a z in e -  

S u s c e p t ib le  ( S u s .)  and A t r a z in e - R e s is t a n t  ( R e s .)  Foa Annua

F
0

F .
1

Fm Amax F / F  v 7 m %F .

S u sc . 1 9 . 0 3 7 .7 80 .1 4570 0 . 7  6 3 0 .6

R e s . 2 0 .5 4 6 .6 8 5 .1 3750 0.76 4 0 .5

% F  ̂ r e p r e s e n t s  th e  p e r c e n ta g e  o f  th e  Fq to  F^ com ponent i n  th e

t o t a l  F r i s e ,  v
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a lr e a d y  m en tion ed  a b o v e . I t  can  be se e n  t h a t  a l l  f o u r  s p e c ie s  show 

common d i f f e r e n c e s  when a  co m p arison  i s  made betw een  th e  r e s i s t a n t  and 

s u s c e p t ib le  mem branes. The r e s i s t a n t  p la n t s  a lw a y s  p ro d u ced  h ig h e r  Fffi 

and F l e v e l s ,  l a r g e r  A and s m a lle r  k  v a lu e s  w ith  v e r y  l i t t l e  change 

i n  th e  F ^ F  r a t i o .  No common o b s e r v a b le  d i f f e r e n c e s  w ere se e n  i n  th e  

p a ra m e te rs  and b o th  a s s o c ia t e d  w ith  th e  s lo w  k i n e t i c  component

o f  th e  f lu o r e s c e n c e  r i s e .

T a b le  9*3 shows th e  A v a lu e s  o b ta in e d  from  f a s t  f lu o r e s c e n c emax

t r a n s ie n t s  i n  th e  a b sen ce  o f  DCMCT ( Amgy- )  f o r  a l l  f o u r  p la n t  b io t y p e s  

and th e  r a t i o  o f  th e  AmftY v a lu e s  p ro d u ced  i n  th e  a b se n c e  and p re s e n c e  

o f  DCMtf (A -/ A  + ) .  T h is  r a t i o  ca n  be u s e d  to  e s t im a te  th e  s i z e  o f

th e  PQ p o o l and i t  a lw a y s  ga ve  a  lo w e r  v a lu e  f o r  th e  r e s i s t a n t  t h y l a -  

k o id s  when com pared w ith  th e  s u s c e p t ib le  membranes. H owever, su ch  a  

co m p arison  o n ly  becom es m e a n in g fu l i f  no d i f f e r e n c e s  o c c u r  i n  th e  k in ­

e t i c s  o f  PQ r e d u c t io n  and o x id a t io n ,  t h e r e fo r e  an y  c o n c lu s io n  co n ce rn ­

i n g  th e  PQ p o o l s i z e  m ig h t be i n v a l i d .

F i g .  9 . 3  g iv e s  th e  c h i  a/b  r a t i o s  f o r  th e  f o u r  s p e c ie s  o f  r e s i s ­

t a n t  and s u s c e p t ib le  p la n t s  i n v e s t i g a t e d .  I t  was a lw a y s  se e n  t h a t  th e  

r e s i s t a n t  p la n t s  showed a  lo w e r  c h i  a /b  r a t i o  when com pared w ith  th e  

e q u iv a le n t  s u s c e p t ib le  p la n t s .

The e f f e c t  o f  h e r b ic id e  r e s is t a n c e  on th e  p l a n t 's  a b i l i t y  to  u n d er­

go S ta t e  1 -  S ta t e  2 t r a n s i t i o n s  h a s  b een  i n v e s t ig a t e d  f o r  Chenopodium 

s p . F i g .  9 .4  shows u n n o rm a lise d  f lu o r e s c e n c e  ch an ges a s s o c ia t e d  w ith  

S ta t e  t r a n s i t i o n s  e x h ib i t e d  b y  r e s i s t a n t  and s u s c e p t ib le  le a v e s .  The 

o n ly  o b v io u s  d i f f e r e n c e  a r i s e s  i n  th e  f lu o r e s c e n c e  l e v e l s  a t  S ta t e  1 

and S t a t e  2 . T a b le  9*4 g iv e s  th e  a v e r a g e  v a lu e s  o f  v a r io u s  m ea su ra b le
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V a r io u s  F lu o r e s c e n c e  P a ra m ete rs  E x h ib it e d  b y  P C M U -Inh ib ited  A t r a z in e -  

S u s c e p t ib le  ( S u s c .)  and R e s is t a n t  ( R e s .)  P la n t  S p e c ie s

TABLE 9 . 2

SEpecies P0 Fm . A. max
k

a  1 
( s  1 )

' k f 3 1 
( s - 1 )

{3
max v »

P oa S u s c . 2 4 .0 7 9 .8 1340 48 .0 4 . 1 0 .5 2 0 .7 0

annua R e s . 2 6 .3 8 7 .9 1730 4 4 .0 3 .8 0 .5 5 0 .7 0

S e n e s c io S u sc . 1 7 .0 6 1 .1 1280 3 5 .0 4 . 1 0 .4 9 0 .7 2

v u lf f a r is R e s . 1 7 .3 6 6 .2 1550 3 2 .0 4 . 3 0 .50 0 . 7 4

Chenopodium S u sc . 2 2 .8 7 0 .7 1070 4 5 .5 3 .9 0 .6 6 0 .6 8

album R e s . 2 5 .3 7 7 .7 115 0 4 0 .0 4 . 4 0 .5 6 0 . 6 7

Am aranthus S u sc . 1 9 .0 7 2 .8 1070 4 8 .5 5 . 3 0 .5 7 0 .7 5

r e t r o f l e x u s R e s . 2 1 .0 8 4 .6 1540 4 1 . 5 5 .0 0 .5 5 0 .7 4
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The A rea  Above th e  F lu o r e s c e n c e  C urve i n  th e  A bsence o f  DCMtJ (A -) — ■ 1 '■ *
and th e  R a t io  o f  th e  A rea  i n  th e  A bsence and P re s e n c e  o f  DCMJ 

(A re a -/A re a + ) i n  A t r a z in e  S u s c e p t ib le  ( S u s c .)  and R e s is t a n t  (’R e s .)  

P la n t  S p e c ie s

TABLE 9 . 5

S p e c ie s A -max A re a -/A re a +

P oa S u s c . 22835 1 7 .0

arrnm R e s . 18735 1 1 . 0

S e n e c io S u s c . 24500 1 9 . 0

v u l g a r i s R e s . 18700 1 2 . 0

Chenopodium S u s c . 21500 2 0 .0

album R e s . 16500 1 4 .0

Am aranthus S u s c . 25180 2 4 .O

r e t r o f l e x u s R e s . 21055 1 4 .0
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F i g .  9.3 C h lo r o p h y ll  a/h  r a t i o s  o f  a t r a z i n e - s u s c e p t ih le  (s) and 

r e s i s t a n t  (r ) p la n t  h io t y p e s .
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CDLJ
C
CDLJto
CDL_
ID_o

Ll_

Light 2 Light 2
ON OFF

F i g .  9»4 Room tem p era tu re  c h lo r o p h y ll  f lu o r e s c e n c e  s i g n a ls  i n d i c a t i v e  

o f  S ta t e  1 -  S ta t e  t r a n s i t i o n s  e x h ib i t e d  b y  a )  a t r a z i n e  

r e s i s t a n t  and b) a t r a z i n e  susceptib le Chenopodium album .

The i l lu m in a t io n  c o n d it io n s  u se d  w ere a s  d e s c r ib e d  i n  2 . 3 . 7 .
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V a r io u s  S t a t e  1 -  S ta t e  2 F lu o r e s c e n c e  P a ra m ete rs  E x h ib it e d  b y

TABLE 9 .4 -

A t r a z in e  S u s c e p t ib le  ( S u s c .) and R e s is t a n t  ( R e s .)  Chenouodium album

F lu o r e s c e n c e  L e v e l % f lu o r e s c e n c e
change from  t^  (m in)

S t a t e  1 S ta t e  2 S ta t e  1 to  S t a t e  2 2

S u s c . 77 4 7 .7 34 2 .2

R e s. 109 79 28 2 .4
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p a ra m e te rs  a s s o c ia t e d  w ith  f lu o r e s c e n c e  ch an ges s i m i la r  to  th o s e  se e n  

i n  F i g .  9 . 4  w h ich  shows l i t t l e  d i f f e r e n c e  i n  e x t e n t  and k i n e t i c s  o f  

th e  S t a t e  ch an ges betw een  r e s i s t a n t  and s u s c e p t ib le  Chenopodium album .

9 .2  D is c u s s io n :

An e a s y  method o f  s c r e e n in g  f o r  r e s i s t a n c e  to  PS2 h e r b ic id e s  i n  

p la n t s  i s  to  m easure roo m -tem p eratu re  c h lo r o p h y ll  f lu o r e s c e n c e  t r a n s ­

i e n t s  i n  th e  p re s e n c e  and a b sen ce  o f  th e  i n h i b i t o r .  F i g .  9-1 shows 

t h a t  th e  a d d it io n  o f  h ig h  l e v e l s  o f  a t r a z i n e  to  r e s i s t a n t  t h y la k o id s  

o n ly  s l i g h t l y  a l t e r e d  th e  c h a r a c t e r i s t i c  f a s t  f lu o r e s c e n c e  t r a n s ie n t s  

o b s e r v e d  w ith  u n in h ib it e d  c h lo r o p la s t s  com pared w ith  th e  la r g e  d i f f e r ­

e n c e s  se e n  when s i m i la r  tre a tm e n ts  w ere c a r r ie d  o u t on s u s c e p t ib le  p la n t  

m a t e r i a l .  The a d d it io n  o f  a t r a z i n e  to  s u s c e p t ib le  c h lo r o p la s t s  a ls o  

l e d  to  a  lo w e r  F^ and a  h ig h e r  F q when com pared w ith  th o s e  t h y la k o id s

w h ich  had no h e r b ic id e  ad d ed . The lo w e r  F a r i s e s  b e c a u se  i n  th e  p r e -m
0

s e n ce  o f  a t r a z i n e  th e . PQ p o o l becom es o x id is e d ,  when Q  ̂ i s  r e d u c e d ,

w h ich  le a d s  to  a  lo w e r in g  o f  f lu o r e s c e n c e  a s  a  r e s u l t  o f  PQ q u en ch in g

( s e e  V e m o t te  e t  a l . ,  19 79 ) w h ile  i n  th e  a b se n ce  o f  th e  h e r b ic id e  PQ

becom es re d u ce d  so no su ch  q u en ch in g  i s  o b se rv e d  a t  th e  F l e v e l .  Them

h ig h e r  Fq p ro b a b ly  i n d i c a t e s  t h a t  a t r a z i n e  i s  b in d in g  to  th e  Q ^ -p ro te in

w h ich  c a u s e s  a  b a ck  f lo w  o f  e le c t r o n s  from  Qg to  Q  ̂ so Q  ̂ becom es

s l i g h t l y  re d u ce d  b e fo r e  i l lu m i n a t i o n .  T hese ch an ges a r e  n o t  s e e n  i n  th e

a t r a z i n e - r e s i s t a n t  s p e c ie s  s u g g e s t in g  t h a t  a t r a z in e  i s  n o t  b in d in g  to

th e  Q g -p r o te in  to  a n y  g r e a t  d e g re e  e v e n  a t  th e  h ig h  c o n c e n tr a t io n s

u s e d . H owever, a t r a z in e  a d d it io n  d id  le a d  to  a  f u r t h e r  in c r e a s e  i n  th e

o - i  r i s e  and an even  s lo w e r  r i s e  to  F w h ich  m igh t r e f l e c t  e i t h e r  am

s m a ll amount o f  a t r a z in e - b in d in g  w h ich  becom es e a s i l y  d is p la c e d  b y  PQ 

o r  p erh a p s an  i n h i b i t i o n  o f  PQ b in d in g  th ro u gh  a  c o m p e t it iv e  b in d in g  

p r o c e s s  ( s e e  V e lth u y s ,  1978)*
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I t  h as "been s u g g e s te d  t h a t  th e  m u ta tio n  le a d in g  to  a t r a z i n e  r e s i s ­

ta n c e  a l t e r s  th e  e q u il ib r iu m  Q^Qg to  th e  l e f t  (Verm aas and

A m tz e n , 1983)* Such a  change p r e d i c t s  a  h ig h e r  o - i  r i s e  and a  s lo w e r  

r e d u c t io n  o f  th e  PQ p o o l i n d i c a t i v e  o f  a  d e c r e a s e d  r a t e  o f  e le c t r o n  

t r a n s f e r  from  Q,̂  to  Qg. T hese ch a n g es a r e  se e n  i n  P i g .  9«2 and T a b le

9 .1  i n  w h ich  th e  l a r g e r  o - i  component and s lo w e r  r i s e  i s  p r e s e n te d  f o r

P oa annua. T a b le  9.1 a ls o  shows t h a t  A becom es d e c r e a s e d  i n  th e  r e -  -----  ■ — max

s i s t a n t  c h lo r o p la s t s  i n f e r i n g  t h a t  l e s s  q u an ta  a r e  now r e q u ir e d  to

f u l l y  re d u ce  and PQ. T h is  c o u ld  a r i s e  b e cau se  o f  th e  r e s t r i c t e d

flo w  o f  e le c t r o n s  from  to  Qg, a  h ig h e r  PS2/PQ r a t i o  o r  an  a l t e r e d

PS2 a b s o r p t io n  c r o s s  s e c t io n .  The lo w e r  P and P l e v e l s  o b s e rv e d  f o rm o
a  g iv e n  c o n c e n t r a t io n  o f  c h lo r o p h y l l  in d e e d  i n d i c a t e s  t h a t  i n  th e  s u s -  

c e p t i b l e - c h l o r o p l a s t s  th e r e  a r e  more c h lo r o p h y lls  p e r  PS2 r e a c t i o n  

c e n t r e s  than  i n  th e  a t r a z in e  r e s i s t a n t  t h y la k o id s .

The f lu o r e s c e n c e  d a ta  o b ta in e d  from  th e  a n a ly s is  o f  D C M C -in h ib ited  

th y la k o id s  from  r e s i s t a n t -  and s u s c e p t ib le - p la n t s  g iv e s  f u r t h e r  i n f o r ­

m atio n  c o n c e r n in g  s m a ll d i f f e r e n c e s  i n  PS2 f u n c t io n in g  b etw een  th e  two 

b io t y p e s .  I t  i s  a g a in  se e n  from  T a b le  9*2 t h a t  i n  a l l  f o u r  p la n t  s p e c ie s  

i n v e s t i g a t e d  th e  Pm and Pq l e v e l s  w ere h ig h e r  i n  th e  r e s i s t a n t  s p e c ie s  

w h ile  th e  P r a t i o  was r e l a t i v e l y  u n a lt e r e d , c o n fir m in g  t h a t  th e r e  

a p p e a rs  to  be l e s s  c h lo r o p h y ll  p e r  PS2 r e a c t i o n  c e n t r e  i n  th e  r e s i s t a n t  

p la in ts . Accom panying th e s e  ch a n g es was a  d e c re a s e  i n  k-a  a s s o c ia t e d  

w ith  th e r e  s i s t a n t - t h y l a k o i d s ,  a g a in  s u g g e s t in g  t h a t  th e r e  i s  l e s s  

c h lo r o p h y ll  a t ta c h e d  to  "c o n n e c te d ” PS2 r e a c t i o n  c e n t r e s  when com pared 

w ith  s u s c e p t ib le  p la n t s .  These d i f f e r e n c e s  m ight im p ly  t h a t  a s  a  r e ­

s u l t  o f  a t r a z i n e - r e s i s t a n c e  th e r e  h a s  been  a  change i n  th e  PS2/PS1 

r a t i o  so t h a t  th e  r e s i s t a n t - c h l o r o p l a s t s  c o n ta in  more PS2 to  P S 1 . T h is

i s  co n firm ed  b y  th e  l a r g e r  A v a lu e s  o b ta in e d  w ith  th e  r e s i s t a n t -max
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t h y la k o id s  s u g g e s t in g  t h a t  e i t h e r  more PS2 r e a c t i o n  c e n t r e s  a r e  p r e s e n t  

o r  th e y  a r e  a s s o c ia t e d  w ith  l e s s  c h lo r o p h y l l .  The lo w e r  c h i  a/h  r a t i o s  

shown i n  P i g .  9«3 w ould im p ly  t h a t  more LHC i s  p r e s e n t  i n  th e  r e s i s t a n t  

c h lo r o p l a s t s .  I t  m ig h t he t h a t  an  in c r e a s e  i n  th e  number o f  PS2 r e ­

a c t io n  c e n t r e s  and a  s m a ll d e c r e a s e  i n  PS2 a b s o r p t io n  c r o s s  s e c t io n  

h ave  o c c u r r e d  a s  a  r e s u l t  o f  h e r b i c i d e - r e s i s t a n c e .  Such ch an g es c o u ld  

h e lp  to  com pensate f o r  th e  p ro p o se d  s lo w e r  r a t e s  o f  e le c t r o n  f lo w  be­

tw een Qa  and Qg, b y  i n c r e a s in g  th e  amount o f  to  d o n ate  e le c t r o n s  to  

th e  PQ p o o l and b y  d e c r e a s in g  th e  r a t e  o f  e x c i t o n  c a p tu r e  so a s  to  r e ­

duce p h o t o in h ib i t o r y  p r o c e s s e s  and to  h e lp  m a in ta in  a  s i m i la r  r a t e  o f  

e le c t r o n  t r a n s f e r  to  P S 1 . However th e s e  p ro p o sed  ch an ges i n  p ig m e n t-  

p r o t e in  com plex l e v e l s  d id  n o t  a p p e a r  to  b r in g  a b o u t a  n o t ic e a b le  a l ­

t e r a t i o n  i n  th e  e x t e n t  o f  t h y la k o id  s t a c k in g  ( d a ta  n o t  shown) a s  r e p o r te d  

b y  Burke e t  a l .  (1 9 8 2 ) .

The d i f f e r e n c e  se e n  i n  th e  r a t i o  A -/ A  + m igh t r e f l e c t  an  i n ­

c r e a s e d  PS2/PQ r a t i o  i n  r e s i s t a n t - t h y l a k o i d s  i n d i c a t i n g  a n o th e r  s t r u c ­

t u r a l  ch a n g e, h ow ever, such  a  c o n c lu s io n  i s  p ro b a b ly  i l l - f o u n d e d  be­

c a u s e  o f  th e  p ro p o se d  d e c r e a s e  i n  e le c t r o n  t r a n s f e r  r a t e  from  to  

i n  th e a t r a z i n e - r e s i s t a n t  s p e c ie s .

A t r a z i n e - r e s is t a n c e  a p p e a rs  to  h ave o n ly  a  l i t t l e  e f f e c t  on th e  

p l a n t 's  a b i l i t y  to  un dergo S t a t e  1 -  S t a t e  2 t r a n s i t i o n s ,  a s  m easured  

b y  roo m -tem p eratu re  c h lo r o p h y ll  f lu o r e s c e n c e .  B o th  r e s i s t a n t  and s u s ­

c e p t i b l e  p la n t s  show q u it e  norm al f lu o r e s c e n c e  ch an ges ( s e e  P i g .  9»4) 

w h ich  m ight i n f e r  t h a t  th e r e  i s  v e r y  l i t t l e  d i f f e r e n c e  i n  c h lo r o p la s t  

u l t r a s t r u c t u r e  b etw een  th e  two c a s e s .  H owever, d i f f e r e n c e s  i n  S t a t e  

t r a n s i t i o n s  due to  s t r u c t u r a l  a l t e r a t i o n s  c o u ld  be m asked b y  th e
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d i f f e r e n t  r a t e s  o f  e le c t r o n  t r a n s f e r  from  to  w h ich  k e e p s  PQ, more 

o x id is e d  and so s lo w  down th e  S t a t e  ch an ges b e ca u se  o f  an  a l t e r e d  

k in a s e / p h o s p h a ta s e  b a la n c e .
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Summary and P in a l  D is c u s s io n

The aim  o f  t h i s  s tu d y  h a s  "been d i r e c t e d  tow ard s a  c l e a r e r  u n d er­

s ta n d in g  o f  th e  m echanism s in v o lv e d  i n  c h lo r o p la s t  a d a p ta t io n  to  l i g h t .  

I n  t h i s  f i n a l  c h a p te r  th e  m ain c o n c lu s io n s  from  C h a p te rs  3 to  9 a r e  

sum m arized and i n t e r r e l a t e d .  As a  con sequ en ce o f  t h i s  q u e s t io n s  a r e  

r a is e d  c o n c e r n in g  im p o rta n t u n r e s o lv e d  p o in t s  w h ich  r e q u ir e  f u r t h e r  in ­

v e s t i g a t i o n .  T h is  c h a p te r  h a s  been  d iv id e d  in t o  f o u r  main s e c t io n s  

r e f l e c t i n g  d i f f e r i n g  d e g r e e s  and l e v e l s  o f  c h lo r o p l a s t ,  t h y la k o id  mem­

b ra n e  and t h y la k o id  p r o t e in  s t r u c t u r a l  and o r g a n is a t io n a l  ch a n g e.

1 0 .1  O v e r a l l  C h lo r o p la s t  T h y la k o id  U l t r a s t r u e t u r e :

I t  i s  w e l l - e s t a b l i s h e d  t h a t  p la n t s  a r e  c a p a b le  o f  a d a p t in g  to  th e  

v a r io u s  e n v iro n m e n ta l c o n d it io n s  u n d er w h ich  th e y  a r e  grow n, and t h a t  

one way t h i s  i s  a c h ie v e d  i s  b y  b e in g  a b le  to  a ssem b le  c h lo r o p la s t s  

w hich  c o n ta in  d i f f e r e n t  l e v e l s  o f  p hoto s y n t h e t ic  enzym es and p ig m e n t-  

p r o t e in  com p lexes (s e e  S e c t io n  1 .4 « 3 » 1)»  As a  r e s u l t  o f  th e s e  d i f f e r ­

e n c e s , th e  o r g a n is a t io n  o f  th e  t h y la k o id  membrane system  can  v a r y  i n  

th e  e x t e n t  o f  membrane a p p r e s s io n . T h is  can  be e a s i l y  o b s e rv e d  when 

com paring sun and shade grow n c h lo r o p la s t s  ( s e e  Boardman, 19 7 7 ; 

L ic h t e n t h a le r  e t  a l . ,  19 8 1) and to  a  l e s s e r  d e g re e  betw een  th e  h ig h  

l i g h t  and lo w  l i g h t  grown p la n t s  u se d  i n  t h i s  s tu d y  (s e e  P i g .  8 . 7 ) .

I t  i s  n o t  s u r p r is i n g  t h a t  th e s e  c h lo r o p l a s t s ,  w ith  d i f f e r e n t  t h y la k o id  

co m p o sitio n  and o r g a n is a t io n ,  e x h i b i t  d i f f e r e n t  p h o to s y n t h e t ic  c a p a c i­

t i e s  ( P ig .  8 .6 ) .  F u rth erm o re , i t  i s  p o s s ib le  to  d e t e c t  su ch  d i f f e r e n ­

c e s ,  i n  a  T io n -e v a s iv e  m anner, b y  m ea su rin g  th e  f a s t  c h lo r o p h y ll  f l u o r -  

e s c e n c e  t r a n s ie n t s  (s e e  S e c t io n s  1 .3  and 1 . 4 ) from  d a rk  p r e t r e a t e d  le a v e s

CHAPTER 10
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( F i g .  8 . 5 ) .  T h is  f lu o r e s c e n c e  s i g n a l  v a r i e s  a c c o r d in g  to  th e  r a t e  o f  

e le c t r o n  f lo w  th ro u g h  th e  e le c t r o n  t r a n s f e r  c h a in  and t h e r e f o r e  depends 

on th e  l e v e l s  o f  PS2, PQ and PS1 p r e s e n t  and th e  p ig m e n t-a n te n n a  s i z e  

a s s o c ia t e d  w ith  th e  two p h o to  s y s te m s . L e a v es  c o n t a in in g  h i  g h l y -  s ta c k e d  

c h lo r o p la s t s  ( e g .  lo w  l i g h t  g ro w n ), c o n t a in  a  g r e a t e r  PS2 to  PS1 im­

b a la n c e  and a  l a r g e r  PS2 a n ten n a  s i z e .  F o r  th e s e  re a s o n s  t h e y  e x h i b i t  

f a s t  t r a n s i e n t s ,  c o n s i s t i n g  o f  a  la r g e  F^ com ponent, b e c a u se  th e  c h lo r o -  

p l a s t  u l t r a s t r u c t u r e  fa v o u r s  Q  ̂ p h o to r e d u c t io n . M eanw hile, le a v e s  

w ith  c h lo r o p la s t s  c o n t a in in g  lo w  amounts o f  s t a c k in g  ( e g .  h ig h  l i g h t  

grow n) p ro d u ce  s lo w e r  t r a n s ie n t s  w ith  a  s m a lle r  F^ component b e ca u se  

Q r e o x id a t io n  v i a  P S 1-m e d ia te d  e le c t r o n  f lo w  i s  more p ro m in e n t.
ii

G ro ss  c h lo r o p la s t  u l t r a s t r u c t u r e  a l s o  a p p e a rs  to  be r e f l e c t e d  i n  

a  p la n t * s  a b i l i t y  to  c a r r y  o u t s h o r t- te r m  a d a p t iv e  ch an ges i n  re sp o n se  

to  a l t e r a t i o n s  i n  l i g h t  q u a l i t y  a t  l i m i t i n g  l i g h t  i n t e n s i t i e s  a s  meas­

u r e d  b y  a  s lo w  f lu o r e s c e n c e  d e c l in e  (term ed  a  S ta t e  1 -  S ta t e  2 t r a n s ­

i t i o n ) .  From some o f  th e  w ork p r e s e n te d  i n  C h ap ter 8 , w h ich  com pared 

th e  e f f e c t  o f  c h lo r o p la s t  u l t r a s t r u e t u r a l  change in d u ced  b y  g ro w in g  

p e a  p la n t s  u n d er d i f f e r e n t  l i g h t  and tem p e ra tu re  re g im e s w ith  th e  p la n t * s  

a b i l i t y  to  c a r r y  o u t S t a t e  1 -  S ta t e  2 t r a n s i t i o n s  g iv e n  th e  same l i g h t  

1 p r e tr e a tm e n t , i t  can  be se e n  t h a t  p la n t s  c o n ta in in g  c h lo r o p la s t s  

w ith  th e  g r e a t e r  d e g re e  o f  t h y la k o id  s t a c k in g  e x h i b i t  th e  l a r g e r  and 

f a s t e r  S ta t e  t r a n s i t i o n s  ( s e e  F i g s .  8 .2 ,  8 .9  and T a b le  8 . 1 ) .  T here 

a r e  a  number o f  p o s s ib le  r e a s o n s  why t h i s  sh o u ld  be th e  c a s e ,  b a se d  on 

th e  p ro p o sed  mechanism f o r  th e  S ta t e  1 -  S ta t e  2 t r a n s i t i o n  ( s e e  

S e c t io n  1 . 7 )  and th e  o b s e rv e d  s t r u c t u r a l  d i f f e r e n c e s :

1 )  A l t e r e d  l e v e l s  o f  PS2, PQ and PS1 betw een  c h lo r o p la s t s  w ith  

d i f f e r i n g  amounts o f  t h y la k o id  s t a c k in g  c o u ld  le a d  to  d i f f e r i n g  d e g r e e s  

o f  PQ o v e r - r e d u c t io n  and hen ce to  d i f f e r e n t  k in a s e  a c t i v i t i e s .

2) Those c h lo r o p la s t s  w h ich  c o n ta in  more t h y la k o id  s t a c k in g  may
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h ave  l a r g e r  q u a n t i t i e s  o f  ’m o b ile ' LHC, le a d in g  to  a  g r e a t e r  c a p a c i t y  

f o r  e x c i t a t i o n  e n e r g y  r e d i s t r i b u t i o n .

3) The d i f f e r e n c e s  i n  c h lo r o p la s t  u l t r a s t r u c t u r e  may le a d  to  t h y -  

la k o id s  w ith  a l t e r e d  membrane f l u i d i t y ,  w h ich  c o u ld  a f f e c t  th e  r a t e  o f  

LHC movement.

4) The d i f f e r i n g  d e g r e e s  o f  s ta c k e d  and u n s ta c k e d  t h y la k o id  mem­

b ra n e s  may r e f l e c t  d i f f e r e n t  c o n c e n t r a t io n s  o f  th e  p r o t e in - k in a s e  and 

p h o sp h a ta se  enzym es. Such a  d i s t r i b u t i o n  may o c c u r  i f  th e  k in a s e  i s  

lo c a t e d  i n  th e  g r a n a l la m e lla e  and th e  p h o sp h a ta se  i s  s i t u a t e d  i n  th e  

s tr o m a l la m e l la e ,  a s  m ig h t be e x p e c te d  c o n s id e r in g  th e  p ro p o se d  mech­

anism  (s e e  B e n n e tt , 19 8 3 )• T h e r e fo r e , h ig h ly - s t a c k e d  c h lo r o p la s t s  w ould 

show a  g r e a t e r  im b a lan ce  betw een  th e  two e n zy m a tic  a c t i v i t i e s  w h ich  w ould 

le a d  to  an a p p a r e n t ly  f a s t e r  S ta t e  t r a n s i t i o n .

The o b s e rv e d  d i f f e r e n c e s  i n  S ta t e  1 -  S ta t e  2 t r a n s i t i o n  c o u ld  

t h e r e fo r e  be due to  an y one o r  a n y  co m b in a tio n  o f  th e  above r e a s o n s . 

F u r th e r  w ork i s  r e q u ir e d  to  lo c a t e  th e  enzym es r e s p o n s ib le ,  to  d eterm in e  

th e ir  a c t i v i t i e s  and to  n arrow  down th e  im p o rta n t s t r u c t u r a l  f a c t o r s  

w h ich  c o u ld  a f f e c t  t h i s  a d a p t iv e  m echanism . H owever, th e  w ork p r e s e n te d  

d o es h i g h l i g h t  th e  f a c t  t h a t  e n v iro n m e n ta l c o n d it io n s  can  a l t e r  a  p l a n t 's  

a b i l i t y  to  un dergo S ta t e  t r a n s i t i o n s ,  and t h e r e fo r e  c a r e  m ust be ta k e n  

when com p aring r e s u l t s  from  d i f f e r e n t  r e s e a r c h  gro u p s c o n c e r n in g  t h i s  

phenomena.

The S ta t e  1 -  S ta t e  2 t r a n s i t i o n  i s  a  s h o r t- te r m  mechanism b y  w h ich  

p la n t s  can  a d a p t to  th o s e  e n v iro n m e n ta l c o n d it io n s  w h ich  le a d  to  an 

o v e r - r e d u c t io n  o f  th e  PQ p o o l and h en ce i n e f f i c i e n t  u se  o f  tra p p e d  l i g h t  

e n e r g y . T h is  can be b ro u g h t a b o u t b y  ch an ges i n  l i g h t  q u a l i t y  and may 

be an  im p o rta n t a d a p t iv e  p r o c e s s  i n  le a v e s  s i t u a t e d  i n  th e  lo w e r  p a r t s  

o f  a  v e g e t a t io n  can o p y , where th e r e  i s  n o t  o n ly  a  r e d u c t io n  i n  l i g h t
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i n t e n s i t y  b u t a  change i n  s p e c t r a l  q u a l i t y  i n  fa v o u r  o f  PS1 l i g h t .  Such 

s h a d e -ty p e  le a v e s  a r e  s u b je c t  to  a l t e r a t i o n s  i n  l i g h t i n g  c o n d it io n s  

d u r in g  t h e i r  l i f e t i m e ,  f o r  exam ple b y  s u n f le e k s , and when t h i s  o c c u r s  

th e y  w ould r e q u ir e  a  r a p id  m ethod o f  ch a n g in g  e n e r g y  d i s t r i b u t i o n  to  

m axim ise p h o to  s y n t h e t i c  e f f i c i e n c y  and m in im ise pho t o i n h i b i  t o r y  p ro ­

c e s s e s .  F u rth e rm o re , su ch  a  p r o c e s s  i s  p ro b a b ly  r e q u ir e d  to  h e lp  c h lo r o -  

p l a s t s  lo c a t e d  a t  d i f f e r e n t  d e p th s  w it h in  a  s i n g le  l e a f  to  a d a p t to  

l i g h t  q u a l i t y  and q u a n t i t y  ch an g es th ro u g h o u t th e  d a y .

I t  a l s o  a p p e a r s , h ow ever, t h a t  p la n t s  a r e  a b le  to  a d a p t t h e i r  

pho to  s y n t h e t i c  m a ch in ery  to  more perm anent ch an ges i n  e n v iro n m e n ta l 

l i g h t  c o n d it io n s  b y  a l t e r i n g  t h e i r  c h lo r o p la s t  s t r u c t u r e  and o r g a n is a t io n  

o v e r  a  p e r io d  o f  a  fe w  d ays a f t e r  th e  ch a n g e. T h is  a b i l i t y  o n ly  a p p e a rs  

to  be p r e s e n t  i n  th o s e  le a v e s  w h ich  a r e  s t i l l  d e v e lo p in g  (s e e  W ith e rs  

eb a l . ,  1984) and w ould s u g g e s t  th e  re q u ire m e n t f o r  a c t i v e  p r o t e in  syn­

t h e s i s .  I t  h a s  b een  shown t h a t  t r a n s f e r  from  lo w  to  h ig h  l i g h t  le a d s  

to  an  in c r e a s e d  p h o to s y n t h e t ic  c a p a c i t y  w h ile  th e  o p p o s ite  t r a n s f e r  

le a d s  to  a  d e c r e a s e  i n  p h o to s y n t h e t ic  c a p a c i t y  (W ith e rs  e t  a l . ,  1 9 8 4 ) .  

C h lo r o p h y ll  f lu o r e s c e n c e  te c h n iq u e s  h ave been  u se d  i n  t h i s  t h e s i s  to  

i n v e s t i g a t e  th e  s t r u c t u r a l  and f u n c t i o n a l  ch an ges w h ich  m ig h t be t a k in g  

p la c e  w ith in  th e  c h lo r o p la s t  i n  r e s p o n s e  to  th e  h ig h  to  lo w  l i g h t  t r a n s ­

f e r .  Changes i n  th e  f a s t  f lu o r e s c e n c e  t r a n s ie n t s  s u g g e s t  t h a t  th e  t r a n s ­

f e r r e d  p la n t s  b e g in  to  s y n th e s is e  lo w - l i g h t  ty p e  c h lo r o p la s t s  (d a ta  n o t  

g iv e n ) ,  w h ile  b y  a n a ly s in g  f lu o r e s c e n c e  in d u c t io n  c u r v e s  i n  DCMtJ-poisoned 

le a v e s  and i s o l a t e d  c h lo r o p la s t s  an  id e a  c o n c e r n in g  PS2 o r g a n is a t io n a l  

ch an ges a r e  o b ta in e d . The o b se rv e d  ch an ges i n  Fffi p e r  t o t a l  c h lo r o p h y ll  

(T a b le  8 .2 )  and k a ( F ig .  8 . 1 3 ) s u g g e s t  t h a t  th e  t r a n s f e r r e d  p la n t s  a r e  

r a p i d ly  s y n t h e s is in g  more LHC, su ch  a  c o n c lu s io n  b e in g  co n firm ed  b y  th e  

a l t e r e d  c h i  a /b  r a t i o s  (T a b le  8 ,2 ) .  I t  a p p e a r s , t h e r e f o r e ,  t h a t  p la n t s
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s y n th e s is e  th o s e  e n zy m a tic  and p ig m e n t-c o n ta in in g  com ponents w h ich  a r e  

n e c e s s a r y  to  s u r v iv e  u n d er e i t h e r  lo w  o r  h ig h  l i ^ a t  i n t e n s i t i e s  so a s  

t o  m axim ise t h e i r  p h oto  s y n t h e t ic  e f f i c i e n c y  and l i m i t  e n e rg y  w a s ta g e .

1 0 .2  T h y la k o id  P r o t e in  R e o r g a n is a t io n :

The S ta t e  1 -  S ta t e  2 t r a n s i t i o n  was i n i t i a l l y  p ro p o se d  to  he 

b ro u g h t a b o u t b y  l ig h t - in d u c e d  i o n i c  movements a c r o s s  th e  t h y la k o id  

membrane (s e e  B a r b e r , 1 9 7 6 ) , b u t  i t  h a s  now become e v id e n t  t h a t  t h i s  

a d a p t iv e  p r o c e s s  r e f l e c t s  the r e v e r s i b l e  p h o s p h o r y la t io n  o f  LHC ( s e e  

A l le n  e t  a l . ,  19 8 1; T e l f e r  e t  a l . ,  1983; B e n n e tt , 1983; C a n a a ri e t  a l . ,

1 9 8 4 ). T h is  h as le d  to  a  number o f  r e p o r t s  and h y p o th e s e s  com paring 

th e  c a t io n - in d u c e d  and p r o te in - p h o s p h o r y la t io n - in d u c e d  ch an ges (B a r b e r , 

198 2 , 1983; H orton and B la c k , 198 2 , 1983; K y le  e t  a l . ,  1 9 8 2 ).

S in ce  th e  o r i g i n a l  w ork b y  M urata (1969b) and. Hpinann (19 6 9 ) co n ce rn ­

i n g  th e s a l t - in d u c e d  ch an ges i n  c h lo r o p h y ll  f lu o r e s c e n c e ,  a  number o f  im­

p o r ta n t  o b s e r v a t io n s  h ave been  made w h ich  h a s  le d  to  th e  e lu c id a t i o n  o f  

th e  m echanism s in v o lv e d .  These o b s e r v a t io n s  in c lu d e :

a )  c a t io n - in d u c e d  ch an ges i n  t h y la k o id  o r g a n is a t io n  and p r o t e in  

arran gem en t ( e g .  Izaw a and Good, 1966; Murakami and P a c k e r ,

1 9 7 1 ; G ro ss  and P r a s h e r , 19 7 4 ; Boardman e t  a l . ,  1 9 7 8 ) ,

b) a  c a t io n - in d u c e d  change i n  th e  d i s t r i b u t i o n  o f  e x c i t a t i o n  e n e r g y  

b etw een  th e  two p h o to syste m s a s  d e t e c te d  b y  ch an ges i n  77K 

f lu o r e s c e n c e  s p e c t r a  (M u rata , 1969b; M urata e t  a l . ,  1970 ; K rau se  

e t  a l . ,  1983) and. e le c t r o n  t r a n s f e r  r e a c t io n s  (M u rata , 1 9 7 1 ; 

S i n c l a i r ,  19 72 ; Sun and S a u e r , 19 72 ; Marsho and Kok, 19 7 4 )*

c )  non s p e c i f i c i t y  o f  c a t io n s  f o r  in d u c in g  th e  above m entioned  

f lu o r e s c e n c e  ch an ges ( e g .  M i l l s  and B a r b e r , 1 9 7 8 ) ,
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d) v a le n c y  dependence o f  th e  c a t io n  e f f e c t  f o r  th e  above ch an ges 

(M u rata , 1 9 7 1 ; B a rb e r  and S e a r le ,  19 78 ; B a rb e r  and Chow, 1979)>

e )  th e  a n t a g o n is t ic  e f f e c t  betw een  m o n ovalen t and d i v a le n t  c a t io n s  

i n  b r in g in g  a b o u t th e  ch an ges i n  c h lo r o p h y ll  f lu o r e s c e n c e  and 

membrane s t a c k in g  (G ro ss  and H ess, 1973» 19 7 4 )*

Such o b s e r v a t io n s  l e d  to  th e  p ro p o s a l t h a t  th e  c a t io n - in d u c e d  ch an ges

r e f l e c t e d  a l t e r a t i o n s  i n  th e  s p i l l o v e r  o f  e x c i t a t i o n  e n e r g y  from  PS2 to

P S 1 , due to  a l t e r a t i o n s  i n  membrane c o n fo rm a tio n . I t  was a rg u e d  t h a t

th e s e  c o n fo r m a tio n a l ch an ges r e f l e c t e d  a l t e r a t i o n s  i n  th e  e l e c t r o s t a t i c

p r o p e r t ie s  o f  th e  t h y la k o id s  i n  re s p o n s e  to  a l t e r a t i o n s  i n  th e  sp ace

ch a rg e  d e n s i t y  a d ja c e n t  to  th e  membrane (s e e  B a rb e r  e t  a l . ,  19 7 7 ; B a r b e r ,

19 8 0 a ;B a rb e r , 1 9 8 2 ). R e c e n t ly ,  M e lis  and Ow (19 8 2) p ro p o sed  t h a t  th e

2+c a t io n - in d u c e d  d e c r e a s e  i n  f lu o r e s c e n c e  y i e l d  r e p r e s e n te d  a  Mg - s p e c i f i c

e f f e c t  on co n n e cte d  PS2 c e n t r e s  w h ich  le d  to  an in c r e a s e  i n  th erm a l de­
cs

a c t i v a t i o n  (k ^ ) . R e s u lt s  p r e s e n te d  i n  C h ap te r 3 <lo n o t  su p p o rt t h i s  

c o n te n t io n  b u t i n  many ways co n firm  th e  e a r l i e r  r e p o r t s  and p o s t u la t io n s  

c o n c e r n in g  t h y la k o id  o r g a n is a t io n  ( P ig .  3»2 and 3*11 )> PS2 o r g a n is a t io n  

( P ig .  3 .7  and T a b le  3 * 2 ) , c a t io n  n o n - s p e c i f i c i t y  (T a b le  3*1 and P i g .

3 . 4 ) and e x c i t a t i o n  e n e rg y  r e d i s t r i b u t i o n  ( P ig .  3»4)«

R oom -tem perature c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u rv e s  from  

DCMtJ-poisoned t h y la k o id s  h ave  a ls o  been  shown to  be c a t i o n - s e n s i t i v e  ( e g .  

Homann, 19^9; M e lis  and Homann, 19 7 6 , 1978; Bennoun, 19 74 ; H ip k in s , 1978 ; 

M e lis  and Ow, 1 9 8 2 ). I t  i s  a g re e d  t h a t  th e  a b se n ce  o f  "h ig h "  b ack grou n d  

c a t io n  l e v e l s  le a d s  to  an a l t e r e d  k i n e t i c  p r o f i l e  o f  th e  f lu o r e s c e n c e  

r i s e  and a  la r g e  d e c r e a s e  i n  f lu o r e s c e n c e  y i e l d .  A s i g n i f i c a n t  d e c r e a s e  

i n  Pq i s  n o t ,  h ow ever, a lw a y s  r e p o r t e d , a lth o u g h  i t  was o b se rv e d  i n  t h i s  

p r e s e n t  w ork ( s e e  P i g .  3»1 and T a b le  3«1)» C h a p te r 3 p ro d u ces s e v e r a l  

i n t e r e s t i n g  c o n c lu s io n s  c o n c e r n in g  th e  s a lt - in d u c e d  ch an ges a s  a  r e s u l t
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o f  a  c a r e f u l  a n a ly s is  o f  th e  MgCl2 t i t r a t i o n  o f  f lu o r e s c e n c e  in d u c t io n  

c u r v e s .  F i r s t l y ,  th e  la r g e  d i f f e r e n c e  i n  Fq betw een  t h y la k o id s  su sp en ­

ded i n  th e  p re s e n c e  o f  e i t h e r  " h ig h ” o r  " lo w " c a t io n  c o n c e n t r a t io n s  

a p p e a rs  to  he due i n  p a r t  to  a  c o n fo rm a tio n -in d u c e d  d i f f e r e n c e  i n  a  

D CM U -stim ulated r e d u c t io n  o f  b e fo r e  m easurem ent p r o b a b ly  v i a  th e  r e ­

a c t io n  + DCMJ— t h i s  p r o c e s s  b e in g  more p ro m in en t when

t h y la k o id s  a r e  s ta c k e d  (T a b le  3*3 and 3«4)* S e c o n d ly , th e  mechanism

2+
in v o lv e d  i n  b r in g in g  a b o u t th e  Mg - in d u c e d  ch an ges i s  p r o b a b ly  more 

c o m p lic a te d  th an  o r i g i n a l l y  p ro p o se d  b y  B a rb e r  (1980a.)* F o r i n s t a n c e ,

p i
th e  d i f f e r e n c e  i n  s e n s i t i v i t y  o f  F^ and Fq to  Mg c o n c e n t r a t io n  i n d i ­

c a t e s  t h a t  two in d e p e n d en t c o n t r o l  m echanism s m igh t be in v o lv e d  ( F i g .

3 * 6 ) . A p o s s i b le  m odel to  e x p la in  th e  e f f e c t  o f  lo w  Mg l e v e l s  (<0.5mM) 

on f lu o r e s c e n c e  i s  one i n  w h ich  PS2-LHC c o u p lin g  i s  re d u ce d  due to  in ­

c r e a s e d  co u lo m b ic r e p u ls io n  c o n t r o l l e d  b y  th e  l o c a l  s u r f a c e  ch a rg e

c h a r a c t e r i s t i c s  o f  th e  n e ig h b o u r in g  p r o te in - c o m p le x e s . In  c o n t r a s t  th e

2+
ch an ges ca u se d  b y  lo w e r in g  th e  Mg c o n c e n tr a t io n  from  a  s a t u r a t i n g  l e v e l  

a r e  p r o b a b ly  b ro u g h t a b o u t b y  an  enhanced PS2-LHC-PS1 i n t e r a c t i o n  a s  a  

r e s u l t  o f  p r o t e in  ra n d o m is a tio n  w h ich  i s  g o v ern ed  b y  th e  o v e r a l l  s u r fa c e  

ch a rg e  c h a r a c t e r i s t i c s  o f  th e  t h y la k o id  membrane. T h is  i n t e r p r e t a t i o n  

o f  e v e n ts  i s  p a r t i a l l y  co n firm ed  b y  th e  D B M IB -t itr a t io n  o f  f lu o r e s c e n c e  

r e s u l t s  shown i n  F i g .  3*10 and T a b le  3-5> i n  w h ich  i t  was o b s e rv e d  t h a t  

betw een  5mM and 0.33nM MgCl2 th e  ch an ges c o u ld  be e x p la in e d  b y  a l t e r a t i o n s  

i n  s p i l l o v e r  w h ile  b e lo w  0.33mM MgCl2 o t h e r  e v e n ts  ta k e  p la c e  w h ich  d i s ­

r u p t  th e  p r e d ic t e d  r e la t i o n s h i p  b etw een  f lu o r e s c e n c e  and PS2-DEMIB quen­

c h in g .

H enkin and S au er (19 7 7 )*  u s in g  a  m od ulated  f lu o r e s c e n c e  te c h n iq u e , 

fou n d  v e r y  s i m i la r  r e s u l t s  to  th o s e  shown i n  F i g .  3«6a and 3«6b, i n  t h a t

p i 2+
F^ ( =  F q ) s a tu r a t e d  a t  0.5inM Mg w h ile  F^ s a tu r a t e d  a t  2.5mM Mg . They
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in t e r p r e t e d  t h e i r  r e s u l t s  s o l e l y  i n  term s o f  ch an ges i n  PS2 a b s o r p t io n

c r o s s - s e c t i o n .  Bennoun (19 7 4 ) and. B u t le r  ( 1 9 7 8 ) , from  f lu o r e s c e n c e

a n a ly s e s ,  and J e n n in g s (1984)> u s in g  D B M IB -titr a tio n  and p r e f e r e n t i a l

c h i  b  e x c i t a t i o n  s t u d i e s ,  h ave a l l  p ro p o se d  t h a t  th e  c a t io n - in d u c e d

ch an ges i n  e n e rg y  d i s t r i b u t i o n  r e f l e c t  a l t e r a t i o n s  i n  b o th  s p i l l o v e r

and PS2 a b s o r p t io n  c r o s s  s e c t io n ,  a s  p ro p o se d  i n  t h i s  w o rk . On th e

o t h e r  h an d, Nairn e t  a l .  (19 8 2) h ave s u g g e s te d , a s  a  r e s u l t  o f  th e  ch an ges

i n  p ic o s e c o n d  f lu o r e s c e n c e  d e ca y  k i n e t i c s ,  t h a t  th e r e  i s  an  in c r e a s e  i n

2+
s p i l l o v e r  on lo w e r in g  th e  Mg l e v e l  b u t a t  v e r y  lo w  c a t io n  c o n c e n tr a ­

t io n s  (0-0.75niM M gClg) th e r e  i s  a  d e c r e a s e d  PS2-PS1 i n t e r a c t i o n .  Such 

r e s u l t s  a l l  c o n fir m , h o w ever, t h a t  th e  c a t io n - in d u c e d  ch an ges a re  more 

c o m p lic a te d  than  f i r s t  s u g g e s te d .

P r o te in - p h o s p h o r y la t io n - in d u c e d  ch an ges a re  a ls o  b e l ie v e d  to  be 

u n d er e l e c t r o s t a t i c  c o n t r o l .  The a d d i t i o n a l  n e g a t i v e ly  ch a rg e d  p h o sp h ate  

g ro u p s a t t a c h e d  to  p r o t e in  s u r f a c e s  a r e  e x p e c te d  to  a l t e r  th e  e l e c t r o ­

s t a t i c  b a la n c e  betw een  a d ja c e n t  s u r f a c e s  b y  i n c r e a s in g  th e  s u r fa c e  

ch a rg e  d e n s i t y  o f  ex p o se d  segm ents o f  p r o t e i n .  T h is  s e r i e s  o f  e v e n ts  

w ould in c r e a s e  th e  co u lo m b ic r e p u ls io n  b etw een  th e s e  s u r f a c e s  and n e ig h ­

b o u r in g  p r o t e in s  c a u s in g  p erh a p s th e  l a t e r a l  d is p la c e m e n t o f  th e  p h o s- 

p h o r y la te d  s p e c ie s  ( s e e  B a r b e r , 1 9 8 0 a ,1 9 8 2 a ,198 3 )• H ow ever, v e r y  l i t t l e  

e v id e n c e  h as b een  p ro d u ced  w h ich  shows t h i s  p ro p o sed  in c r e a s e  i n  s u r fa c e  

ch a rg e  d e n s i t y .  The te c h n iq u e  o f  9 amino a c r id in e  f lu o r e s c e n c e  q u en ch in g  

to  p ro b e  th e  change i n  s u r fa c e  ch a rg e  d e n s i t y  (s e e  S e a r le  e t  a l . ,  19 7 7 ; 

Chow and B a r b e r , 1980a) h a s  p ro d u ced  c o n f l i c t i n g  r e p o r t s  i n  t h a t  

S c o u f f l a i r e  e t  a l .  (19 8 3 ) o b se rv e d  d i f f e r e n c e s  a f t e r  p h o s p h o r y la tio n  

w h ile  K y le  and A m tz e n  (19 8 3 ) and T e l f e r  (u n p u b lish e d  o b s e r v a t io n s )  d id  

n o t .  R e ce n t work b y  T e l f e r ,  u s in g  l a s e r  d o p p le r  c y to p h e ro m e try , h a s  a ls o  

b een  u n a b le  to  show an y  s i g n i f i c a n t  ch an ges i n  s u r fa c e  ch a rg e  d e n s i t y  

betw een  p h o s p h o r y la te d  and n o n -p h o sp h o ry la te d  t h y la k o id s .  On th e  o t h e r
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h an d, K y le  and A m tz e n  (19 8 3 ) c o n c lu d e d  from  s t u d ie s  u t i l i s i n g  f e r r i -  

c y a n id e - in d u c e d  Q r e o x id a t io n  t h a t  s u r f a c e  ch a rg e  d e n s i t y  ch an g es do 

o c c u r  i n  a  r e g io n  l o c a l i s e d  arou n d  P S2 , i n  re sp o n se  to  p r o te in - p h o s ­

p h o r y la t io n .  I t  h a s  "been a rg u ed  t h a t  th e  change i n  s u r f a c e  ch a rg e  den­

s i t y  b ro u g h t a b o u t b y  p h o s p h o r y la t io n  may be too  s m a ll to  be d e t e c te d  b y  

th e  te c h n iq u e s  a v a i l a b l e ,  even  though  a  la r g e  number o f  t h y la k o id  p ro ­

t e i n s  a p p e a r  to  be p h o s p h o r y la te d  ( s e e  T e l f e r  e t  a l . ,  1983; S te in b a c k  

e t  a l . ,  1 9 8 2 ). H ow ever, th e  re q u ire m e n t f o r  h ig h e r  b ackgrou n d  c a t io n  

l e v e l s  to  be p r e s e n t  when t h y la k o id s  a r e  p h o s p h o r y la te d  to  m a in ta in  sim­

i l a r  d e g r e e s  o f  t h y la k o id  o r g a n is a t io n  ( F ig .  4 * 8 ) , s i m i la r  f lu o r e s c e n c e  

l e v e l s  ( F i g .  4 -2  and 4 -4 ) and s i m i la r  PS2-DBMIB i n t e r a c t i o n s  ( F i g .  4 -7 )  

to  th o s e  e x h ib i t e d  b y  n o n -p h o s p h o ry la te d  t h y la k o id s ,  in d e e d  s u g g e s ts  

t h a t  th e  s u r fa c e  ch a rg e  d e n s i t y  o f  p h o s p h o r y la te d  membranes i s  g r e a t e r  

th an  t h a t  o f  n o n -p h o s p h o ry la te d  membranes.

T here h as a l s o  b een  c o n fu s io n  i n  th e  l i t e r a t u r e  c o n c e r n in g  w h eth er

th e  p h o s p h o r y la t io n  in d u ced  ch an ges i n  e x c i t a t i o n  e n e r g y  d i s t r i b u t i o n

a r e  b ro u g h t a b o u t b y  a l t e r a t i o n s  i n  s p i l l o v e r  (a s  o r i g i n a l l y  assum ed b y

B a r b e r , 19 8 2 a), PS2 a b s o r p t io n  c r o s s  s e c t io n  (a s  p ro p o se d  b y  H orton  and

B la c k , 1 9 8 3 ), n o n - r a d ia t iv e  d e c a y  p r o c e s s e s  (H aw orth and M e lis ,  1983) o r

an y co m b in a tio n  o f  th e s e  p r o c e s s e s  (K y le  e t  a l . ,  1982; H aworth e t  a l . ,

1 9 8 2 a ) . Work b y  K y le  e t  a l .  (1 9 8 2 ) , H aworth e t  a l .  (19 8 2 ) and H aworth e t

a l .  (1 9 8 3 ) , u s in g  b o th  room tem p e ra tu re  and 77K f lu o r e s c e n c e  in d u c t io n

te c h n iq u e s  and a n a ly s e s ,  s u g g e s te d  t h a t  b o th  ch an ges i n  s p i l l o v e r  and

a b s o r p t io n  c r o s s  s e c t io n  w ere in v o lv e d  when p h o s p h o r y la t io n  was c a r r ie d

o u t a t  5inM M gC ^ . H orton and B la c k  (19 8 2 , 19 8 3 ), on th e  o t h e r  hand,

2+
p ro p o sed  t h a t  a t  5niM Mg , p h o s p h o r y la t io n  le d  to  a  d e c r e a s e  i n  PS2 a b -

2+
s o r p t io n  c r o s s  s e c t io n  w h ile  a t  1mM Mg , i t  a ls o  l e d  to  ch an ges i n  

s p i l l o v e r .  W hile Haworth and M e lis  (19 8 3 ) w ere u n a b le  to  show a n y  i n ­

c r e a s e  i n  PS1 a b s o r p t io n  c r o s s  s e c t io n  a f t e r  p h o s p h o r y la t io n  and p ro p o se d
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t h a t  th e  r a t e  c o n s ta n t  f o r  th erm a l d e a c t iv a t i o n  was a l t e r e d .  T h is  

l a t t e r  p o in t ,  h o w ever, h a s  been  c o n t r a d ic t e d  b y  r e p o r t s  s u g g e s t in g  an  

in c r e a s e  i n  PS1 a b s o r p t io n  c r o s s  s e c t io n  a f t e r  p h o s p h o r y la t io n  a s  

m easured  b y  in c r e a s e d  PS1 e le c t r o n  f lo w  r a t e s  (H orton  and B la c k , 1982; 

F a rc h a u s  e t  a l . ,  1982) and from  f la s h - in d u c e d  A  &q2 q m easurem ents i n d i ­

c a t i v e  o f  P700 o x id a t io n  ( T e l f e r  e t  a l . ,  1 9 8 4 ) .  The r e s u l t s  shown i n

2+
C h a p te r  4  co n firm  t h a t  a t  5mM Mg , p h o s p h o r y la t io n  le a d s  to  ch an ges i n  

th e  f lu o r e s c e n c e  in d u c t io n  cu rv e  p a ra m e te rs  i n d i c a t i v e  o f  a  change i n  

a b s o rp tio n  c r o s s  s e c t io n  ( F ig .  4*2 and 4*4) w h ile  p h o s p h o r y la t io n  a t  

lo w e r  Mg l e v e l s  ( ^  2mM) le a d s  to  ch an ges w h ich  s u g g e s t  an  in c r e a s e  i n  

s p i l l o v e r  and a  change i n  a b s o r p t io n  c r o s s  s e c t io n .  The U B M IB -titra -  

t i o n  d a ta , h o w ever, ( s e e  F i g .  4*5 and 4 -6 ) i n d i c a t e s  t h a t  eve n  a t  5mM 

M gClg, p h o s p h o r y la t io n  p ro d u ce s a  s m a ll in c r e a s e  i n  s p i l l o v e r  w h ich  i s  

n o t  o b s e rv e d  a f t e r  p h o s p h o r y la t io n  a t  10mM MgClg ( F i g .  4 * 5 ) .  I t  i s  

t h e r e fo r e  co n clu d e d  t h a t  th e  e x t e n t  o f  th e  p r o t e in - p h o s p h o r y la t io n - in -  

duced ch an ges i n  g r o s s  t h y la k o id  o r g a n is a t io n  ( F i g s .  4 *8 , 4«9 and' T a b le  

4 . 4 ) and c h lo r o p h y ll  f lu o r e s c e n c e  ( s e e  F i g .  4*2 and 4*4) depends on th e  

b ack grou n d  l e v e l  o f  S c r e e n in g *  c a t i o n s .  A t " h ig h "  c a t io n  c o n c e n t r a t io n s ,  

when s c r e e n in g  i s  h ig h , th e  p h o s p h o r y la tio n - in d u c e d  ch an ges a r e  l e s s  e x ­

t e n s iv e  and p r o b a b ly  r e p r e s e n t  th e  p ro p o sed  l a t e r a l  m ig r a t io n  o f  a  

"m o b ile "  p o o l o f  p h o s p h o r y la te d  LHC from  g r a n a l to  s tro m a l la m e lla e  

( s e e  K y le  e t  a l . ,  1 983b *1984). As th e  backgrou nd  c a t i o n - l e v e l  i s  low ­

e r e d , th e  c a p a c i t y  to  s c r e e n  th e  a d d i t io n a l  s u r fa c e  ch a rg e  d im in is h e s  

w h ich  a llo w s  a  g r e a t e r  ra n d o m is a tio n  o f  p ig m e n t-p r o te in  com plexes to  ta k e  

p la c e ,  th y la k o id s  d e s t a c k , and s u b s e q u e n tly  le a d s  to  an in c r e a s e  i n  s p i l l ­

o v e r .

The r e s u l t s  o f  C h ap te rs  3 and 4  a ls o  em phasise t h a t  th e  c a t io n  and 

p r o te in - p h o s p h o r y la t io n  in d u ced  ch an g es i n  e x c i t a t i o n  e n e rg y  d i s t r i b u t i o n  

and f lu o r e s c e n c e  y i e l d  a r e  in d e p e n d en t b u t i n t e r r e l a t e d  p r o c e s s e s  l in k e d
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b y  th e  common e l e c t r o s t a t i c  n a tu r e  o f  t h e i r  m echanism s. Such c o n c lu s io n s  

show ing t h a t  th e  two p r o c e s s e s  r e f l e c t  d i f f e r e n t  ways i n  b r in g in g  a b o u t 

e n e rg y  r e d i s t r i b u t i o n  h ave been  p u t  fo rw a rd  r e c e n t l y  b y  T s a la  and 

S t r a s s e r  (198 4) and G e ro la  e t  a l .  ( 1 9 8 4 ) .  H ow ever, H orton and B la c k  

(1 9 8 2 ), f i r s t  showed th e  a d d i t i v e  n a tu r e  o f  th e  two phenomena b y  dem­

o n s t r a t in g  t h a t  p h o s p h o r y la t io n  in d u ced  a  s i m i la r  d e c r e a s e  i n  Fffi w h eth er

2+
th e  t h y la k o id s  w ere suspended a t  5mM o r  OmM Mg . T h is  o b s e r v a t io n  h as 

been  e x te n d e d , i n  t h i s  t h e s i s ,  to  show th e  e f f e c t  on F and PS2-DBMTB 

i n t e r a c t i o n  when p h o s p h o r y la te d  t h y la k o id s  a r e  re su sp e n d e d  i n  th e  ab­

se n ce  o f  M gClg. These r e s u l t s  i n f e r  t h a t  an a d d i t i o n a l  a b s o r p t io n  c r o s s

s e c t io n  component i s  s t i l l  p r e s e n t  i n  th e  p h o s p h o r y la te d  membranes even  

2+a t  minus Mg . One e x p la n a t io n  f o r  su ch  o b s e r v a t io n s  w ould be t h a t  eve n  

when th e  t h y la k o id  p r o t e in s  a re  t o t a l l y  ran d om ised  w it h in  th e  p la n e  o f  

th e  membrane, p h o s p h o r y la te d  LHC i s  u n a b le  to  i n t e r a c t  w ith  P S2. H owever, 

i t  may be t h a t  u n d er m inus MgClg c o n d it io n s  PS2 i s  s t i l l  f u l l y  co u p le d  

to  LHC and t h a t  th e  a p p a re n t s m a ll change i n  PS2 a b s o r p t io n  c r o s s  s e c ­

t io n  d e t e c te d  from  th e  d e c r e a s e  i n  F , a f t e r  th e  rem oval o f  th e  DCMU-
o 7

e f f e c t ,  i s  s o l e l y  a  con sequ en ce o f  th e  d is c o n n e c t io n  o f  PS2-LHC com­

p le x e s  from  n e ig h b o u r in g  PS2-LHC co m p le x e s.

The im p o rta n t q u e s t io n  o f  how d oes th e  i n  v i t r o  p h o s p h o r y la t io n  

e x p e rim e n ts  r e l a t e  to  th e  i n  v iv o  l i g h t - q u a l i t y - in d u c e d  ch an ges a r i s e s .  

P r e v io u s  r e p o r t s  i n  th e  l i t e r a t u r e  h ave shown a  p r e f e r e n t i a l  F^ q u en ch in g  

w ith  a  sm a ll change i n  Fq on g o in g  from  S ta t e  1 to  S ta t e  2 (Bennoun,

1974? S a it o  e t  a l . ,  19 8 3 )- H owever, th e  d a ta  shown i n  C h a p te r  7 w ould 

im p ly  t h a t  th e  S ta t e  t r a n s i t i o n s  a r e  a  consequ en ce o f  p ro te in -p h o s p h o r y ­

l a t i o n  a t  "h ig h "  backgrou n d  c a t io n  l e v e l s  and t h e r e fo r e  i n  v iv o  e x c i t ­

a t i o n  e n e rg y  r e d i s t r i b u t i o n  i s  p r o b a b ly  a c h ie v e d  s o l e l y  b y  an  a l t e r a t i o n

i n  th e  two p h o to syste m s a b s o r p t io n  c r o s s  s e c t io n ,  a lth o u g h  a  s m a ll change

2+
i n  s p i l l o v e r  can n o t be r u le d  o u t .  The r e p o r te d  Mg l e v e l s  p r e s e n t  i n
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i n t a c t  c h lo r o p la s t s  (s e e  P o r t i s ,  1978) w ould s u p p o rt th e  above mechanism 

i n  w h ich  th e  i n  v iv o  ch an ges r e f l e c t  p r o te in - p h o s p h o r y la t io n  a t  "h ig h "  

s a l t  c o n c e n t r a t io n s .  T h is  w ould be e x p e c te d  to  b r in g  a b o u t no o b v io u s  

change i n  th e  e x t e n t  o f  t h y la k o id  a p p r e s s io n , a s  se e n  from  th e  r e p r e s e n ­

t a t i v e  e le c t r o n  m icro g ra p h s and s t r u c t u r a l  a n a ly s e s  p r e s e n te d  i n  P i g .

4 . 8 , 4 . 9  and T a b le  4 . 4 * Such o b s e r v a t io n s  a r e  s i m i la r  to  p r e v io u s ly  

r e p o r te d  ch an ges i n  membrane s t a c k in g  o f  betw een  5 and 20% upon i n  v i t r o  

p r o te in - p h o s p h o r y la t io n  (Sim pson, 1983; K y le  e t  a l . ,  19 8 3 )- I f»  on "foe 

o t h e r  h an d, th e  i n  v iv o  S ta t e  ch an ges r e f l e c t  ch an ges i n  s p i l l o v e r  and

a b s o r p t io n  c r o s s  s e c t io n  th e n  i t  w ould be e x p e c te d  to  le a d  to  t h y la k o id

2+
u n s ta c k in g , a s  se e n  a f t e r  i n  v i t r o  p h o s p h o r y la t io n  a t  " lo w " Mg - l e v e l s  

( P ig .  4 . 8  and T a b le  4»4)* The r e p o r te d  ch an ges i n  t h y la k o id  o r g a n is a t io n  

i n  re sp o n se  to  l i g h t  q u a l i t y  h ave  b een  v a r i e d .  P u n n e tt (19 7 0 ) and 

Bennoun and J u p in  (19 7 4 ) h ave shown e x te n s iv e  a l t e r a t i o n s  i n  th e  d e g re e  

o f  s ta c k e d  t h y la k o id s  i n  re s p o n s e  to  l i g h t  2 tr e a tm e n ts . I t  i s  i n t e r ­

e s t i n g  t h a t  th e  33% d e c r e a s e  i n  s t a c k in g  r e p o r te d  b y  Bennoun and J u p in  

( 1 9 7 4 ) was s e e n  u s in g  th e  same p h o to  s y n t h e t ic  m a t e r ia l  and u n d er th e  same 

c o n d it io n s  i n  w h ich  Bennoun (19 7 4 ) had shown a  p r e f e r e n t i a l  P^ q u en ch in g  

on g o in g  to  S t a t e  2 and t h e r e f o r e ,  i n  t h i s  c a s e ,  a  change i n  t h y la k o id  

o r g a n is a t io n  m ig h t h ave been  e x p e c te d . V e m o t te  e t  a l .  ( 1 9 7 5 )» on th e  

o th e r  hand, d id  n o t  f in d  an y s i g n i f i c a n t  d i f f e r e n c e  i n  t h y la k o id  o rg an ­

i s a t i o n  when le a v e s  w ere p r e t r e a t e d  w ith  l i g h t  1 o r  l i g h t  2 . P r e lim in a r y  

e x p e rim e n ts  c a r r ie d  o u t d u r in g  t h i s  work have a l s o  s u g g e s te d  t h a t  no la r g e  

a l t e r a t i o n  i n  t h y la k o id  s t a c k in g  i s  se e n  betw een  S ta t e  1 and S ta t e  2 

( d a ta  n o t sh ow n). Such d iv e r s e  o b s e r v a t io n s  may s im p ly  r e f l e c t  d i f f e r ­

e n t  grow th  c o n d it io n s  u n d er w h ich  th e  e x p e r im e n ta l m a t e r ia l  was grow n, 

w h ich  m igh t a l t e r  the m echanism s in v o lv e d  i n  b r in g in g  a b o u t th e  S ta t e  1 -  

S ta t e  2 t r a n s i t i o n .  T h is  can  be se e n  to  o c c u r  b y  th e  i n  v i t r o  p h o sp h o ry la ­

t io n  o f  i n t e r m it t e n t  l i g h t  grown (IML) p la n t s  w h ich  e x h i b i t  a  p r e f e r e n t i a l  

P q u en ch in g  (B la c k  e t  a l . ,  1 9 8 4 ) .
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The p ro p o sed  i n t e r - r e l a t i o n s h i p  b etw een  th e  i n  v i t r o  c a t io n -  and 

p r o t e i n  p h o s p h o r y la tio n - in d u c e d  ch an ges and i n  v iv o  l i g h t  q u a l i t y - i n ­

duced ch an ges i n  t h y la k o id  o r g a n is a t io n  and e x c i t a t i o n  e n e r g y  d i s t r i b ­

u t i o n  a r e  sum m arised i n  P i g .  1 0 . 1 .

H owever, i t  m ust be remembered t h a t  th e  a c t i v i t y  o f  th e  p r o t e in  

k in a s e  w hich  b r in g s  a b o u t p h o s p h o r y la t io n  i s  n o t o n ly  a l t e r e d  b y  th e  

im b a lan ce  o f  e n e r g y  in p u t  to  th e  two p h o to system s ( s e e  1 . 7 . 2 ) .  I t  can  

a ls o  be a f f e c t e d  b y  th e  ATP/AHP r a t i o  (M arkw ell e t  a l . ,  1 9 8 2 ), th e  NATYPH/ 

HADP r a t i o  (F em yh o u gh  e t  a l . ,  1 9 8 3 ) , and ch an ges i n  th e  pH g r a d ie n t  

(P ernyhough  e t  a l . ,  1 9 8 4 ). F u rth e rm o re , i t  a p p e a rs  t h a t  th e  k in a s e  can  

be a f f e c t e d  b y  th e  CÔ  f i x a t i o n  r e a c t i o n s  ( A lle n  and B e n n e tt , 1 9 8 1 ) .

P r o t e in  k in a s e  a c t i v i t y  n o t  o n ly  le a d s  to  th e  p h o s p h o r y la t io n  o f  LHC 

b u t a ls o  to  th e  p h o s p h o r y la t io n  o f  a  number o f  o th e r  P S 2 - a s s o c ia te d  

p o ly p e p t id e s  ( s e e  S te in b a c k  e t  a l . ,  1982; T e l f e r  e t  a l . ,  1 9 8 3 ) . In  t h i s  

c o n t e x t  i t  h a s  b een  shown t h a t  p r o te in - p h o s p h o r y la t io n  ca n  a ls o  a f f e c t  

o t h e r  p hoto s y n t h e t i c  p r o c e s s e s ,  in c lu d in g  an  enhanced a f f i n i t y  f o r  BCMCT- 

b in d in g  (S h o ch a t e t  a l . ,  19 8 2 ), a lth o u g h  t h i s  i s  n o t  born e o u t  from  P i g .

5 .1 0 ;  and a  s t im u la te d  d i s s i p a t i v e  c y c l i n g  o f  e le c t r o n s  aroun d  PS2 

(H orton  and L e e , 1983) w hich  c o u ld  h e lp  e x p la in  th e  r e p o r te d  in c r e a s e  

i n  th e  s t a b i l i t y  o f  th e  sem iquinone s p e c ie s ,  ( j u r s i n i c  and K y le ,  19 8 3 )• 

I t  i s  i n t e r e s t i n g  to  p o in t  o u t t h a t  th e  in c r e a s e d  Qg s t a b i l i t y  and th e  

enhanced D C M U -a ffin ity  a p p ear to  be in c o m p a t ib le , i f  th e  w ork o f  L avergn e 

(I 9 8 2 c ,d )  c o n c e r n in g  D C M U -a ffin ity  and th e  s t a t e  i s  c o n s id e r e d . He 

r e p o r te d  t h a t  th o s e  PS2 r e a c t i o n  c e n t r e s  w h ich  w ere i n  th e  s o - c a l l e d  

" o d d - s t a t e "  (Q^O-g) e x h ib i t e d  a  20 f o l d  lo w e r  a f f i n i t y  to  b in d  DCMCT. I t  

h a s  a ls o  been  shown t h a t  p r o te in - p h o s p h o r y la t io n  can  ca u se  th e  i n h i b i t i o n  

o f  PS2 e le c t r o n  t r a n s f e r  c a p a c i t y  eve n  a t  s a t u r a t in g  l i g h t  i n t e n s i t i e s
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‘ Low' Salt
«2mM Mg2+ 

Phos.

F i g .  1 0 .1  A scheme sh ow in g how th e  s p a t i a l  r e la t i o n s h i p s  betw een  in ­

t r i n s i c  p ig m e n t-p ro te in -c o m p le x e s  o f  th e  t h y la k o id  membrane 

and th e  e x t e n t  o f  membrane a p p r e s s io n  can  be a l t e r e d  i n  

v i t r o  b y  c a t i o n - l e v e l s  and p r o te in - p h o s p h o r y la t io n  and i n  

v iv o  b y  l i g h t  q u a l i t y .  A t ’ lo w ’ c a t io n  c o n c e n t r a t io n s ,  p o o r

e l e c t r o s t a t i c  s c r e e n in g  le a d s  to  u n s ta c k in g  a s  d oes p h o s- 
2+ 2+

p h o r y la t io n  a t  Mg l e v e l s  a t  o r  b elow  2mM Mg . P h o sp h o ry -
2-4-

l a t i o n  a t  *high* Mg c o n c e n tr a t io n s  ( > 5 hjM) in tr o d u c e s  s u f ­

f i c i e n t  n e g a t iv e  ch a rg e  on to  a  "m obile* p o o l o f  LHC, and l i k e  

S ta t e  2 -a d a p te d  l e a v e s ,  b r in g s  a b o u t o n ly  a  v e r y  s m a ll de­

c r e a s e  i n  membrane s t a c k in g .
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(H orton  e t  a l . ,  1984; F i g .  5 * 8 ) . A number o f  im p o rta n t q u e s t io n s  a r e  

r a i s e d  b y  th e s e  o b s e r v a t io n s .  V/hat b r in g s  ab o u t th e  i n h i b i t i o n  o f  PS2 

e le c t r o n  t r a n s f e r  a t  s a t u r a t i n g  l i g h t ?  A re th e  o t h e r  p h o s p h o r y la te d  

p r o t e in s  in v o lv e d  i n  th e  i n  v i t r o  m a n ife s ta t io n  o f  th e s e  r e p o r te d  e f f e c t s ?  

What i s  th e  p h y s i o lo g i c a l  s i g n i f i c a n c e  o f  th e  o th e r  p h o s p h o r y la te d  p ro ­

t e i n s  and th e  r e p o r t e d  i n  v i t r o  ch a n g es?

The f a c t  t h a t  a  9kDa p o ly p e p t id e ,  p o s s i b l y  c y t  (M etz e t  a l . ,

1983) i s  one o f  th e  p r o t e in s  p h o s p h o r y la te d , le d  i n  p a r t  to  th e  w ork

p r e s e n te d  i n  C h a p te r  5 .  The d a ta  shown i n  P i g .  5«1 to  5 .6  s u g g e s ts

t h a t  th e  c y t  bj-,-^ u ^ e r  i n i t i a l  i n v e s t i g a t i o n  was a  lo w  p o t e n t i a l  form ,

w h ich  a p p eared  to  be an  in t e r s y s t e m  e le c t r o n  t r a n s f e r  com ponent, and n o t

th e  h ig h  p o t e n t i a l  form  a s s o c ia t e d  w ith  th e  o x i d i s i n g - s id e  o f  PS2 (s e e

r e v ie w  b y  B e n d a l l ,  1 9 8 2 ). I n  o r d e r  to  e x p la in  th e  e f f e c t  o f  DCfflJ and

DBMTB ( P ig .  5 .4 )  on th e  p h o to o x id a t io n  o f  th e  c y t  b ct-OT_ , i t  was n e c e s -
yyyhc

s a r y  to  p ro p o se  t h a t  i t  was in v o lv e d  i n  a  Q -c y c le  ty p e  e le c t r o n  t r a n s f e r  

mechanism ( M i t c h e l l ,  19 7 5 )*  C y t b ^ ^ ^ ^  i s  e n v is a g e d  a s  r e c e i v i n g  e l e c ­

t r o n s  from  th e  o x id a t io n  o f  th e  q u in o l b y  th e  R ie s k e - ir o n  su lp h u r  c e n t r e ,  

p o s s i b l y  v i a  c y t  b , - ^ , and d o n a tin g  them to  an a n io n ic  sem iq u in o n e. The 

e f f e c t  o f  p r o t e i n  p h o s p h o r y la t io n  on th e  e x t e n t  o f  c y t  V p h o t o o x i -  

d a t io n  can be e x p la in e d  b y  th e  p ro p o se d  r e d i s t r i b u t i o n  o f  l i g h t  e n e rg y  

i n  fa v o u r  o f  P S 1 , w h ich  c o u ld  enhance th e  r e d u c t io n  k i n e t i c s  v i a  an  i n ­

c r e a s e d  PS1 e le c t r o n  f lo w , i n h i b i t  th e  o x id a t io n  k i n e t i c s  o f  th e  c y t o ­

chrome o r  m o d ify  th e  Q, c y c le  le a d in g  to  an o b se rv e d  p a r t i a l  i n h i b i t i o n  

o f  th e p h o to o x id a t io n  ( P ig .  5 . 1 ) •  H ow ever, th e  d e c r e a s e d  p h o to o x id a t io n  

c o u ld  a ls o  s im p ly  r e f l e c t  th e  i n h i b i t i o n  o f  PS2 e le c t r o n  t r a n s f e r  ( P i g .

5 .9 )  w h ich  w ould  le a d  to  a  re d u ce d  r e o x id a t io n  o f  c y t  bCI-^T_ . T h is
yyyhr

l a t e r  p ro p o s a l i s  i n  agreem ent w ith  H orton and B la c k  (1 9 8 1 )  who w ere un­

a b le  to  e x p la in  ch an ges i n  c y t  f  re d o x  r e a c t io n s  a f t e r  p h o s p h o r y la t io n  i n  

term s o f  an  in c r e a s e  i n  P S 1 - a s s o c ia t e d  r e a c t io n s  b u t o n ly  b y  a  d e c r e a s e d
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e le c t r o n  f l u x  from  P S2.

I s  th e  d e c r e a s e  i n  P S 2 -m ed iated  e le c t r o n  f lo w  a  co n seq u en ce  o f  th e  

p ro p o sed  s t im u la t io n  o f  e le c t r o n s  c y c l i n g  around PS2 (H orton  and L e e , 

198 3 )? The p h o s p h o r y la tio n - in d u c e d  ch an ges i n  c y t  "b^r^HP P ^ t o o x i d a t io n ,  

shown i n  P i g .  5 .7>  carm ot he e x p la in e d  b y  su ch  a  m echanism  i f  t h i s  re d o x  

component i s  in v o lv e d  i n  su ch  a  c y c l i n g  mechanism a s  im p lic a t e d  i n  a lg a e  

b y  Mende and W iesn n er (19 8 3 )*  I n  f a c t ,  th e  o b se rv e d  in c r e a s e d  k i n e t i c s  

o f  th e  p h o to o x id a t io n  a f t e r  p h o s p h o r y la t io n  can be e x p la in e d  b y  a  de­

c r e a s e  i n  PS2 a b s o r p t io n  c r o s s  s e c t io n  ( s e e  Packham and B a r b e r , 1 9 8 4 ) .  

H owever, th e  c o n d it io n s  r e q u ir e d  to  s e e  c y t  ^ ^ E P  p h o to o x id a t io n  ( e g .  

th e  p re s e n c e  o f  A nt 2p) may i n h i b i t  th e  p o s t u la t e d  b a c k - f lo w  o f  e le c t r o n s  

from  PS2.

The i n a b i l i t y  o f  UPC to  r e s t o r e  th e  PS2 e le c t r o n  t r a n s f e r  r a t e  i n  

p h o s p h o r y la te d  t h y la k o id s  s u g g e s ts  t h a t  th e  s i t e  o f  i n h i b i t i o n  i s  n o t  

th e  o x y g e n - e v o lv in g  com plex (OEC). W hile th e  s i m i la r  HgO to  SiMo r a t e s  

s e e n  b e fo r e  and a f t e r  p h o s p h o r y la t io n  w ould n o t be e x p e c te d  i f  a  stim u ­

l a t e d  c y c l i n g  o f  e le c t r o n s  was r e s p o n s ib le  f o r  th e  i n h i b i t e d  PS2 e le c t r o n  

t r a n s f e r  r a t e s .  I t .a p p e a r s ,  t h e r e f o r e ,  t h a t  th e  e le c t r o n  f lo w  i s  b e in g  

i n h i b i t e d  a f t e r  Q, .̂ Such a p r o p o s a l c o u ld  e x p la in  th e  r e p o r t e d  in c r e a s e  

i n  th e  s t a b i l i t y  o f  i n  th e  d a rk  due to  an a l t e r a t i o n  i n  th e  a c c e s s i ­

b i l i t y  o f  to  i n t e r a c t  w ith  Q^. The o b se rv e d  d i f f e r e n c e s  i n  th e  f a s t  

f lu o r e s c e n c e  t r a n s ie n t s  ( P ig .  5 . 1 1  and T a b le  5 .1  )> i n  w h ich  p hosph ory­

l a t e d  t h y la k o id s  e x h i b i t  a  g r e a t e r  PQ to  i  r i s e  fo l lo w e d  b y  a  s lo w e r  i n ­

c r e a s e  to  th e  p - l e v e l ,  i s  c o n s is t e n t  w ith  a  re d u ce d  e le c t r o n  f lo w  from  

Qa to  Qg (s e e  Verm aas and A m tz e n , 1 9 8 3 ) . These ch an g es a r e  s i m i la r  to  

th o se  se e n  when com paring a t r a z i n e - r e s i s t a n t  and s u s c e p t ib le  p la n t  s p e c ­

i e s ,  w h ich  can  a ls o  show in h ib i t e d  PS2 e le c t r o n  t r a n s f e r  r e a c t io n s
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( s e e  Burke e t  a l . ,  1982; O rt e t  a l . ,  1 9 8 3 ) . F u r th e r  w ork n eed s to  be 

c a r r i e d  o u t  i n  t h i s  a r e a  o f  p r o te in - p h o s p h o r y la t io n  to  d e term in e  th e  

ca u se  and i n  v iv o  s i g n i f i c a n c e  o f  th e  r e p o r te d  i n  v i t r o  o b s e r v a t io n s .

One p r o p o s a l p u t fo rw a rd  b y  H orton and c o l le a g u e s  i s  t h a t  p r o te in - p h o s ­

p h o r y la t io n ,  b y  ch an ges i n  p hoto s y n t h e t ic  c a p a c i t y  and PS2 a b s o r p t io n  

c r o s s  s e c t io n ,  c o u ld  e x e r t  r e g u la t o r y  and p r o t e c t i n g  e f f e c t s .  T h is  

c o u ld  be a c h ie v e d  b y  a l t e r i n g  th e  b a la n c e  betw een  c y c l i c  and n o n - c y c l i c  

e le c t r o n  t r a n s f e r  r e a c t i o n s  i n  re s p o n s e  to  ch an ges i n  C O ^ -a s s im lla t io n  

demand and le a d  to  th e  p r o t e c t i o n  o f  PS2 from  p h o t o in h ib i t io n a r y  e f f e c t s .

1 0 .3  P r o t e in  H e te r o g e n e ity :

A l l  th e  ty p e s  o f  PS2 h e t e r o g e n e it y  r e p o r te d  i n  th e  l i t e r a t u r e  (s e e  

S e c t io n  1 .9 )  h ave b een  a s  a  co n seq u en ce  o f  c h lo r o p h y ll  f lu o r e s c e n c e  

m easured i n  i s o l a t e d  t h y la k o id s .  T h is  i s  an  exam ple w here c h lo r o p h y ll  

f lu o r e s c e n c e  m easurem ents have g iv e n  r i s e  to  th e  p ro p o sed  s t r u c t u r a l  

and f u n c t io n a l  PS2 h e t e r o g e n e i t i e s  in s t e a d  o f  known d i f f e r e n c e s  i n  PS2 

p r o p e r t ie s  b e in g  i n v e s t ig a t e d  u s in g  f lu o r e s c e n c e  t e c h n iq u e s . The work 

p r e s e n te d  i n  C h ap ter 6 o f  t h i s  t h e s i s  i n v e s t i g a t e s  th e  PS2a , PS2p ty p e  

o f  PS2 h e t e r o g e n e it y  p ro p o sed  b y  M e lis  and Homann (19 7 6  and 1978 ) to  e x ­

p l a i n  th e  o b se rv e d  b ip h a s ic  k i n e t i c  n a tu re  o f  c h lo r o p h y ll  f lu o r e s c e n c e  

in d u c t io n  c u rv e s  e x h ib i t e d  b y  DCMU-poisoned t h y la k o id s .  A number o f  

d i f f e r e n c e s  b etw een  th e s e  two form s o f  PS2 c e n tr e  h ave s in c e  b een  r e ­

p o r te d  ( s e e  I n t r o d u c t io n , 1 . 9 . 1 ) .  I t  h a s  been  shown, b y  a n a ly s is  o f

th e  f lu o r e s c e n c e  in d u c t io n  c u r v e , t h a t  PS2 i s  lo c a t e d  i n  th e  g r a n a la

la m e l la e  w h ile  PS2p i s  foun d  o n ly  i n  th e  s tro m a l t h y la k o id s  (A n d erson  

and M e lis ,  19 8 3 ). However t h i s  c o n te n t io n  i s  n o t borne o u t b y  th e  d a ta  

shown i n  T ab le  6 .5  i n  w h ich  b o th  ty p e s  o f  PS2 a re  d e t e c t e d  i n  P S 2 -e n - 

r ic h e d  p a r t i c l e s  d e r iv e d  from  a p p re s s e d  membranes. The d i f f e r e n c e  may
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"be due to  th e  m ethods o f  a n a ly s in g  th e  c u r v e s ,  i n  t h a t  A nderson  and

M e lis  (19 8 3 ) c a lc u la t e d  th e  a r e a  grow th  h y  hand w h ile  i t  was c a r r ie d

o u t b y  a  com puter i n  t h i s  p r e s e n t  w ork . T h ie le n  and va n  Gorkom ( I 9 8 1 b ,d )

h ave shown, u s in g  to b a cc o  m u tan ts a p p a r e n t ly  e x h i b i t i n g  d i f f e r e n t  PS2a /

PS2r r a t i o s ,  t h a t  PS2 c e n t r e s  a r e  a s s o c ia t e d  w ith  a  l a r g e r  a n t e n n a - s iz e  
p oc

th a n  th e  PS2n . M oreover th e y  fou n d  t h a t  th e  PS2Q a s s o c ia t e d  c h lo r o p h y l ls  
P p

h ave r e d - s h i f t e d  a b s o r p t io n  p r o p e r t ie s  com pared w ith  th e  c h lo r o p h y ll  o f

PS2a » H ow ever, th e  te c h n iq u e  o f  m e a su rin g  th e  amounts o f  th e  two PS2

c e n t r e s ,  v i a  f lu o r e s c e n c e - in d u c t io n  cu rv e  a n a l y s i s ,  m ig h t mean t h a t

th e r e  was o n ly  an  a p p a re n t in c r e a s e  i n  th e  number o f  PS2p i n  th e  m u tan ts

2+b e cau se  o f  a  l i m i t e d  d e g re e  o f  PS2-PS2 i n t e r a c t i o n ,  a s  se e n  i n  th e  Mg -  

l e v e l  e x p e rim e n ts  o f  C h ap ter 3 w here an  a p p a re n t in c r e a s e  i n  PS2^ c e n t r e s  

was o b s e rv e d  i n  re s p o n s e  to  a  d e c r e a s e  i n  t h y la k o id  s t a c k in g .  T h is  m ig h t 

mean t h a t  i n  th e  m u ta n ts , w h ich  la c k  norm al q u a n t i t i e s  o f  LHC:, o n ly  a  

s m a ll p r o p o r t io n  o f  PS2 c e n t r e s  a r e  "c o n n e c te d ” and lo c a t e d  i n  a p p r e s s e d  

membranes. The m a jo r i t y  o f  th e  PS2, n o t  b e in g  a s s o c ia t e d  w ith  LHC, i s  

t h e r e fo r e  s i t u a t e d  i n  th e  s tro m a l la m e lla e  a lo n g  w ith  P S 1 . Such PS2 

c e n t r e s  w ould n a t u r a l l y  c o n ta in  l e s s  a n ten n a  p ig m e n ts , g iv e  r i s e  to  an  

a l t e r e d  f lu o r e s c e n c e  s ig n a l  b o th  i n  s i z e  and k i n e t i c s  due to  s p i l l o v e r  

o f  e x c i t a t i o n  e n e r g y  to  PS1 and th e  s m a lle r  a n ten n a  s i z e .  Such a  com p lex 

s i t u a t i o n  s u g g e s ts  t h a t  u s in g  su ch  m a t e r ia l  to  i n v e s t i g a t e  PS2a and PS2p 

i s  n o t  a  v e r y  good i d e a .

B r e a r le y  and H orton ( 19 8 4 ) h ave i n v e s t ig a t e d  th e  f lu o r e s c e n c e  em i­

s s io n  c h a r a c t e r i s t i c s  o f  PS2a and PS2p and h ave shown t h a t  PS2p g a v e  r i s e

to  a  f lu o r e s c e n c e  e m is s io n  w ith  a  maximum a t  around 730nm. T h is  o b s e r ­

v a t io n  c o u ld  n o t  be r e p e a te d , u s in g  th e  e x p e r im e n ta l c o n d it io n s  and s e t ­

up d e s c r ib e d  i n  t h i s  t h e s i s ,  a s  se e n  from  T ab le  6 . 4  i n  w h ich  e q u a l p ro ­

p o r t io n s  o f  PS2a and PS2p w ere d e t e c te d  when c h lo r o p h y ll  f lu o r e s c e n c e  was 

m easured e i t h e r  a t  685nm o r  TJIrm.



Redox t i t r a t i o n s  o f  th e  two PS2 c e n t r e s  i n  th e  p re s e n c e  (H o rton ,

1981) and a b se n ce  ( T h ie le n  and v a n  Gorkom, 19 8 1c) o f  re d o x  m e d ia to rs  h ave

shown t h a t  th e  p rim a ry  e le c t r o n  a c c e p to r s  o f  PS2a  and PS2p (Qa and 

r e s p e c t i v e l y )  h ave d i f f e r e n t  m id p o in t p o t e n t i a l s .  The r e p o r te d  m id p o in t 

p o t e n t i a l  ( a t  pH 7 .0 )  o f  Qp o f  +120mV m ig h t s u g g e s t  t h a t  PQ i s  in v o lv e d  

i n  th e  m a n if e s t a t io n  o f  th e  s lo w e r , k i n e t i c  com ponent. I t  h as b een  sug^- 

g e s te d  t h a t  th e  e x te n t  o f  th e  P S 2 ^ - a ttr ib u te d  s lo w  p h ase  i s  h ig h ly  depen­

d e n t upon c h lo r o p la s t  i n t e g r i t y  and p erh a p s DCMU-binding a f f i n i t y  

( S c h r e ib e r  and P f i s t e r ,  1 9 8 2 ). F u rth erm o re , D in e r  and Delsome (19 8 3 ) 

w h ile  i n v e s t i g a t i n g  PS2 e le c t r o n  a c c e p t o r s ,  foun d  t h a t  d id  n o t  show 

a  a b so rb a n ce  s i g n a l ,  n o r  d id  i t  p a r t i c i p a t e  i n  a  transm em brane p o t­

e n t i a l .  An e x p la n a t io n  p u t fo rw a rd  was t h a t  d id  n o t  r e p r e s e n t  a  p r i ­

m ary e le c t r o n  a c c e p to r  b u t t h a t  i t  c o u ld  a r i s e  from  a n o th e r  so u rce  l i k e  

a  se co n d a ry  a c c e p to r  o r  a  m o d if ic a t io n  i n  DCM U-binding. R e ce n t w ork b y  

B r e a r le y  and H orton ( 1 9 8 4 ) h as s u g g e s te d  t h a t  th e r e  a r e  two p o p u la t io n s  

o f  PS2 w ith  v e r y  d i f f e r e n t  a f f i n i t i e s  f o r  DCMU (I^ q v a lu e s  o f  0.05liM 

and 365l-iM). L avergn e (I9 8 2 d )h a s a ls o  p ro p o sed  t h a t  PS2 c e n t r e s  h ave d i f ­

f e r e n t  DCMU-binding a f f i n i t i e s  a c c o r d in g  to  w h e th e r th e y  a r e  i n  th e  

s t a t e  (w h ich  e x h i b i t  a  20 f o l d  lo w e r  a f f i n i t y  f o r  DCMU) o r  th e  s t a t e .

I t  t h e r e fo r e  may be p o s s ib le  to  e x p la in  th e  b ip h a s ic  n a tu r e  o f  th e  f l u o r ­

e s c e n c e  r i s e  i n  term s o f  PS2 c e n t r e s  w ith  d i f f e r e n t  DCMU-binding p ro p e r ­

t i e s .  I t  i s  d i f f i c u l t  to  u n d e rsta n d  th e a l t e r a t i o n  i n  th e  k i n e t i c s  o f  

th e  f lu o r e s c e n c e  r i s e ,  i n  th e  p re s e n c e  o f  20|iM DCMU, b y  th e  a d d it io n  o f  

FeCy o r  MV ( F i g .  6 .5 b  and 6 .6 )  i f  PS2 i s  f u l l y  i n h i b i t e d .  Such o b s e r ­

v a t io n s  h ave a ls o  b een  r e p o r te d  b y  J o l i o t  and J o l i o t  (19 8 3 ) who e x p la in e d  

them i n  term s o f  th e  rem oval o f  th e  s t a t e  w h ich  i s  p r e s e n t  i n  d a rk

p re  t r e a t e d  t h y la k o id s .  They co n clu d e d  t h a t  th e  s lo w  ph ase was due to  

PS2p c e n t r e s  and th o s e  PS2 c e n t r e s  i n  th e  Q̂ Q-g s t a t e ,  and t h a t  PS2 cen ­

t r e s  in c lu d e  s e v e r a l  s i t e s  w ith  d i f f e r e n t  DCMU s e n s i t i v i t i e s .  They p o s­

t u la t e d  t h a t  more th an  20|iM DCMU was r e q u ir e d  to  s u r p r e s s  th e
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d epen d en t s lo w  com ponent. P erh a p s more th a n  one f a c t o r  g iv e s  r i s e  to  

th e  s lo w  f lu o r e s c e n c e  com ponent, a s  MV and FeCy do n o t  f u l l y  rem ove 

t h i s  phenomenon. The a d d i t io n  o f  r e d u c t a n t s ,  l i k e  d i t h i o n i t e ,  do how­

e v e r ,  f u l l y  remove th e  s lo w  p h a se  ( s e e  F i g s .  6 .2  and 6 . 3 ) .  T h is  ca n  be; 

e sp jla in e d  e i t h e r  b y  th e  rem o val o f  th e  Q-̂ Q-g s t a t e  w h ich  w ould in c r e a s e  

th e  D C M CJ-affinity a t  th o s e  PS2 c e n t r e s ,  o r  i t  m igh t r e f l e c t  th e  r e d u c t io n  

o f  PQ w h ich  s to p s  Q,̂  r e o x id a t io n  t a k in g  p la c e  i n  PS2 c e n t r e s  w h ich  a r e  

p erm an en tly  u n in h ib it e d  b y  DCMtJ, e i t h e r  th ro u g h  s t r u c t u r a l  damage d u r in g  

c h lo r o p la s t  i s o l a t i o n  o r  th ro u g h  n o n - a s s o c ia t io n  w ith  th e  Q ^ -p r o te in .

T h is  l a t e r  p o in t  m igh t h e lp  e x p la in  why, even  i n  th e  p re s e n c e  o f  IOO l̂M 

BCMCT, a  s lo w  k i n e t i c  component was s t i l l  o b se rv e d  ( F ig .  6 . 7 ) ;  a  concen­

t r a t i o n  e x p e c te d  to  rem ove an y Q-̂ Qg component (s e e  J o l i o t  and J o l i o t ,  

V$Q3). I n  f a c t  th e  d a ta  o f  F i g .  6 . 7  i s  s u r p r is in g  a s  H orvath  e t  a l .

( 1 9 8 4 ) h ave  shown t h a t  i n  th e  p re s e n c e  o f  h ig h  h e r b ic id e  c o n c e n t r a t io n s  

PS2p c e n t r e s  do n o t  f lu o r e s c e  b u t a p p e a r  to  be damaged i n  some way 

so  a s  n o t  to  u n d ergo p h o to r e d u c t io n . They p ro p o sed  t h a t  t h i s  e sp jla in e d  

th e  o b s e r v a t io n s  o f  S c h r e ib e r  and P f i s t e r  (1 9 8 2 ) . I t  h as  b een  shown b y  

T h ie le n  and va n  Gorkom ( 1 9 8 1 c ) ,  t h a t  PS2^ c e n t r e s  d id  n o t  a p p e a r  to  be 

a s s o c ia t e d  w ith  th e  Q ^ -p ro te in , and t h a t  th e  slo w  p h ase  a t t r i b u t e d  to  

su ch  c e n t r e s  c o u ld  be rem oved f o l lo w i n g  t r i s - t r e a t m e n t .  B o th  th e s e  

p o in ts  m ig h t s u g g e s t  t h a t  some PS2 c e n t r e s  may n o t  be b lo c k e d  b y  DCMH 

and t h a t  th e  m a n ife s ta t io n  o f  th e  s lo w  p h ase  r e q u ir e s  more th a n  one PS2 

tu r n o v e r . T h is  i s  a ls o  s u g g e s te d  b y  th e  d a rk  r e o x id a t io n  o f  a  s lo w  

f lu o r e s c e n c e  component a f t e r  co m p lete  PS2 p h o to re d u c t io n  i n  th e  p re s e n c e  

o f  DCMCT and b a ck  r e a c t i o n  i n h i b i t o r s  ( F i g .  6 .8 ) .

T h is  ty p e  o f  PS2 h e t e r o g e n e it y  o b v io u s ly  r e q u ir e s  f u r t h e r  s tu d y , 

p r e f e r a b ly  u s in g  n o n - f lu o r e s c e n c e  te c h n iq u e s . I f  su ch  PS2 h e t e r o g e n e i t y  

e x i s t s  .m v iv o  th en  work i s  r e q u ir e d  to  e lu c id a t e  i t s  s i g n i f i c a n c e  and 

p h y s io lo g i c a l  r o l e .  F lu o r e s c e n c e  d a ta  co m p iled  u s in g  i n t a c t  le a v e s
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( F i g .  6 . 9 ) ,  h o w ever, s u g g e s ts  t h a t  PS2a and PS2p may n o t  e x i s t  i n  v i v o . 

M eanw hile, i t  h a s  "been p o s t u la t e d  t h a t  su ch  an h e t e r o g e n e i t y  w ould en­

a b l e  p la n t s  to  make more e f f i c i e n t  u se  o f  a  w ide ra n g e  o f  l i g h t  con­

d it io n s  ( T h ie le n  and van  Gorkom, 19 8 1) w h ile  A n derson  and M e lis  (19 8 3 ) 

h ave p ro p o sed  t h a t  PS2a i s  in v o lv e d  i n  n o n - c y c l ic  r e a c t i o n s  w h ile  PS2p 

i s  u s e f u l  i n  c o n t r o l l i n g  c y c l i c  p h o to p h o s p h o r y la t io n .

1 0 .4  P r o t e in  S tr u c tu r e  and F u n c t io n :

I t  a p p e a rs  t h a t  a  s i n g le  b a s e  change w h ich  le a d s  to  th e  a l t e r a t i o n  

o f  a  s i n g le  amino a c id  r e s id u e  i n  th e  Q ^ -p ro te in  a s s o c ia t e d  w ith  PS2 

e n a b le s  th o s e  p la n t s  w hich  h ave t h i s  m u ta tio n  to  be r e s i s t a n t  to  a t r a z i n e  

h e r b ic id e s  ( s e e  H irs c h b e rg  and M c ln to sc h , 1983; E r ic k s o n  e t  a l . ,  1 9 8 4 ) .  

T h is  s m a ll change a p p e a rs  to  h ave  a  la r g e  e f f e c t  on th e  f u n c t io n in g  o f  

th e  Q g - p r o te in , w h ich  can  le a d  t o  an  i n h ib i t e d  p h o to s y n t h e t ic  c a p a c i t y  

a s  w e l l  a s  to  la r g e  a l t e r a t i o n s  i n  t h y la k o id  o r g a n is a t io n  (B u rke e t  a l . ,

1 9 8 2 )  . The e x a c t  mechanism w h ich  b r in g s  a b o u t th e s e  ch an ges i s  s t i l l  

n o t  f u l l y  u n d e r s to o d . I t  h a s  b een  s u g g e s te d  t h a t  th e  a l t e r e d  Q ^ -p ro te in  

le a d s  to  a  change i n  th e  re d o x  p o t e n t i a l  o f  Q^/Q^ (Bowes e t  a l . ,  1980) so 

t h a t  th e  e q u i l ib r iu m  Q^Q^^Q^Qg i s  s h i f t e d  to  th e l e f t  i n  th e  r e s i s t a n t  

s p e c ie s  w h ich  p ro d u ces a  s lo w e r  f lo w  o f  e le c t r o n s  from  Q to  and p e r ­

h ap s a  p a r t i a l  i n h i b i t i o n  o f  th e  i n t e r a c t i o n  betw een  th e  Q ^ -p ro te in  w ith  

PQ (Verm aas and A m tz e n , 1983) • T hese p r o p o s a ls  e x p la in  th e  d i f f e r e n t  

f a s t  f lu o r e s c e n c e  t r a n s ie n t s  e x h ib i t e d  b y  r e s i s t a n t  and s u s c e p t ib le  b io ­

ty p e s  ( F ig .  9 .1  and 9 » 2 ). Such a  change may a ls o  e x p la in  th e  r e p o r t e d  

i n h i b i t i o n  o f  PS2 e le c t r o n  t r a n s f e r  r a t e s  (Burke e t  a l . ,  1982; O rt e t  a l . ,

1 9 8 3 )  , a lth o u g h  i t  h as been  r e p o r t e d  t h a t  a t r a z i n e - r e  s i  s ta n c e  a ls o  le a d s  

to  a  g r e a t e r  c y c l i n g  o f  e le c t r o n s  aroun d PS2 (H o lt  e t  a l . ,  1 9 8 3 ). The 

re d u ce d  p h o to s y n t h e t ic  c a p a c i t y  may ca u se  se co n d a ry  e f f e c t s  on c h lo r o -  

p la s t .  u l t r a s t r u c t u r e  so t h a t  h e r b ic id e  r e s i s t a n t  p la n t  s p e c ie s  s y n t h e s is e



297

th e  typ e  o f  c h lo r o p la s t  se e n  when p la n t s  a r e  grown u n d er e n v iro n m e n ta l 

c o n d it io n s  w h ich  l i m i t  t h e i r  p h o to s y n t h e t ic  a b i l i t y  ( s e e  P i g .  8 .7  and

8 .1 0 ) .  However i t  a p p e a rs  t h a t  a t r a z i n e  r e s is t a n c e  ca n  o c c u r  w ith o u t  

t h i s  ty p e  o f  s t r u c t u r a l  a l t e r a t i o n  t a k in g  p la c e ,  a s  th e  f o u r  s p e c ie s  

i n v e s t i g a t e d  i n  C h ap ter 9 d id  n o t  show lo w e r  p h o to s y n t h e t ic  e le c t r o n  

t r a n s f e r  r a t e s  n o r  la r g e  ch an ges i n  th e  e x t e n t  o f  t h y la k o id  s t a c k in g  

when com p aring r e s i s t a n t  p la n t s  w ith  t h e i r  s u s c e p t ib le  e q u iv a le n t s  (d a ta  

n o t  g iv e n ;  s e e  Chapman e t  a l . ,  1 9 8 4 ) .  There w as, h o w ever, a  con­

s i s t e n t  d e c r e a s e  i n  c h i  a /b  r a t i o  a s s o c ia t e d  w ith  th e  r e s i s t a n t  p la n t s  

i n d i c a t i v e  o f  a l t e r e d  PS2/PS1 l e v e l s  o r  l a r g e r  PS2 a n t e n n a - s iz e  ( s e e  

P i g .  9 . 3 ) ,  and from  c h lo r o p h y ll  f lu o r e s c e n c e  a n a ly s e s ,  a  s m a ll change i n  

PS2 o r g a n is a t io n  w ith in  th e  r e s i s t a n t  p la n t s  was h in t e d .  The c o n s is t e n ­

t l y  lo w e r  k ^  v a lu e s  and h ig h e r  Pffi p e r  t o t a l  c h lo r o p h y ll  l e v e l s  (T a b le  

9 . 2 ) e x h ib i t e d  b y  th e  t h y la k o id s  from  r e s i s t a n t  p la n t s  i n d i c a t e s  t h a t  

p erh a p s th e s e  membranes c o n ta in e d  more PS2 r e a c t i o n  c e n t r e s  p e r  t o t a l  

c h lo r o p h y ll  th a n  th e  s u s c e p t ib le  b io t y p e s .  The se co n d a ry  e f f e c t s  o f  

a t r a z in e  r e s is t a n c e  i s  s t i l l  u n d er a c t i v e  r e s e a r c h .  I t  m igh t be t h a t  

th e  r e a s o n  why i n  some c a s e s ,  h e r b ic id e  r e s is t a n c e  le a d s  to  la r g e  ch an ges 

i n  c h lo r o p la s t  s t r u c t u r e  and p h o to s y n t h e t ic  c a p a c i t y  w h ile  i n  o th e r s  

th e r e  a p p e a rs  to  be no a d v e r s e  e f f e c t s  depends on th e  e n v iro n m e n ta l con­

d i t i o n s  u n d er w h ich  th e  p la n t s  a r e  grow n.

P r e lim in a r y  e x p e rim e n ts  h ave shown t h a t  th e change i n  th e  Q ^ -p ro te in  

does n o t  s to p  th e  a t r a z i n e - r e s i s t a n t  p la n t s  from  c a r r y in g  o u t  S t a t e  1 -  

S ta te  2 t r a n s i t i o n s  (s e e  P i g .  9«4)» a lth o u g h  i t  may, i n  some i n s t a n c e s ,  

a l t e r  th e  k i n e t i c s  and e x t e n t  o f  t h i s  a d a p t iv e  p r o c e s s  to  some d e g r e e .

I t  th u s  becom es a p p a re n t t h a t  th e  h ig h e r  p la n t  h as d e v e lo p e d  an  

a b i l i t y  to  a d a p t to  th e  e v e r c h a n g in g  e n v iro n m e n ta l c o n d it io n s  u n d er
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w h ich  i t  h a s  to  l i v e  and p r o p a g a te . Such ch an ges a re  e v id e n t  th ro u g h o u t 

th e  w hole o f  th e  p la n t  sy ste m  and, o f  c o u r s e , n o t  o n ly  in v o lv e s  th e  

p h oto  s y n t h e t i c  m ach in ery  and i t s  f u n c t io n in g  h u t a l s o  o t h e r  im p o rta n t 

m e ta b o lic  p r o c e s s e s  and a n a to m ic a l s t r u c t u r e s .  The p h o to s y n t h e t ic  adap­

t a t i o n  can  he se e n  to  ta k e  p la c e  o v e r  a  w ide ra n g e  o f  t im e s c a le s  from  

m onths to  d ays to  m in u tes and s e c o n d s . Changes o c c u r  th ro u g h o u t th e  l e a f  

and encom passes m a c r o s c o p ic , a n a to m ic a l a l t e r a t i o n s  to  m ic r o s c o p ic  s t r u c ­

t u r a l  r e o r g a n is a t io n  i n v o lv i n g  r e v i s e d  l e v e l s  o f  e n zy m a tic  p r o t e in s  and 

s u b t le  re a rra n g e m e n ts  o f  p ig m e n t- p r o te in  com plexes w ith in  th e  c h lo r o -  

p l a s t ,  t h y la k o id  mem branes. H owever, t h i s  a p p a re n t a d a p t iv e  f l e x i b i l i t y  

i s  p r o b a b ly  r e s t r a i n e d  b y  th e  in h e r e n t ,  g e n e t ic  c o n s t r a in t s  im posed on 

th e  p la n t .

C h lo r o p h y ll  f lu o r e s c e n c e  h a s , o v e r  th e  y e a r s ,  become a  u s e f u l  t o o l  

f o r  m o n ito r in g  th e  a d a p t iv e  p r o c e s s e s  w h ich  le a d  to  an a l t e r e d  c h lo r o -  

p l a s t  a r c h i t e c t u r e  th e r e b y  d e te r m in in g  th e  r a t e  a t  w h ich  c e r t a i n  p h o to ­

s y n t h e t ic  r e a c t io n s  can  p r o c e e d . I t  can  be se e n  from  th e  work p re s e n te d  

i n  t h i s  t h e s i s  t h a t  f lu o r e s c e n c e  can  g iv e  v i t a l  in fo r m a tio n  c o n c e r n in g  

v a r io u s  l e v e l s  o f  r e o r g a n is a t io n  w ith in  th e  c h lo r o p l a s t .  T h is  h as  o n ly  

been  p o s s i b le  b e ca u se  o f  ou r e v e r  i n c r e a s in g  know ledge c o n c e r n in g  th e  

r e la t i o n s h i p  betw een  c h lo r o p h y ll  f lu o r e s c e n c e  and v a r io u s  p h o to s y n t h e t ic  

phenomena w h ich  h a s  ta k e n  p la c e  o v e r  th e  p a s t  tw e n ty  y e a r s  o r  s o .  I t  

was D uysens and Sw eers i n  19&3 who f i r s t  showed t h a t  th e  f lu o r e s c e n c e  

y i e l d  r e f l e c t e d  th e  re d o x  s t a t e  o f  th e  PS2 p rim a ry  s t a b le  a c c e p t o r ,  Q, .̂ 

T h e ir  e a r l y  p io n e e r in g  w ork, u s in g  l i g h t  o f  d i f f e r e n t  s p e c t r a l  q u a l i t y  

to  change f lu o r e s c e n c e  l e v e l s ,  h in te d  a t  th e  p re s e n c e  o f  two p h o to syste m s 

a c t i n g  i n  s e r i e s  g i v i n g  su p p o rt to  th e  e a r l i e r  p r o p o s a ls  o f  H i l l  and 

B e n d a ll ( i 9 6 0 ) .  L a te r  i n  1 9 6 6 , M a lk in  and co -w o rk e rs  a n a ly s e d  room - 

tem p e ra tu re  f lu o r e s c e n c e  s i g n a ls  to  g iv e  in fo r m a tio n  c o n c e r n in g  th e
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t r a n s f e r  o f  e le c t r o n s  w ith in  th e  p o o l o f  in t e r s y s t e m  c a r r i e r s .  Then i n  

th e  e a r l y  19 7 0 ’ s i t  was d is c o v e r e d  t h a t  c h lo r o p h y ll  f lu o r e s c e n c e  was de­

p en d en t upon th e  s t r u c t u r a l  o r g a n is a t io n  o f  th e  t h y la k o id  mem branes.

T h is  l e d  B u t le r  and c o l le a g u e s  to  fo r m u la te  k i n e t i c  m odels to  r e p r e s e n t  

th e  e n e rg y  d i s t r i b u t i o n  i n  th e  p h o to ch e m ic a l a p p a ra tu s  o f  p h o to s y n t h e s is .  

U s in g  t h e i r  k i n e t i c  a n a ly s e s  i t  became p o s s i b le  to  q u a n t i f y  th e  change i n  

e x c i t a t i o n  e n e rg y  d i s t r i b u t i o n  v i a  s p i l l o v e r  and a b s o r p t io n  c r o s s  s e c ­

t i o n  b ro u g h t a b o u t b y  t h y la k o id  c o n fo r m a tio n a l ch a n g es . M ean w h ile ,

B a rb e r  and h i s  r e s e a r c h  group show ed, m a in ly  th ro u gh  f lu o r e s c e n c e  s t u d i e s ,  

t h a t  th e  s t r u c t u r a l  ch an ges w ere r e l a t e d  to  th e  e l e c t r o s t a t i c  p r o p e r t ie s  

o f  th e  membranes. T oday, c h lo r o p h y ll  f lu o r e s c e n c e  i s  b e in g  u s e d  to  mon­

i t o r  p h o to s y n t h e t ic  damage ca u se d  b y  a d v e r s e  e n v iro n m e n ta l c o n d it io n s  

w h ich  p rod uce le s i o n s  i n  th e  e le c t r o n  t r a n s f e r  c h a in , b e fo r e  a n y  v i s i b l e  

s ig n s  o f  damage a r e  s e e n . T h is  i s  b e c a u se  th e  f lu o r e s c e n c e  s i g n a l  i s  

s e n s i t i v e  to  b o th  e le c t r o n  d o n a tio n  to  PS2 b y  th e  w a t e r - s p l i t t i n g  p r o c e s s e s  

and e le c t r o n  rem oval from  PS2 v i a  P S 1-m e d ia te d  e le c t r o n  t r a n s f e r  r e a c t i o n s .

C h lo r o p h y ll  f lu o r e s c e n c e  i s ,  h o w ever, a  v e r y  com plex phenomena and 

i t  can  be influenced b y  numerous e v e n t s .  The i n t e r p r e t a t i o n  o f  th e  mea­

s u re d  s i g n a l  i s  o f t e n  e x tr e m e ly  d i f f i c u l t ,  e s p e c i a l l y  th e  s lo w , s t e a d y -  

s t a t e  ch an ges m o n ito red  from  i n t a c t  l e a v e s .  Today much r e s e a r c h  tim e 

and money i s  d e v o te d  to  a tte m p tin g  to  e lu c id a t e  th e  i n  v iv o  ch an ges w h ich  

c o n t r ib u t e  to  th e  com plex f lu o r e s c e n c e  s i g n a l s .  So f a r  i t  h a s  b een  shown 

t h a t  b o th  th e  s o - c a l l e d  " d a r k ” and ’’ l i g h t ” r e a c t io n s  o f  p h o to s y n th e s is  

in f lu e n c e  th e  s lo w  f lu o r e s c e n c e  ch a n g e s , p ro b a b ly  a s  a  r e s u l t  o f  th e 

common n a tu re  o f  c e r t a i n  m e ta b o lite  p o o ls .  More v a l i d  in fo r m a t io n  con­

c e r n in g  p h o to s y n th e t ic  p r o c e s s e s  can  be o b ta in e d  when s e v e r a l  f l u o r e s ­

cen ce  ap p ro a ch es a r e  u se d  and com bined. F o r  in s t a n c e ,  b y  b r in g in g  t o ­

g e th e r  room tem p era tu re  f lu o r e s c e n c e  in d u c t io n  cu rv e  d a ta  w ith  77K
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f lu o r e s c e n c e  s p e c t r a  and k i n e t i c  a n a ly s e s  a  more th o ro u g h  u n d e r s la n d in g  

c o n c e r n in g  th e  e x a c t  m echanism s f o r  e n e r g y  r e d i s t r i b u t i o n  a s  a  co n seq u en ce  

o f  membrane r e o r g a n is a t io n  h as b een  a c h ie v e d . A lth o u g h  more a t t e n t i o n  i s  

now r e q u ir e d  c o n c e r n in g  th e  i n  v iv o  a l t e r a t i o n s  i n  p h o to  s y n t h e t ic  p ro ­

c e s s e s  b ro u g h t a b o u t, f o r  in s t a n c e ,  b y  p r o te in - p h o s p h o r y la t io n .

More p r o g r e s s  w i l l  o n ly  be made when th e  f lu o r e s c e n c e  s t u d ie s  a r e  

sup plem ented  b y  com plem entary s i g n a l s ,  l i k e  A ^ q and C ^ q a b so rb an ce  

ch a n g e s . Such an  ap p ro a ch  i s  n e c e s s a r y  to  f u r t h e r  o u r  u n d e r s ta n d in g  

c o n c e r n in g  an y  PS2 h e t e r o g e n e it y  p r e s e n t  w ith in  th e  t h y la k o id  sy ste m . 

F u rth erm o re , f lu o r e s c e n c e  m easurem ents m ust a ls o  be c a r r ie d  o u t a lo n g  

w ith  o th e r  ty p e s  o f  m easurem ent w h ich  can  d i r e c t l y  p ro b e  phenomena l i k e  

cytoch rom e re d o x  ch a n g e s , e le c t r o n  t r a n s f e r  r e a c t i o n s  and s t r u c t u r a l  

a l t e r a t i o n s .  T h is  m u lt ip le  c r o s s  c h e c k in g  ap p roach  i s  n e c e s s a r y  to  f u l l y  

e lu c id a t e  th e  c o m p le x ity  o f  th e  c h lo r o p h y ll  f lu o r e s c e n c e  s i g n a l  a s  w e l l  

a s  to  p ro v id e  a  f a r  g r e a t e r  u n d e r s ta n d in g  o f  th e  p h o to  s y n t h e t ic  p r o c e s s e s  

w h ich  a r e  v i t a l  to  th e  s u r v iv a l  o f  m ankind.



301

RHtj'iiff'RNCES

A T b e rtsso n , P -A  (19 7 8 ) Phase p a r t i t i o n  o f  c e l l  p a r t i c l e s  and m acro - 
m o le c u le s . T rend s Biochem . S c i .  3> 37-39•

A lfo n z o , R . ,  N e lso n , N. and R a c k e r , E . (198 0 ) A lig h t - d e p e n d e n t  p r o t e i n  
k in a s e  a c t i v i t y  o f  c h lo r o p l a s t s .  P la n t  P h y s i o l .  6 5 , 730 -734-

A l le n ,  J .P ;  (19 8 3 ) P r o t e in  p h o s p h o r y la t io n  -  c a r b u r e t t o r  o f  p h o to syn ­
t h e s i s ?  T rend s B iochem . S c i .  8 ( 1 0 ) ,  369-373-

A l le n ,  J .P .  (19 8 4 ) P h o to s y n th e s is  and p h o s p h o r y la t io n  o f  l i g h t - h a r v e s t ­
in g  c h lo r o p h y ll  a / b - p r o t e in  i n  i n t a c t  c h lo r o p l a s t s .  E f f e c t s  o f  
u n c o u p le r s . PEBS L e t t .  16 6 , 237-244-

A l le n ,  J .P .  and B e n n e tt , J .  (1 9 8 1 )  P hoto s y n t h e t ic  p r o t e in  phosph ory­
l a t i o n  i n  i n t a c t  c h lo r o p l a s t s .  I n h i b i t i o n  b y  DCMJ and b y  th e  
o n s e t  o f  CO2 f i x a t i o n .  PEBS L e t t .  12 3 , 67—7 1•

A l le n ,  J.P. and H orton , P. (1 9 8 1 )  C h lo r o p la s t  p r o t e in  p h o s p h o r y la t io n  
and c h lo r o p h y ll  f lu o r e s c e n c e  q u en ch in g . A c t i v a t io n  b y  t e t r a -  
m e th y l-p -h y d ro q u in o n e , an  e le c t r o n  donor to  p la s to q u in o n e . 
B io ch im . B io p h y s . A c ta  6 3 8 , 290-295-

A l le n ,  J . P . ,  B e n n e tt , J . , S te in b a c k , K .E . and A m tz e n , C .J .  (1 9 8 1)
C h lo r o p la s t  p r o t e in  p h o s p h o r y la t io n  c o u p le s  p la s to q u in o n e  re d o x  
s t a t e  to  d i s t r i b u t i o n  o f  e x c i t a t i o n  e n e rg y  betw een  p h o to s y s te m s . 
N atu re  2 9 1 , 2 1 - 2 5 .

A n derson, J.M . (1 9 8 1)  C on sequences o f  th e  s p a t i a l  s e p a r a t io n  o f  p h o to ­
system  1 and 2 i n  t h y la k o id  membranes o f  h ig h e r  p la n t  c h lo r o ­
p l a s t s .  PEBS L e t t .  12 4 , 1 - 1 0 .

A n derson, J.M . (19 8 2 ) The s i g n i f i c a n c e  o f  g ra n a  s t a c k in g  i n  c h lo r o p h y l l -  
b c o n t a in in g  c h lo r o p l a s t s .  P hotobiochem . P h o to b io p h y s . 3> 
225- 241 .

A n derson, J.M . and A n d ersson , B . (19 8 2) The a r c h i t e c t u r e  o f  p h o to syn ­
t h e t i c  membranes: l a t e r a l  and t r a n s v e r s e  o r g a n is a t io n .  T rend s 
B iochem . S c i .  7> 288-292.

A n derson, J.M . and M e lis ,  A . (19 8 3 ) L o c a l i z a t io n  o f  d i f f e r e n t  p h o to ­
system s i n  s e p a r a te  r e g io n s  o f  c h lo r o p la s t  mem branes. P r o c . 
N a t l .  A cad . S c i .  (USA) 80, 74 5-749 -

A n d ersson , B . (19 7 8 ) S e p a r a t io n  o f  s p in a c h  c h lo r o p la s t  la m e lla e  f r a g ­
m ents b y  phase p a r t i t i o n  in c lu d in g  th e  i s o l a t i o n  o f  i n s i d e - o u t  
t h y la k o id s .  T h e s is ,  U n iv . o f  Lund, Sweden.

A n d ersson , B . and A n d erson , J.M . (198 0 ) L a t e r a l  h e t e r o g e n e i t y  i n  th e
d i s t r i b u t i o n  o f  c h lo r o p h y l l - p r o t e in  com p lexes o f  th e  t h y la k o id  
membranes o f  s p in a c h  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  593» 
4 27-44 0 .



302

A n d ersso n , B . and H aeh n el, W. (19 8 2 ) L o c a t io n  o f  p h o to sy ste m  I  and
p h o to sy ste m  I I  r e a c t i o n  c e n t r e s  i n  d i f f e r e n t  t h y la k o id  r e g io n s  
o f  s ta c k e d  t h y la k o id s .  PEES L e t t .  1 4 6 , 1 3 - 1 7 *

A n d ersso n , B . ,  A k e r lu n d , H-E. and A lh e r t s s o n , P -A . (1 9 8 1 )  I s o l a t i o n  and 
s t u d ie s  on i n s id e - o u t  t h y la k o id  v e s i c l e s .  I n :  P r o c . 5 th  I n t .  
C on gr. P h o to s y n th e s is ,  v o l .  3> S tr u c tu r e  and M o le c u la r  O rgan i­
s a t io n  o f  th e  P hoto s y n t h e t ic  Membrane (A ko yu n oglou , G . , e d . ) ,  
PP* 5 5 -8 6 , I n t .  S c i .  S e r v . ,  J e r u s a le m / P h ilid e lp h ia  PA.

A n d ersso n , B . ,  A k e rlu n d , H -E ., J e r g i l ,  B . and L a r s s o n , C . (19 8 2 ) D i f ­
f e r e n t i a l  p h o s p h o r y la t io n  o f  th e  l i g h t - h a r v e s t i n g  c h lo r o p h y l l -  
p r o t e i n  com plex i n  a p p r e s s e d  and n o n -a p p re sse d  r e g io n s  o f  th e  
t h y la k o id  membrane. FEBS L e t t .  149* 18 1-18 5 *

Amon, L . I .  (19 4 9 ) Copper enzymes in isolated chloroplasts. Polyphenol- 
oxidase in Beta vulgaris. Plant Physiol. 24> 1 -1 5 *

A m tz e n , C . J . , P f i s t e r ,  K. and S te in b a c k , K .E . (19 8 2 ) The mechani sm o f  
c h lo r o p la s t  t r i a z i n e  r e s i s t a n c e :  A l t e r a t i o n s  i n  th e  s i t e  o f  
h e r b ic id e  a c t io n .  I n : H e r b ic id e  R e s is ta n c e  i n  P la n t s  (L e b e ro n , 
H .M ., G r e s s e l ,  J . , e d s . ) ,  p p . 1 8 5 -2 1 4> W ile y - I n t e r s c ie n c e  
P u b l i c a t i o n s ,  Hew Y o rk .

B a k e r, N .R ., M a rk w e ll, J .P .  and T h o ra b er, J .P .  (19 8 3 ) E v id e n ce  f o r  
m u lt ip le  p r o t e in  k in a s e  a c t i v i t i e s  i n  to b a cc o  t h y la k o id s .  
P h o to bioch em . P h o to b io p h y s . 5> 201-207*

B a n n is t e r ,  T .T . and R ic e ,  G. ( 1 9 6 8 ) P a r a l l e l  tim e c o u r s e s  o f  oxygen
e v o lu t io n  and c h lo r o p h y ll  f lu o r e s c e n c e .  B io ch im . B io p h y s . A c ta  
16 2 , 12 2 -13 4 *

B a r b e r , J .  (1 9 7 6 )  I o n ic  r e g u la t i o n  i n  i n t a c t  c h lo r o p la s t s  and i t s  
e f f e c t  on p rim a ry  p h o to s y n t h e t ic  p r o c e s s e s .  I n : T o p ic s  i n  
P h o to s y n th e s is ,  v o l .  1 ,  The I n t a c t  C h lo r o p la s t  (B a r b e r , J . , 
e d . ) ,  p p . 8 8 -1‘34» E l s e v i e r ,  Am sterdam.

B a r b e r , J .  (19 7 8 ) B io p h y s ic  o f  p h o to s y n t h e s is .  R ep. P r o g . P h y s . 41 > 
1 15 7 -1 1 9 9 *

B a r b e r , J .  ( 1980a) An e x p la n a t io n  f o r  th e  r e la t i o n s h i p  b etw een  s a l t -  
in d u ced  t h y la k o id  s t a c k in g  and th e  c h lo r o p h y ll  f lu o r e s c e n c e  
ch an ges a s s o c ia t e d  w ith  s p i l l o v e r  o f  e n e r g y  from  p h o to system  
I I  to  p h o to syste m  I .  FEBS L e t t .  1 1 8 ,  1 - 1 0 .

B a r b e r , J . (198 0b) Membrane s u r f a c e  c h a rg e s  and p o t e n t i a l  i n  r e l a t i o n  
to  p h o to s y n t h e s is .  B io ch im . B io p h y s . A c ta  594> 253-30 8.

Barber, J. (19 8 2 a ) Influence of surface charges on thylakoid structure 
and function. Annu. Rev. Plant Physiol. 33> 261-295*

B a r b e r , J .  (19 8 2b) The c o n t r o l  o f  membrane o r g a n is a t io n  b y  e l e c t r o  -  
s t a t i c  f o r c e s .  B i o s c i .  R ep. 2 , 1 - 1 3 *



303

B a r b e r ,

B a r b e r ,

B a r b e r ,

B a r b e r ,

B a r b e r ,

B a r b e r ,

B a r b e r ,

B a r b e r ,

B a r b e r ,

B a r b e r ,

B a r b e r ,

B e l l ,  D

B e n d a ll

B e n d a ll

J .  (19 8 3 ) Membrane c o n fo r m a tio n a l ch an ges due to  p h o s p h o r y la t io n  
and th e  c o n t r o l  o f  e n e r g y  t r a n s f e r  i n  p h o to s y n t h e s is .  P h o to -  
biochem . P h o to b io p h y s . 5* 1 8 1 -1 9 0 .

J . , and Chow, W .S. (1 9 7 9 )  A mechanism f o r  c o n t r o l l i n g  th e  s t a c k ­
in g  and u n s ta c k in g  o f  c h lo r o p la s t  t h y la k o id  mem branes. EEBS 
L e t t .  10 5 , 5 - 1 0 .

J .  and M i l l s ,  J .D . (1 9 7 6 )  C o n tr o l o f  c h lo r o p h y ll  f lu o r e s c e n c e  
b y  th e  d i f f u s e  l a y e r .  EEBS L e t t .  68, 288-292.

J . and S e a r le ,  G-.P.W. (19 7 8 ) C a tio n  in d u ced  in c r e a s e  i n  c h lo r o ­
p h y l l  f lu o r e s c e n c e  y i e l d  and th e  e f f e c t  o f  e l e c t r i c a l  c h a r g e . 
EEBS L e t t .  9 2 , 5 - 8 .

J . and S e a r le ,  G .F.W . (1 9 7 9 )  D ouble l a y e r  th e o r y  and th e  e f f e c t  
o f  pH on c a t io n - in d u c e d  c h lo r o p h y ll  f lu o r e s c e n c e .  PEBS L e t t .
103 , 2 4 1-2 4 5 .

J . and T e l f e r ,  A . (1 9 7 4 )  I o n ic  r e g u la t io n s  i n  c h lo r o p la s t s  a s  
m o n ito red  b y  prom pt and d e la y e d  c h lo r o p h y ll  f lu o r e s c e n c e .  I n :  
Membrane T ra n s p o rt i n  P la n t s  (Zimmerman, TJ., D a in ty , J . , e d s . ) ,  
p p . 28 1-28 8 , S p r in g e r - V e r la g ,  B e r l i n .

J . , M i l l s ,  J .  and L o ve , A. (1 9 7 7 )  E l e c t r i c a l  d i f f u s e  l a y e r s  and 
t h e i r  in f lu e n c e  on p h o to  s y n t h e t ic  p r o c e s s e s .  PEBS L e t t .  74* 
1 7 4 - 1 8 1 .

J . , M i l l s ,  J . and N ic o ls o n , J .  (19 7 4 3-) S tu d ie s  w ith  c a t io n  
s p e c i f i c  io n o p h o re s  show t h a t  w ith in  th e  i n t a c t  c h lo r o p la s t  
Mg2+ a c t s  a s  th e  m ain exch an ge c a t io n  f o r  H+ pum ping. PEBS 
L e t t .  92 , 5 -8 .

J . , S e a r le ,  G .P.W . and T r e d w e ll,  C .J .  (19 7 8 ) P ic o s e c o n d  t im e -  
r e s o lv e d  s tu d y  o f  MgCl2- in d u c e d  c h lo r o p h y ll  f lu o r e s c e n c e  y i e l d  
ch an ges from  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  5 0 1 , 1 7 4 - 1 8 2 .

J . , Chow, W .S ., S c o u f f l a i r e ,  C. and Lannoye, R. (198 0 ) The r e ­
la t io n s h ip  b etw een  t h y la k o id  s t a c k in g  and s a l t  in d u c e d  c h lo r o ­
p h y l l  f lu o r e s c e n c e  ch a n g e s . B io ch im . B io p h y s . A c ta  591* 9 2 - 
10 3 .

J . ,  T e l f e r ,  A . ,  M i l l s ,  J . and N ic o ls o n , J .  (I974t>) S low  c h lo r o ­
p h y l l  f lu o r e s c e n c e  i n  i s o l a t e d  i n t a c t  c h lo r o p la s t s :  e v id e n c e  
f o r  c a t io n  c o n t r o l .  I n : P r o c . 3rd  I n t .  C on gr. on P h o to s y n th e s is ,  
(A vron , M, e d . ) ,  p p . 53-63* E l s e v i e r ,  Amsterdam.

H. and H ip k in s , M .P. ( 1 9 8 4 ) P o te n t io m e tr ie  t i t r a t i o n s  o f  th e  
f lu o r e s c e n c e  in d u c t io n  c u rv e s  from  p ea  c h lo r o p l a s t s .  I n :
A d vances i n  P h o to s y n th e s is  R e se a rch  (Sybesm a, C . ,  e d . ) ,  Y o l .  1 ,  
p p . 1 1 3 - 1 1 6 ,  M a rtin u s N ijh o ff/ J u n k , The H ague.

D .S . (19 8 2 ) P h o to s y n th e t ic  cyto ch rom es o f  o x y g e n ic  o rg a n ism s. 
B io ch im . B io p h y s . A c ta  683, 1 1 9 -1 5 1 *

, D .S . and S o fr o v a , D. ( 1 9 7 1 )  R e a c t io n s  a t  77°K  i n  p h o to sy ste m  2 
o f  g r e e n  p la n t s .  B io ch im . B io p h y s . A c ta  234* 3 71-3 8 0 .



304

Ben-H ayyim , G. and A vron , M. ( 1 9 7 1 )  L ig h t  d i s t r i b u t i o n  and e le c t r o n  
d o n a tio n  i n  th e  Z -schem e. P hotobiochem . P h o t o b io l .  1 4 , 389- 
396.

B e n n e tt , J .  (1 9 7 7 )  P h o s p h o r y la t io n  o f  c h lo r o p la s t  membrane p o ly p e p t id e s .  
N atu re 2 6 9 , 344-346.

B e n n e tt , J .  ( 19 7 9 a ) C h lo r o p la s t  p h o s p h o p r o te in s . P h o s p h o r y la t io n  o f  
p o ly p e p t id e s  o f  th e  l i g h t - h a r v e s t i n g  c h lo r o p h y ll  p r o t e in  com­
p le x .  E u r. J .  B iochem . 9 9 , 1 3 3 - 1 3 7 .

B e n n e tt , J .  (19 7 9 b ) C h lo r o p la s t  p h o s p h o p ro te in s : The p r o t e in  k in a s e  o f  
t h y la k o id  membranes i s  l i g h t  d ep en d en t. EEBS L e t t .  103 , 342- 
344.

B e n n e tt , J .  (1 9 7 9 c )  The p r o t e in  t h a t  h a r v e s t s  s u n l i g h t .  T rend s Biochem . 
S c i .  4 , 2 6 8 -2 7 1.

B e n n e tt , J .  (198 0 ) C h lo r o p la s t  p h o s p h o p r o te in s . E v id e n ce  f o r  a  t b y l a -  
k o id -b o u n d  p h o sp h o p ro te in  p h o s p h a ta s e . E u r. J .  B iochem . 10 4 ,
8 5 -8 9 .

B e n n e tt , J .  (19 8 3 ) R e g u la t io n  o f  p h o to s y n th e s is  b y  r e v e r s i b l e  p h osph ory­
l a t i o n  o f  th e  l i g h t  h a r v e s t in g  c h lo r o p h y ll  a /b  p r o t e i n .  B iochem . 
J . 2 12 , 1 - 1 3 .

B e n n e tt , J . ,  S te in b a c k , K .E . and A rtn z e n , C .J .  (198 0 ) C h lo r o p la s t  phos­
p h o p r o te in s :  r e g u la t i o n  o f  e x c i t a t i o n  e n e rg y  t r a n s f e r  b y  phos­
p h o r y la t io n  o f  t h y la k o id  membranes. P r o c . N a t l .  A cad . S c i .
(USA) 7 7 , 52 53 - 5 7 .

Bennoun, P . (19 7 0 ) R e o x y d a tio n  du q u en ch er de f lu o r e s c e n c e  "Q" en
p re s e n c e  de 3 - ( 3 , 4 - h ic h lo r o p h e n y l) - 1 ,1  - d im e t h y lu r e e . B io ch im . 
B io p h y s . A c ta  2 16 , 357-363*

Bennoun, P . (1 9 7 4 )  C o r r e la t io n  betw een  S ta t e  I  and I I  i n  a lg a e  and th e  
e f f e c t  o f  magnesium i n  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  
368, 1 4 1 - 1 4 7 .

Bennoun, P . and J u p in , H. (19 7 4 ) The r e la t i o n s h i p  b etw een  t h y la k o id  
s t a c k in g ,  S ta t e  I  and S ta t e  I I  phenomena i n  w h ole c e l l s  and 
th e  c a t io n  e f f e c t s  i n  c h lo r o p la s t s  o f  Chlamydomonas r e i n h a r d i .
I n :  P r o c . 3rd. I n t .  C on gr. on P h o to s y n th e s is  (A vro n , M ., e d . ) ,  
p p . 16 3 - 1 6 9 , E l s e v i e r ,  Amsterdam.

Bennoun, P . and L i ,  Y -S . (19 7 3 ) New r e s u l t s  on th e  mode o f  a c t io n  o f  
DCMU on s p in a c h  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  292, 
162- 168.

B e r th o ld , D .A .,  B ab co ck , G .T . and Yocum, C .P . (19 8 1) A h ig h ly  r e s o lv e d ,  
oxygen  e v o lv in g  P S I I  p r e p a r a t io n  from  s p in a c h  t h y la k o id  mem­
b r a n e s . FEBS L e t t .  1 34» 231-234*

B ig g in s ,  J .  (19 8 2 ) T h y la k o id  c o n fo r m a tio n a l ch an ges accom p an ying mem­
b ran e p h o s p h o r y la t io n . B io ch im . B io p h y s . A c ta  679» 4 79 -4 8 2 .



305

B jorkm an, 0. (1 9 8 1)  R esp o n ses to  d i f f e r e n t  quantum f l u x  d e n s i t i e s .  I n : 
E n c y c lo p e d ia  o f  F la n t  P h y s io lo g y ,  v o l .  12A. P h y s i o l o g ic a l  P la n t  
E c o lo g y  1 ,  (L a n g e , O .K ., N o b el, P . S . ,  Osmond, C .B . ,  Z i e g l e r ,  H. 
e d s . ) ,  p p . 5 7 - 1 0 7 , S p r in g e r - Y e r la g , B e r l i n ,  H e id e lb e r g , New 
Y o rk .

B la c k , M ., H orton, P . and F o y e r , C. ( 1 9 8 4 ) E f f e c t s  o f  p r o t e i n  p hosph ory­
l a t i o n  on th e  p r o t e in s  o f  t h y la k o id  mem branes. I n :  A d vances i n  
P h o to s y n th e is  R e s e a r c h , (Sybesm a, C . ,  e d . ) ,  Y o l .  3 , p p . 3 1 5 -  
319» M a rtin u s N ijh o f f/ ju n k ,  The H ague.

Boardman, N .K . (1 9 7 7 )  C om p arative  p h o to s y n th e s is  o f  sun  and shade 
p la n t s .  Annu. R e v . P la n t  P h y s i o l .  28, 3 5 5 -3 7 7 .

Boardman, N .K ., A n d erson , J.M . and G o o d ch ild , D .J . (19 7 8 ) C h lo r o p h y ll
p r o t e in  com p lexes and s t r u c t u r e  o f  m ature and d e v e lo p in g  c h lo r o -  
p l a s t s .  C u rr . Top. B io e n e r g . 8 , 3 5 -10 9 .

Boardman , N .K ., T h o m e, S.W. and A n d erson , J.M . ( 1 9 6 6 ) F lu o r e s c e n c e
p r o p e r t ie s  o f  p a r t i c l e s  o b ta in e d  b y  d i g i t o n i n  fr a g m e n ta t io n  o f  
s p in a c h  c h lo r o p l a s t s .  P r o c . N a t l .  A cad . S c i .  (USA) 58 , 58 6-
59 3 .

B o ardman, N .K ., Bjorkm an, 0 . ,  A n derson, J .M ., G o o d ch ild , D .J . and
T h o m e , S.W. (1 9 7 4 )  P h o to s y n th e t ic  a d a p t a t io n  o f  h ig h e r  p la n t s  
to  l i g h t  i n t e n s i t y :  R e la t io n s h ip  b etw een  c h lo r o p la s t  s t r u c t u r e ,  
c o m p o sitio n  o f  th e  p h o to system s and p h o to s y n t h e t ic  r a t e s .  In :
P r o c . 3^d I n t .  C o n gr. P h o to s y n th e s is ,  (A vro n , M ., e d . ) ,  p p . 
18 0 9 -18 2 7 , E l s e v i e r ,  Amsterdam.

Bohme, H ., R eim er, S . and T r e b s t ,  A . ( 1 9 7 1 )  The e f f e c t  o f  dibrom o t h y -  
moquinone an  a n t a g o n is t  o f  p la s to q u in o n e  on n o n - c y c l i c  and c y c ­
l i c  e le c t r o n  f lo w  system s i n  i s o l a t e d  t h y la k o id s .  Z . N a tu r fo r s c h . 
266, 3 4 1-3 5 2 .

B o n a ve n tu ra , C. and M yers, J .  (19^ 9) F lu o r e s c e n c e  and oxygen  e v o lu t io n  
from  C h lo r e l l a  p y r e n o id o s a . B io ch im . B io p h y s . A c ta  18 9 , 366-
383.

B o se , S . (19 8 2 ) C h lo r o p h y ll  f lu o r e s c e n c e  i n  g re e n  p la n t s  and e n e r g y
t r a n s f e r  pathw ays i n  p h o to s y n t h e s is .  Photochem . P h o t o b io l .  3 6 ,
7 2 5 -7 3 1•

B o u g e s-B o cq u e t, B . (1980) K i n e t i c  m odels f o r  th e  e le c t r o n  donor o f
photosystem II of photosynthesis. Biochim. Biophys. Acta 594> 
8 5 -10 3 .

Bow es, J.M . and H orton, P . (19 8 2 ) The e f f e c t  o f  re d o x  p o t e n t i a l  on th e  
k i n e t i c s  of. f lu o r e s c e n c e , in d u c t io n  i n  p hoto system  I I  p a r t i c l e s  
from  Phormidium lam i nosum. S ig m o id ic i t y ,  e n e r g y  t r a n s f e r  and 
th e  slo w  p h a se . B io ch im . B io p h y s . A c ta  680, 12 7—133•

Bow es, J . , C r o f t s ,  A .R . and A m tz e n , C .J .  (1980) Redox r e a c t io n s  on
the reducing side of photosystem II in chloroplasts with altered 
herbicide binding properties. Arch. Biochem. Biophys. 200, 
303-308.



306

Bow es, J .M ., H orton , P . and B e n d a ll ,  D .S . (19 8 1) Does th e  a c c e p to r  Qq 
f u l f i l  an  in d is p e n s a b le  f u n c t io n  i n  th e  p rim a ry  r e a c t io n s  o f  
p h o to sy ste m  I I ?  FEBS L e t t .  135» 2 6 1-2 6 4 .

B ra d b u ry , M.. and B a k e r , N .R . (1 9 8 1)  A n a ly s is  o f  th e  s lo w  p h a se s  o f  th e  
i n  v iv o  c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  c u r v e . Changes i n  
th e  re d o x  s t a t e  o f  p h o to syste m  I I  e le c t r o n  a c c e p to r s  and f l u o r ­
e s c e n c e  e m is s io n  from  p h o to sy ste m s I  and I I .  B io ch im . B io p h y s . 
A c ta  635» 542-551 .

B ra d b u ry , M. and B a k e r , N .R . (19 8 4 ) A q u a n t i t a t iv e  a n a ly s i s  o f  ch an ges 
i n  p h o to ch e m ic a l and n o n -p h o to ch e m ica l q u en ch in g  d u r in g  th e  
s lo w  p h ase  o f  th e  i n  v iv o  f lu o r e s c e n c e  in d u c t io n  c u r v e .  A b s t r a c t  
n o . 54> AFRC M eetin g  on P h o to s y n th e s is ,  S h e f f i e l d ,  1984*

B r e a r le y ,  T. and H orton , P . ( 1 9 8 4 ) P r o p e r t ie s  o f  p h o to syste m  I I  and 
p h o to syste m  I l g  i n  s p in a c h  c h lo r o p l a s t s .  I n : A d vances i n  
P h o to s y n th e s is pR e s e a rc h , (Sybesm a, C . ,  e d . ) ,  Y o l .  I ,  p p . 433- 
438, M a rtin u s  N ijh o f f/ ju n k ,  The H ague.

B r e to n , J .  (19 8 2 ) The 695Em f lu o r e s c e n c e  (^5 ^5 ) o f  c h lo r o p la s t s  a t  lo w  
tem p e ra tu re  i s  e m itte d  from  th e  p rim a ry  a c c e p to r  o f  p h o to syste m
I I .  FEBS L e t t .  1 4 7 , 16 -2 0 .

B r i a n t a i s ,  J -M ., V e m o t t e ,  C. and Moya, I .  (19 7 3 ) I n te r s y s te m  e x c i t o n  
t r a n s f e r  i n  i s o l a t e d  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  
325, 53 0 -53 8 .

B u l t s ,  G . , H o rw itz , B . A . , Mal k i n ,  S . and Cahen, D. (19 8 2 ) P h o to a c o u s t ic  
m easurem ents o f  p h o to s y n t h e t ic  a c t i v i t i e s  i n  w hole le a v e s .  
P h o to c h e m is tr y  and g a s  e x ch a n g e . B io ch im . B io p h y s . A c ta  679» 
4 52-46 5.

B u rk e . J . J . , D i t t o ,  C .L . and A r tn z e n , C .J .  (19 7 8 ) In v o lv e m e n t o f  th e  
l i g h t - h a r v e s t i n g  com plex i n  c a t io n  r e g u la t i o n  o f  e x c i t a t i o n  
e n e rg y  d i s t r i b u t i o n  i n  c h lo r o p l a s t s .  A rch . B iochem . B io p h y s .
1 8 7 . 25 2 -2 6 3 .

B u rk e , J . J . , W ilso n , R .F . and S w a ffo rd , J .R . (198 2) C h a r a c t e r iz a t io n  o f  
c h lo r o p la s t s  i s o l a t e d  from  t r i a z i n e - s u s c e p t i b l e  and t r a z i n e -  
r e s i s t a n t  b io t y p e s  o f  B r a s s ic a  c a m p e s tr is  L . P la n t  P h y s i o l .  70 , 
2 4 -2 9 .

B u t le r ,  W .L. (19 7 8 ) Energy- d i s t r i b u t i o n  i n  th e p h o to ch e m ic a l a p p a ra tu s  
o f  p h o to s y n t h e s is .  Annu. R e v . P la n t  P h y s io l .  29, 3 4 5 -3 78 .

B u t le r ,  W .L. and K ita j im a , M. (1 9 7 5 )  E n erg y  t r a n s f e r  b etw een  p h o to syste m  
I I  and p h o to sy ste m  I  i n  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  
396, 7 2 -8 5 .

B u t le r ,  W.L. and S t r a s s e r ,  R .J .  (19 7 8 ) E f f e c t  o f  d i v a le n t  c a t io n s  on 
e n e rg y  c o u p lin g  betw een  th e  l i g h t  h a r v e s t in g  c h lo r o p h y ll  a/b  
com plex and p h o to system  I I .  I n :  P r o c . 4 ‘&1 I n t .  C on gr. P h o to­
s y n t h e s is  1977> ( H a ll ,  D .O ., Coombs, J . ,  Goodwin, T .W ., e d s . ) ,  
p p . 1 1 - 2 0 , B iochem . S o c . ,  London.



307

B u t le r ,  W .L ., Magde, D. and B e re n s , S .J .  (19 8 3 ) F lu o r e s c e n c e  l i f e t i m e s  
i n  th e  b i p a r t i t e  m odel o f  th e  p h o to s y n t h e t ic  a p p a ra tu s  w ith  a ,
(3 h e t e r o g e n e it y  i n  p h o to syste m  I I .  P r o c . N a t l .  A cad . S c i .  (TJSA)
80, 7 5 10 -7 5 1 4 .

C a n a a r i, 0 . ,  B a r b e r , J .  and M a lk in , S . ( 1 9 8 4 ) E v id e n ce  t h a t  p h osph ory­
l a t i o n  and d e p h o s p h o r y la tio n  r e g u la t e  th e  d i s t r i b u t i o n  o f  e x ­
c i t a t i o n  e n e rg y  betw een  th e  two p h o to syste m s o f  p h o to s y n th e s is  
i n  v i v o :  P h o to a c o u s t ic  and f lu o r i m e t r i c  s tu d y  o f  an  i n t a c t  
l e a f .  P r o c . N a t l .  A cad . S c i .  (USA) 8 1 , 1 6 1 4 -1 6 1 8 .

C a n a a r i, 0 . ,  Cahen, D. and M a lk in , S . (19 8 2 ) P h o to s y n th e t ic  ch ro m a tic  
t r a n s i t i o n s  and Emerson enhancem ent e f f e c t s  i n  i n t a c t  le a v e s  
s t u d ie d  b y  p h o t o a c o u s t ic s .  FEBS L e t t .  150 , 1 4 2 - 1 4 8 .

Chapman, D .J . and B a r b e r , J .  ( 1 9 8 4 ) L ip id  co m p o sitio n  o f  g r a n a l and
stro m a l t h y la k o id s .  A b s t r a c t  n o . 9 , AFRC M e e tin g  on P h o to syn ­
t h e s i s ,  S h e f f i e l d ,  1984*

Chapman, D . J . , D e - F e l ic e ,  J . and B a r b e r , J .  (19 8 3 ) Growth tem p e ra tu re  
e f f e c t s  on t h y la k o id  membrane l i p i d  and p r o t e i n  c o n te n t  o f  p ea  
c h lo r o p l a s t s .  P la n t  P h y s i o l .  72 , 225-228.

Chapman, D .J . ,  T e l f e r ,  A . ,  H odges, M. and B a r b e r , J .  ( 1 9 8 4 ) L ip id  comr- 
p o s i t i o n  and p h o to s y n t h e t ic  e le c t r o n  t r a n s f e r  r e a c t io n s  o f  
t h y la k o id s  from  a t r a z in e  s u s c e p t ib le  and r e s i s t a n t  weed s p e c i e s .  
P r o c . 4 ^  C on gr. o f  F ed . E u r. S o c . P la n t  P h y s io lo g y  ( S tr a s b o u r g ) ,  
p . 25-26  i n  p r e s s .

Chow, W .S. and B a r b e r , J . ( 1980a) 9 -a n iin o a c r id in e  f lu o r e s c e n c e  ch an ges
a s  a  m easure o f  s u r fa c e  ch a rg e  d e n s i t y  o f  th e  t h y la k o id  membrane. 
B io ch im . B io p h y s . A c ta  509, 348 -352.

Chow, W .S. and B a r b e r , J . ( 1980b) F u r th e r  s t u d ie s  o f  th e  r e la t i o n s h i p  
betw een  c a t io n - in d u c e d  c h lo r o p h y ll  f lu o r e s c e n c e  and t h y la k o id  
membrane s t a c k in g  ch a n g e s . B io ch im . B io p h y s . A c ta  593» 1 4 9 - 
1 5 7 .

Chow, W .S ., F o rd , R .C . and B a r b e r . J . (1 9 8 1a ) P o s s ib le  e f f e c t s  o f  th e  
d etachm en t o f  s tro m a l la m e lla e  from  g r a n a l s t a c k s  on s a l t -  
in d u ced  ch an ges i n  s p i l l o v e r .  B io ch im . B io p h y s . A c ta  655» 3 1 7 -  
326.

Chow, W .S ., T e l f e r ,  A . ,  Chapman, D .J .  and B a r b e r , J .  (19 8 1b ) S ta t e  1 -  
S ta te  2 transition i n  le a v e s  and i t s  a s s o c ia t io n  w ith  ATP in ­
duced c h lo r o p h y ll  f lu o r e s c e n c e  q u en ch in g . B io ch im . B io p h y s .
A c ta  6 38 , 60-68.

Chow, W .S ., W ith e r s , A .C . ,  B e s fo r d , R .T . and Ludw ig, L .J .  ( 1 9 8 4 )
E f f e c t s  on COg a s s i m i la t i o n  and p h o to syste m  I I  i n  tom ato le a v e s  
on t r a n s f e r  from  h ig h  to  lo w  l i g h t .  A b s t r a c t  n o . 2 7 , AFRC 
M e e tin g  on K io t o s y n t h e s is ,  S h e f f i e l d ,  1984*

Chow, W .S ., T h o m e , S .W ., D u n iec , J . T . ,  S c u l le y ,  M .J . and Boardman, N .K .
(198 0) The s t a c k in g  o f  c h lo r o p la s t  t h y la k o id s .  E f f e c t s  o f  c a t io n  
s c r e e n in g  and b in d in g ; s t u d ie s  b y  th e  d i g i t o n i n  m ethod. A rc h . 
B iochem . B io p h y s . 20 1, 347-355*



308

Cram er, W.A. (1 9 7 7 )  C yto ch ro m es. In: E n c y c lo p e d ia  of P la n t  P h y s io lo g y ,  
Y o l .  5? P h o to s y n th e t ic  e le c t r o n  t r a n s p o r t  and p h o to p h osp h o ry­
l a t i o n  ( T r e h s t ,  A . ,  A v ro n , M ., e d s . ) ,  p p . 227-237? S p r in g e r -  
Y e r la g ,  H e id e lb e r g , New Y o rk .

Cram er, W.A. and BShme, H. (1 9 7 2 )  H igh p o t e n t i a l  cytoch rom e been a s  a  
s e c o n d a ry  a c c e p to r  o f  c h lo r o p la s t  f lu o r e s c e n c e  i n  th e ^ p re s e n ce  
o f  3 - (  3 9 4 - d ic h lo r o p h e n y l ) - 1 ,1  - d im e t h y lu r e a . B io ch im . B io p h y s . 
A c ta  256, 358-369.

Cram er, W.A. and B u t le r ,  W .L. (19 6 9 ) P o t e n t io m e tr ic  t i t r a t i o n  o f  th e  
f lu o r e s c e n c e  y i e l d  o f  s p in a c h  c h l o r o p l a s t s . B io ch im . B io p h y s . 
A c ta  1 7 2 , 5 0 3 -5 10 .

Cram er, W.A. and H orton , P . (1 9 7 5 )  R e ce n t s t u d ie s  on th e  c h lo r o p l a s t
cytoch rom e b

559*
Photochem . P h o to b io l .  22 , 304-308.

Cram er, W.A. and W hitm arsh, J .  ( 1 9 7 7 )  P hoto  s y n t h e t ic  cy to ch ro m e s.
Annu. R ev . P la n t  P h y s i o l .  28, 1 3 3 - 1 7 2 .

B e l ie u ,  T . and W a lk er, D .A . (1 9 8 1 )  P o la r o g r a p h ic  m easurem ent o f  p h o to ­
s y n t h e t ic  oxygen  e v o lu t io n  b y  l e a f  d i s c s .  New P h y t o l .  89? 
1 6 5 -1 7 8 .

D in e r , B .A . and-D elsom e, R . (19 8 3 ) O x id a t io n - r e d u c t io n  p r o p e r t ie s  o f
th e  e le c t r o n  a c c e p to r s  o f  p h o to syste m  I I .  I .  Redox t i t r a t i o n  o f  
th e  f la s h - in d u c e d  c a r o t e n o id  band s h i f t ,  o f  0,-cq and o f  th e  
v a r i a b l e  f lu o r e s c e n c e  y i e l d  i n  s p in a c h  c h lo r o p l a s t s .  B io ch im . 
B io p h y s . A c ta  722 , 4 4 3 -4 5 1 .

D ohnt, G. and R en g er, G. ( 19 8 4 ) A lp h a  and B e ta  c e n t r e s  r e v i s i t e d .  I n :  
A d van ces i n  P h o to s y n th e s is  R e s e a rc h , (Sybesm a, C . ,  e d . ) ,  Y o l .
1 ,  p p . 429-432? M a rtin u s N ijh o f f/ ju n k ,  The H ague.

D o rin g , G . , S t i e h l ,  H.H. and W it t ,  H .T . ( 1 9 6 7 ) A seco n d  c h lo r o p h y l l  r e ­
a c t io n  i n  th e  e le c t r o n  t r a n s p o r t  c h a in  o f  p h o to s y n th e s is  -  
r e g i s t r a t i o n  b y  th e  r e p e t i t i v e  e x c i t a t i o n  te c h n iq u e . Z. 
N a tu r fo r s c h  226, 639- 6 4 4 .

D osehek, W.W. and Kok, B . (1 9 7 2 )  P hoton  tr a p p in g  i n  p h o to sy ste m  I I  o f  
p h o to s y n t h e s is .  The f lu o r e s c e n c e  r i s e  cu rv e  i n  th e  p r e s e n c e  o f  
3 - ( 3 , 4 - d ic h lo r o p h e n y l) - 1 ,1  - d im e th y lu r e a . B io p h y s . J .  1 2 , 832- 
838.

D u n iec , J . T . ,  S c u l le y ,  M .J. and T horn e, S.W. (19 7 9 ) An a n a ly s i s  o f  th e  
e f f e c t  o f  mono- and d i v a le n t  c a t io n s  on th e  f o r c e s  betw een  
ch a rg e d  l i p i d  membranes w ith  s p e c ia l  r e fe r e n c e  to  th e  g ra n a  
t h y la k o id  o f  c h lo r o p l a s t s .  J .  T h eo r. B i o l .  79? 473-484*

D u ysen s, L.N .M . (19 8 3 ) PrO^P^ and d e la y e d  f lu o r e s c e n c e  from  p h o to sy ste m
2 . I n :  The oxygen  e v o lv in g  system  o f  p h o to s y n t h e s is ,  ( in o u e ?
Y . ,  C r o f t s ,  A .R .,  G o v in d je e , M urata, N ., R e n g e r, G .,  S a to h , E . , 
e d s . ) ,  p p . 3-14? Academ ic P r e s s ,  Tokyo.

D u ysen s, L .N .M . and S w eers, H .E . ( 1 9 6 3 ) Mechanism o f  two p h o to ch e m ic a l 
r e a c t i o n s  i n  a lg a e  a s  s t u d ie d  b y  means o f  f lu o r e s c e n c e .  I n : 
S tu d ie s  on M ic ro a lg a e  and P hoto  s y n t h e t ic  B a c t e r ia  (J a p a n e se  Soc, 
P la n t  P h y s i o l o g i s t s ,  e d . ) ,  p p . 3 53 -3 72 , U n i v e r s i t y  o f  Tokyo 
P r e s s ,  Tokyo.



309

D u ysen s. L.N .M . and T a le n s , A . (19^ 9) R e a c t iv a t io n  o f  r e a c t i o n  c e n t r e
I I  b y  a  p ro d u c t  o f  p h o to syste m  I .  I n : P r o g r e s s  i n  P h o to s y n th e s is  
R e s e a r c h , (M e tzn e r, H ., e d . ) ,  p p . 1073“ 10 8 1, U n iv . T ubingen  
P re  s s , T u b in g en .

E c k e r t ,  H .J . and R e n g e r, G. (19 3 0 ) P h o to c h e m is try  o f  th e  r e a c t i o n
c e n t r e s  o f  system  I I  u n d er r e p e t i t i v e  f l a s h  group  e x c i t a t i o n  i n  
i s o l a t e d  c h lo r o p l a s t s .  Photochem . P h o t o b io l .  31» 5 0 1 - 5 1 1 .

Em erson, R., C h alm ers, R. and C e d e r s tr a n d , C. (1 9 5 7 )  Some f a c t o r s  i n ­
f lu e n c in g  th e  lo n g -w a ve  l i m i t  o f  p h o to s y n t h e s is .  P r o c . N a t l .  
A cad . S c i .  (U SA), 43, 1 3 3 -1 4 3 .

E r ic k s o n , J .M ., R a h ir e , M ., Bennoun, P . ,  D e le p e la i r e ,  P . ,  D in e r , B .
and R o.chaix, J-D . ( 19 8 4 ) H e r b ic id e  r e s is t a n c e  i n  Chiamydomonas 
r e in h a r d i  r e s u l t s  from  a  m u ta tio n  i n  th e  c h lo r o p la s t  gene f o r  
th e  32 k i l o d a l t o n  p r o t e in  o f  p h o to system  2 . P r o c . N atl#  A cad . 
S c i .  (USA) 8 1 , 3 6 17 -3 6 2 1 .

F a rc h a u s , J .W ., W id ger, W .R ., Cram er, W.A. and D i l l e y ,  R .A . (19 8 2)
K in a s e - in d u c e d  ch an ges i n  e le c t r o n  t r a n s p o r t  r a t e s  o f  s p in a c h  
c h lo r o p l a s t s .  A rc h . B iochem . B io p h y s . 2 1 7 , 3 6 2 -3 6 7.

F e m y h o u g h , P . ,  F o y e r , C. and H orton , P . (19 8 3 ) The in f lu e n c e  o f  metar- 
b o l i c  s t a t e  on th e  l e v e l  o f  p h o s p h o r y la tio n  o f  th e  l i g h t ­
h a r v e s t in g  c h lo r o p h y l l - p r o t e in  com plex i n  c h lo r o p la s t s  i s o ­
l a t e d  from  m aize  m e s o p h y ll. B io ch im . B io p h y s . A c ta  7 2 5 , 15 5 — 
161.

F em y h o u g h , P . , F o y e r , C. and H orton , P . (19 8 4 ) S t im u la t io n  o f  p r o t e in  
k in a s e  a c t i v i t y  i n  m aize  m e so p h y ll c h lo r o p la s t s  b y  u n c o u p lin g . 
A b s t r a c t s  n o . 5 6 , AFRC M e e tin g  on P h o to s y n th e s is ,  S h e f f i e l d ,  
198 4 .

F o rb u sh , B . and Kok, B . (196 8 ) R e a c t io n  betw een  p rim a ry  and s e co n d a ry  
e le c t r o n  a c c e p to r s  o f  p h o to syste m  I I  o f  p h o to s y n t h e s is .
Biochim. Biophys. Acta 16 2 , 243-253*

F o rd , R .C . and B a r b e r , J .  (198 0) The u se  o f  d ip h e n y l h e x a t r ie n e  to
m o n ito r th e  f l u i d i t y  o f  th e  t h y la k o id  membrane. P h otobioch em . 
P h o to b io p h y s . 1 ,  2 6 3-270 .

F o r k , D .C . and G o v in d je e  (198 0) C h lo r o p h y ll  a  f lu o r e s c e n c e  t r a n s ie n t s  
o f  le a v e s  from  sun and shade p la n t s .  N a tu r w is s e n s c h a fte n  6 7 , 
S .5 1 0 .

G e r o la , P .D . ,  T o r t i ,  F . and J e n n in g s , R .C . (198 4) E n e rg y  c o u p lin g  be­
tw een p r o t e in - c h lo r o p h y l l  com p lexes i n  c h lo r o p l a s t s .  The e f f e c t  
o f  membrane p h o s p h o r y la t io n . I n : A d vances i n  P h o to s y n th e s is  
R e s e a rc h , (Sybesm a, C . ,  e d . ) ,  Y o l .  I l l ,  p p . 3 0 7-3 10 , M a rtin u s 
N ijh o f f/ ju n k ,  The Hague.

G o ld b e ck , J .H . and Kok, B . (1 9 7 9 ) Redox t i t r a t i o n  o f  e le c t r o n  a c c e p to r  
Q and th e  p la s to q u in o n e  p o o l i n  p h o to system  I I .  B io ch im . 
B io p h y s . A c ta  54 7, 3 4 7-3 6 0 .



3 1 0

Goodenough, U.W. and S ta e h e lin ,  L .A . ( 1 9 7 1 )  S t r u c t u r a l  d i f f e r e n t i a t i o n  
o f  s ta c k e d  and u n s ta c k e d  c h lo r o p la s t  mem branes. J .  C e l l .  B i o l .
48, 5 9 4 -6 19 .

G o u n a ris , E . , W h itfo rd , D. and B a r b e r , J .  (198 3 ) The e f f e c t  o f  t h y la k o id  
l i p i d s  on an o x y g e n - e v o lv in g  P h o to sy stem  I I  p r e p a r a t io n .  FEBS 
L e t t .  16 3 , 230-234.

G o v in d je e  and P a p a g e o rg io u , G. ( 1 9 7 1 )  C h lo r o p h y ll  f lu o r e s c e n c e  and
p h o to s y n t h e s is :  F lu o r e s c e n c e  t r a n s i e n t s .  I n :  P h o to p h y s io lo g y , 
( G ie s e ,  A .C . ,  e d . ) ,  Y o l .  V I , p p . I - 4 6 , Academ ic P r e s s ,  New Y o rk .

G o v in d je e , Downton, W .J .S .,  F o r k , D .C . and Armond, P .A . (1 9 8 1)  C h lo ro ­
p h y l l  a  f lu o r e s c e n c e  t r a n s ie n t s  a s  an  i n d i c a t o r  o f  w a te r  p o te n ­
t i a l  o f  l e a v e s .  P la n t  S c i .  L e t t s .  20, 19 1-19 4 *

Grumbach, K .H . and L ic h t e n t h a le r ,  H .E . (19 8 2 ) C h lo r o p la s t  p ig m en ts and 
t h e i r  b io s y n t h e s is  i n  r e l a t i o n  to  l i g h t  i n t e n s i t y .  P hotochem . 
P h o t o b io l . 35 > 2 0 9 -2 12 .

E .L . and H ess, S .C . (1 9 7 5 )  M onovalent c a t io n  in d u ced  i n h i b i t i o n  
o f  c h lo r o p h y l l  a  f lu o r e s c e n c e :  a n tago n ism  b y  d i v a le n t  c a t io n s .  
A rc h . B iochem . B io p h y s . 159 * 832- 8 3 6 .

E .L . and H ess, S .C . (1 9 7 4 )  C o r r e la t io n  betw een  c a lc iu m  io n  
b in d in g  to  c h lo r o p la s t  membranes and d i v a le n t  c a t io n - in d u c e d  
s t r u c t u r a l  ch an ges and ch an ges i n  c h lo r o p h y ll  a  f lu o r e s c e n c e .  
B io ch im . B io p h y s . A c ta  339» 334-346.

E .L . and P r a s h e r , S .H . (1 9 7 4 )  C o r r e la t io n  b etw een  m on ovalen t 
c a t io n  in d u ced  d e c r e a s e s  i n  c h lo r o p h y ll  a  f lu o r e s c e n c e  and 
c h lo r o p la s t  s t r u c t u r a l  ch a n g e s . A rc h . B iochem . B io p h y s . 1 6 4 ,
46O -4 6 8 .

G ro ss ,

G ro ss ,

G ro ss ,

B a e h n e l, W ., N a im , J . A . ,  R e is b e r g ,  P . and S a u er, E . (19 8 2 ) P ic o s e c o n d  
f lu o r e s c e n c e  k i n e t i c s  and e n e r g y  t r a n s f e r  i n  c h lo r o p la s t s  and 
a lg a e .  B io ch im . B io p h y s . A c ta  680, 1 6 1 - 1 7 3 .

H aworth, P . and M e lis ,  A . (19 8 3 ) P h o s p h o ry la t io n  o f  c h lo r o p la s t  memr- 
b ran e p r o t e in s  d oes n o t  in c r e a s e  th e  a b s o r p t io n  c r o s s - s e c t i o n  
o f  p h o to syste m  I .  FEBS L e t t .  160 , 277-28 0 .

H aworth, P . ,  E a r u k s t i s ,  E .E . and S a u e r , E . (19 8 3 ) P ic o s e c o n d  f l u o r e s ­
ce n c e  k i n e t i c s  i n  s p in a c h  c h lo r o p la s t s  a t  room te m p e ra tu re . 
E f f e c t s  o f  p h o s p h o r y la t io n . B io ch im . B io p h y s . A c ta  725> 261—
2 7 1 .

H aw orth, P . ,  K y le ,  D .J . and A r a tz e n , C .J .  (19 8 2 a) A d e m o n s tra tio n  o f  
th e  p h y s io lo g i c a l  r o l e  o f  membrane p h o s p h o r y la t io n  i n  c h lo r o ­
p l a s t s ,  u s in g  th e  b i p a r t i t e  and t r i p a r t i t e  m odels o f  p h o to syn ­
t h e s i s .  B io ch im . B io p h y s . A c ta  680, 3 4 3 -3 5 1 .

H aworth, P . ,  K y le ,  D .J . and A x n tze n , C .J .  (198 2b) P r o t e in  p h o s p h o r y la t io n  
and e x c i t a t i o n  e n e rg y  d i s t r i b u t i o n  i n  n o r m a l , j ln t e r m it t e n t - l ig h t -  
grown and a  c h lo r o p h y l l - b - le s s  m utant o f  b a r l e y .  A rc h . B iochem . 
B io p h y s . 218 , 19 9 -2 0 6 .



311

H enkin , B.M . and S a u e r , E . (1 9 7 7 )  Magnesium io n  e f f e c t s  on c h lo r o p la s t  
p h o to sy ste m  I I  f lu o r e s c e n c e  and p h o to c h e m is tr y . Photochem . 
P h o t o b io l .  26, 2 77-2 8 6 .

H e th e r in g to n , S .E . and S m i l l i e ,  R.M. (19 8 4 ) P r a c t i c a l  a p p l i c a t i o n s  o f
c h lo r o p h y l l  f lu o r e s c e n c e  i n  e c o p h y s io lo g y , p h y s io lo g y  and p la n t  
b r e e d in g . I n :  A dvances i n  P h o to s y n th e s is  R e s e a r c h , (Sybesm a, C . ,  
e d . ) ,  V o l .  IV , p p . 44 7-4 50 , M a rtin u s N ijh o f f/ ju n k ,  The E agu e.

H i l l ,  R . and B e n d a ll ,  P . ( i 960 ) F u n c tio n  o f  th e  two cytoch rom e com ponents 
i n  c h l o r o p l a s t s : a  w o rk in g  h y p o t h e s is .  N atu re  18 6 , 1 3 6 - 1 3 7 .

H ip k in s , M .F. (19 7 8 ) K in e t ic  a n a ly s i s  o f  th e  c h lo r o p h y ll  f lu o r e s c e n c e  i n ­
d u c t io n s  from  c h lo r o p la s t s  b lo c k e d  w ith  3-(3> 4 - d ic h lo r o p h e n y l) -  
1 ,1 - d im e th y lu r e a .  B io ch im . B io p h y s . A c ta  502, 5 1 4 -5 2 3 .

H irs c h b e rg , J .  and M cIn to sh , L . (19 8 3 ) M o le c u la r  b a s i s  o f  h e r b ic id e  
r e s is t a n c e  i n  Am aranthus h y b r id u s . S c ie n c e  222, 13 4 6 -13 4 8 .

H o lt ,  J . S . ,  R a d o s e v ic h , S .R . and S te m le r , A .J .  (198 3 ) D i f f e r e n t i a l
e f f i c i e n c y  o f  p h o to s y n t h e t ic  oxygen  e v o lu t io n  i n  f l a s h i n g  l i g h t  
i n  t r i z i n e - r e s i s t a n t  and t r i a z i n e - s u s c e p t i b l e  b io t y p e s  o f  
S e n e c io  v u l g a r i s . L . B io ch im . B io p h y s . A c ta  72 2 , 2 4 5 -2 5 5 .

Homann, P .H . (19^ 9) C a tio n  e f f e c t s  on th e  f lu o r e s c e n c e  o f  i s o l a t e d  
c h lo r o p l a s t s .  P la n t  P h y s i o l .  44> 932-936.

H orton , P . (1 9 8 1 )  The e f f e c t  o f  re d o x  p o t e n t i a l  on th e  k i n e t i c s  o f  f l u o r ­
e s c e n c e  in d u c t io n  i n  p ea  c h lo r o p l a s t s .  I .  Rem oval o f  th e  s lo w  
p h a s e . B io ch im . B io p h y s . A c ta  635» 1 0 5 -1 1 0 .

H orton , P . (19 8 2 ) H e te r o g e n e ity  i n  P h o to sy stem  I I .  B iochem . S o c . T ra n s . 
10 , 338-340.

H orton , P . (19 8 3 a) E f f e c t s  o f  ch an ges i n  th e  c a p a c i t y  f o r  p h o to s y n t h e t ic  
e le c t r o n  t r a n s f e r  and p h o to p h o s p h o r y la tio n  on th e  k i n e t i c s  o f  
f lu o r e s c e n c e  in d u c t io n  i n  i s o l a t e d  c h lo r o p l a s t s .  B io ch im . 
B io p h y s . A c ta  724» 404-410*

H orton , P . (198 3b) C o n tr o l o f  c h lo r o p la s t  e le c t r o n  t r a n s p o r t  b y  phos­
p h o r y la t io n  o f  t h y la k o id  p r o t e i n s .  FEBS L e t t .  1 5 2 , 4 7 -5 2 .

H orton , P . (19 8 3 c) R e la t io n s  b etw een  e le c t r o n  t r a n s p o r t  and ca rb o n
a s s i m i la t i o n ;  s im u lta n e o u s  m easurem ent o f  c h lo r o p h y ll  f l u o r e s ­
c e n c e , t r a n s t h y la k o id  pH and 0„ e v o lu t io n  i n  i s o l a t e d  c h lo r o ­
p l a s t s .  P r o c . R . S o c. London B 2 17 , 4 0 5 -4 16 .

H orton , P . and B la c k , M .T. (198 0 ) A c t i v a t io n  o f  a d e n o sin e  5 '-tr ip h o s p h a te  
in d u ced  q u en ch in g  o f  c h lo r o p h y ll  f lu o r e s c e n c e  b y  re d u ce d  p l a s t o -  
q u in o n e . The b a s i s  o f  th e  S t a t e  1 -  S ta t e  I  t r a n s i t i o n s  i n  
c h lo r o p l a s t s .  FEBS L e t t .  1 1 9 , 14 1-14 4 *

H orton , P . and B la c k , M .T. (1 9 8 1a )  L ig h t-d e p e n d e n t q u en ch in g  o f  c h lo r o ­
p h y l l  f lu o r e s c e n c e  i n  p ea  c h lo r o p la s t s  in d u ced  b y  a d e n o s in e ,
5 '- t r i p h o s p h a t e .  B io ch im . B io p h y s . A c ta  635 > 5 3 -6 2 .



3 1 2

H orton , P . and B la c k , M .T. (19 8 1b ) L ig h t  in d u ced  re d o x  ch an g es i n  
c h lo r o p la s t  cytoch rom e f  a f t e r  p h o s p h o r y la t io n  o f  membrane 
p r o t e i n s .  FEBS L e t t .  13 2 , 75—77-

H orton , P . and B la c k , M .T. (19 8 2 ) On th e  n a tu r e  o f  th e  f lu o r e s c e n c e
d e c r e a s e  due to  p h o s p h o r y la t io n  o f  c h lo r o p la s t  membrane p r o t e i n s .  
B io ch im . B io p h y s . A c ta  680, 2 2 -2 7 .

H orton , P .a n d  B la c k , M .T. (19 8 3 ) A com p arison  betw een  c a t io n  and p r o t e in  
p h o s p h o r y la t io n  e f f e c t s  on th e  f lu o r e s c e n c e  in d u c t io n  c u rv e  i n  
c h lo r o p la s t s  t r e a t e d  w ith  3 -(  3 , 4 ~ < iic h lo r o p h e n y l)-1 ,1  -d.i m eth y l 
u r e a .  B io ch im . B io p h y s . A c ta  722, 2 14 -2 18 .

H orton , P . and Cram er, W.A. (1 9 7 5 )  L ig h t- in d u c e d  tu r n o v e r  o f  c h lo r o p la s t  
cytoch rom e b ^ g  i n  th e  p re s e n c e  o f  N -m ethyl phenazonium  m etho- 
s u lp h a te .  B io ch im . B io p h y s . A c ta  396, 3 10 -3 1 9 .

H orton , P . and C ro z e , E . (1 9 7 9 ) C h a r a c t e r is a t io n  o f  two q u en ch ers  o f  
c h lo r o p h y ll  f lu o r e s c e n c e  w ith  d i f f e r e n t  m id -p o in t  o x id a t io n -  
r e d u c t io n  p o t e n t i a l s  i n  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  
5 4 5 , 18 8 -2 0 1.

H orton , P . and F o y e r , C. (19 8 3 ) R e la t io n s h ip  betw een  p r o t e in  p h o sp h ory­
l a t i o n  and e le c t r o n  t r a n s p o r t  i n  th e  r e c o n s t i t u t e d  c h lo r o p la s t  
sy ste m . B iochem . J . 2 10 , 5 1 7 - 5 2 1 .

H orton , P . and L e e , P . (19 8 3 ) S t im u la t io n  o f  a  c y c l i c - t r a n s f e r  pathw ay 
around p h o to syste m  I I  b y  p h o s p h o r y la t io n  o f  c h lo r o p la s t  t h y -  
la k o id  p r o t e i n s .  FEBS L e t t .  16 2 , 8 1 - 8 4 .

H orton , P . and N a y lo r , B . (19 7 9 ) The in f lu e n c e  o f  c h lo r o p la s t  memr-
b ra n e  s t a c k in g  on th e  re d o x  p r o p e r t ie s  o f  th e  f lu o r e s c e n c e  quen­
c h e r . P hotobiochem . P h o to b io p h y s . 1 ,  1 7 - 2 3 .

H orton , P . ,  L e e , P . and B la c k , M .T. ( 1 9 8 4 ) E f f e c t s  o f  p r o t e in  p h osph ory­
l a t i o n  on p h o to syste m  I I .  A b s t r a c t  n o . 2 1 , AFRC M e e tin g  on 
P h o to s y n th e s is ,  S h e f f i e l d ,  1984*

H orton , P . , A l le n ,  J . F . ,  B la c k , M .T. and B e n n e tt , J .  (1 9 8 1)  R e g u la t io n  
o f  p h o s p h o r y la tio n  o f  c h lo r o p la s t  membrane p o ly p e p t id e s  b y  th e  
re d o x  s t a t e  o f  p la s to q u in o n e . FEBS L e t t .  1 2 5 , 1 9 3 -1 9 6 .

H o rvath , G . , B rop p a, M. and M e lis ,  A.- ( 19 8 4 ) H e r b ic id e  a c t io n  o n
P h o to sy stem  I I  i n  s p in a c h  c h lo r o p l a s t s :  c o n c e n tr a t io n  e f f e c t  on 
P S I I a a n d P S I I p .  P h otobioch em . P h o to b io p h y s . 7 ,  24 9 -2 56 .

Iza w a , S . and Good, N .E . ( 1 9 6 6 ) E f f e c t  o f  s a l t  and e le c t r o n  t r a n s p o r t  
on th e  co n fo rm a tio n  o f  i s o l a t e d  c h lo r o p l a s t s .  I I .  E le c t r o n  
m ic ro s c o p y . P la n t  P h y s i o l .  4 1 , 5 4 4 -5 5 2 .

J e n n in g s , R .C . ( 19 8 4 ) In d ep en d en t e f f e c t s  o f  magnesium io n s  on e n e r g y -  
t r a n s f e r  p r o c e s s e s  i n  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  7 6 6 ,
303-309.

J e n n in g s , R .C . and F o r t i ,  G. (19 7 4 ) The in f lu e n c e  o f  magnesium on th e  
c h lo r o p h y ll  f lu o r e s c e n c e  y i e l d  o f  i s o l a t e d  c h lo r o p l a s t s .
B io ch im . B io p h y s . A c ta  347, 2 9 9 -3 10 .



313

J e n n in g s , R .C . ,  G a r la s c h i ,  P.M . and G e r o la , P .D . (19 8 3 ) A s tu d y  on th e  
l a t e r a l  d i s t r i b u t i o n  o f  th e  p la s to q u in o n e  p o o l w ith  r e s p e c t  to  
p h o to syste m  I I  i n  s ta c k e d  and u n s ta c k e d  s p in a c h  c h l o r o p l a s t s . 
B io ch im . B io p h y s . A c ta  72 2 , 144-149 *

J e n n in g s , R .C . ,  P o r t i .  G . , G e r o la , P .D . and G a r la s c h i., P.M . (19 7 8 )
S tu d ie s  on c a t io n - in d u c e d  t h y la k o id  membrane s t a c k in g ,  f l u o r e s ­
ce n ce  y i e l d ,  and p h o to s y n t h e t ic  e f f i c i e n c y .  P la n t  P h y s i o l .  62, 
879-8 84.

J e n n in g s , R .C . ,  G a r la s c h i ,  P .M ., G e r o la , P .D . and P o r t i ,  G. (198 0 )
Grana fo r m a tio n  i n  c h lo r o p la s t s  may prom ote e n e r g y  t r a n s f e r  be­
tw een p h o to syste m  I I  u n i t s .  PEBS L e t t .  1 1 7 ,  332-334*

J o l i o t ,  P . (19 8 5 ) E tu d es s im u lta n e e s  d es c in e t iq u e s  de f lu o r e s c e n c e  e t  
d 'e m is s io n  d *oxygen e p h o to s y n th e t iq u e . B io ch im . B io p h y s . A c ta  
10 2 , 13 5 -1 4 8 .

J o l i o t ,  P . ( 19 6 8 ) K in e t ic  s t u d ie s  o f  p h o to syste m  I I  i n  p h o t o s y n t h e s is .  
P h otobioch em . P h o t o b io l .  8 , 4 5 1 -4 6 3 .

J o l i o t ,  A . and J o l i o t ,  P . ( 19 6 4 ) E tude c in e t iq u e  de l a  r e l a t i o n  p h o to -  
ch im ique l i b e r a n t  1 ' oxygen e au c o u rs  de l a  p h o to s y n th e s e . C .R . 
A cad . S c i .  P a r i s .  S e r . D. 278, 4822- 4 6 2 5 .

J o l i o t ,  P . and J o l i o t ,  A . (19 7 3 ) D i f f e r e n t  ty p e s  o f  q u en ch in g  in v o lv e d  
i n  p h o to system  I I  c e n t e r s .  B io ch im . B io p h y s . A c ta  305, 3 0 2 -3 16 .

J o l i o t ,  P . and J o l i o t ,  A . (1 9 7 7 )  E v id e n ce  f o r  a  d o u b le  h i t  p r o c e s s  i n  
p h o to sy ste m  I I  b a se d  on f lu o r e s c e n c e  s t u d i e s .  B io ch im .
Biophys. Acta 4 6 2 , 559-574*

J o l i o t ,  P . and J o l i o t ,  A . (19 7 9 ) C om parative  s tu d y  o f  th e  f lu o r e s c e n c e  
y i e l d  and o f  th e  C-550 a b so rb a n ce  change a t  room te m p e ra tu re . 
B io ch im . B io p h y s . A c ta  54 6, 93-10 5*

J o l i o t ,  P . and J o l i o t ,  A . (1 9 8 1a ) A p h o tq system  I I  e le c t r o n  a c c e p to r  
w h ich  i s  n o t  a  p la s to q u in o n e . PEBS L e t t .  134* 1 5 5 - 1 5 8 .

J o l i o t ,  P . and J o l i o t ,  A . (19 8 1b ) C h a r a c t e r is a t io n  o f  p h o to syste m  I I
c e n t r e s  b y  p o la r o g r a p h ic ,s p e c t r o s c o p ic  and f lu o r e s c e n c e  m ethod s. 
I n : P r o c . 5 th  C on gr. P h o to s y n th e s is ,  v o l .  3 , S tr u c tu r e  and 
M o le c u la r  O r g a n is a t io n  o f  th e  P h o to s y n th e t ic  Membrahe, 
(A ko yu n oglou , G . , e d . ) ,  p p . 885-889, I n t .  S c i .  S e r v . ,  J e ru sa lem / 
P h i l i d e lp h ia  PA.

J o l i o t ,  P . and J o l i o t ,  A. (19 8 3 ) E le c t r o n  t r a n s f e r  on th e  a c c e p t o r  s id e  
o f  p h o to system  I I .  I n : The oxygen  e v o lv in g  system  o f  p h o to­
s y n t h e s is ,  ( in o u e , Y . ,  M u rata, N ., C r o f t s ,  A .R .,  R e n g e r, G .,  
G o v in d je e , S a to h , K . , e d s . ) ,  p p . 359-368, Academ ic P r e s s ,  Jap an .

J o l i o t ,  P . ,  Bennoun, P . and J o l i o t ,  A . (19 7 3 ) New e v id e n c e  s u p p o r t in g
e n e rg y  t r a n s f e r  betw een  p h o to s y n th e t ic  u n i t s .  B io ch im . B io p h y s . 
A c ta  305, 3 17 -3 2 8 .



3U

Jursinic, P.A. and Kyle, D.J. (19 8 3 ) Changes in redox state of the 
secondary-acceptor of photosystem II associated with light- 
induced thylakoid protein phosphorylation. Biochim. Biophys. 
Acta 72 3, 3 7 -4 4 .

J u r s in i c ,  P . and S te m le r , A. (19 8 3 ) Changes i n  [ ^ c ] - a t r a z i n e  b in d in g  
a s s o c ia t e d  w ith  th e  o x id a t io n - r e d u c t io n  s t a t e  o f  th e  s e c o n d a ry  
qu in on e a c c e p to r  o f  p h o to sy ste m  I I .  P la n t  P h y s i o l .  7 3 , 70 3- 
708.

K a to h , S . and K m im u ra, M. (19 7 4 ) L ig h t- in d u c e d  ch an ges o f  C550 and 
f lu o r e s c e n c e  i n  u l t r a  v i o l e t  i r r a d i a t e d  c h lo r o p la s t s  a t  room 
te m p e ra tu re . B io ch im . B io p h y s . A c ta  333> 7 1 -8 4 .

E a u ts k y , H ., A p p e l, W. and Amann, H. ( i 9 60 ) D ie  f lu o r e s z e n z k u r v e  und 
d ie  p hotochem ie d e r  P f la n z e .  B iochem . Z . ,  332, 2 7 7 -2 9 2 .

K lim o v, Y .V . and K r a s n o v s k i, A .A . (1 9 8 1)  P h e o p h y tin  a s  th e  p rim a ry  
e le c t r o n  a c c e p to r  i n  p h o to syste m -2  r e a c t i o n  c e n t r e s .  
P h o to s y n th e t ic a  1 5 ,  59 2-6 0 9 .

Kok, B . ,  P o rb u sh , B . and M cG loin , M. (19 7 0 ) C o o p e ra tio n  o f  ch an ges i n  
p h oto  s y n t h e t ic  oxygen  e v o lu t io n .  I .  A l i n e a r  4 - s te p  m echanism . 
P h otobioch em . P h o t o b io l .  1 1 ,  4 5 7 -4 7 5 .

K ra u se , G.H . (1 9 7 4 ) Changes i n  c h lo r o p h y ll  f lu o r e s c e n c e  i n  r e l a t i o n  to  
l i g h t  depen dent c a t io n  t r a n s f e r  a c r o s s  t h y la k o id  membranes. 
B io ch im . B io p h y s . A c ta  333, 3 0 1-3 13*

Krause, G.H. (19 7 8 ) Effects of uncouplers on Mg dependent fluores­
cence quenching in isolated chloroplasts. Planta 13 8 , 7 3 -7 8 .

K ra u se , G.H. and B eh ren d , TJ. (19 8 3 ) C h a r a c t e r is a t io n  o f  c h lo r o p h y ll
fluorescence quenching in chloroplasts by fluorescence spectro­
scopy at 77 °K . I I .  ATP-dependent quenching. B io c h im > Biophys. 
Acta 72 3 , 1 7 6 - 1 8 1 .

K ra u se , G.H. and W eis, E . ( 1 9 8 4 ) C h lo r o p h y ll  f lu o r e s c e n c e  a s  a  t o o l  i n  
p la n t  p h y s io lo g y .  I I .  I n t e r p r e t a t io n  o f  f lu o r e s c e n c e  s i g n a l s .  
P h o to s y n th e s is  R e s . 5 ,  1 3 9 - 1 5 7 .

K ra u se , G .H ., B r i a n t a i s ,  J-M. and Y e r a o t t e ,  C. (198 3 ) C h a r a c t e r is a t io n  
o f  c h lo r o p h y ll  f lu o r e s c e n c e  q u en ch in g  i n  c h lo r o p la s t s  b y  f l u o r ­
e s c e n c e  s p e c tr o s c o p y  a t  77K . I . A  pH -dependent q u en ch in g .
Biochim. Biophys. Acta 72 3 , 1 8 9 - 1 7 5 .

K ra u se , G .H ., Y e m o t t e ,  C. and B r i a n t a i s ,  J-M. (19 8 2 ) P h o to in d u ced
quenching of chlorophyll fluorescence in intact chloroplasts 
and algae: Resolution into two components. Biochim. Biophys. 
Acta 6 79, 1 1 6 - 1 2 4 .

K y le , D .J . and A m tz e n , C .J .  (19 8 3 ) T h y la k o id  membrane p r o t e in  phos­
p h o r y la t io n  s e l e c t i v e l y  a l t e r s  th e  l o c a l  membrane s u r fa c e  ch a rg e  
n e a r  th e  p rim a ry  a c c e p to r  o f  p h o to system  I I .  P h o to bioch em .
P h o to b io p h y s . 5» 1 1 - 2 5 •



315

K y le ,  D . J . ,  B a k e r , N .R . and A m tz e n , C .J .  (1983a-) S p e c t r a l  c h a r a c t e r i ­
s a t io n  o f  p h o to syste m  1 f lu o r e s c e n c e  a t  room tem p e ra tu re  u s in g  
t h y la k o id  p r o t e in  p h o s p h o r y la t io n . P h otobioch em . P h o to b io p h y s .
5 ,  7 9 -8 6 .

K y le ,  D . J . , H aw orth, P . and A m tz e n , C .J .  (19 8 2) T h y la k o id  membrane 
p r o t e in  p h o s p h o r y la t io n  le a d s  to  a  d e c r e a s e  i n  c o n n e c t i v i t y  
b etw een  p h o to syste m  I I  r e a c t i o n  c e n t r e s .  B io ch im . B io p h y s .
A c ta  680, 336-342.

K y le ,  D.J., S t a e h e l in ,  L .A . and A m tz e n , C.J. (198 3b) L a t e r a l  m o b i l i t y
o f  th e  l i g h t - h a r v e s t i n g  com plex i n  c h lo r o p la s t  membranes c o n t r o ls  
e x c i t a t i o n  e n e rg y  d i s t r i b u t i o n  i n  h ig h e r  p la n t s .  A rc h . B iochem . 
B io p h y s . 222, 3 2 7 -5 4 1•

K y le ,  D . J . ,  Kuang, T -Y , W atson, J .L .  and A m tz e n , C .J .  (19 8 4 ) Movement 
o f  a  s u b -p o p u la tio n  o f  th e  l i g h t  h a r v e s t in g  com plex (LHCj j ) 
from  grama to  strom a la m e lla e  a s  a  con sequ en ce o f  i t s  phosph ory­
l a t i o n .  B io ch im . B io p h y s . A c ta  7 6 5 > 8 9 -96 .

Lam, E . ,  B a lt im o r e , B . ,  O r t iz ,  W. and M a lk in , R. ( 19 8 4 ) F r a c t io n a t io n  o f  
an o x y g e n - e v o lv in g  P h o to sy ste m  I I  p r e p a r a t io n :  c h a r a c t e r i s a t i o n  
o f  th e  l i g h t - h a r v e s t i n g  an ten n ae and r e a c t i o n  c e n t e r  com ponents. 
P h o to bioch em . P h o to b io p h y s . 7» 6 9 -7 6 .

Lam, E . ,  B a lt im o r e , B . ,  O r t iz ,  W ., C h o l la r ,  S . ,  M e lis ,  A . and M a lk in ,
R. (19 8 3 ) C h a r a c t e r is a t io n  o f  a  r e s o lv e d  o x y g e n - e v o lv in g  p h o to­
system  I I  p r e p a r a t io n  from  s p in a c h  t h y la k o id s .  B io ch im . B io p h y s . 
A c ta  72 4, 2 0 1 - 2 1 1 .

L a rs s o n , U .K ., J e r g i l ,  B . , L a rs s o n , C . ,  A k e rlu n d , H-E. and A nders so n , B .
( 1 9 8 4 ) On th e  l a t e r a l  d i s t r i b u t i o n  o f  t h y la k o id  p h o s p h o p r o te in s . 
I n :  A d vances i n  P h o to s y n th e s is  R e s e a rc h , (Sybesm a, C . ,  e d . ) ,
Y o l .  I l l ,  p p . 1 8 7 -1 9 0 , M a rtin u s N ijh o ff/ J u n k , The H ague.

L a v e rg n e , J .  (19 8 2 a ) Two ty p e s  o f  p rim a ry  a c c e p to r s  i n  c h lo r o p la s t s  
p h o to syste m  II. I. D i f f e r e n t  re c o m b in a tio n  p r o p e r t ie s .  
P h otobioch em . P h o to b io p h y s . 3> 2 5 7 -2 7 1 .

L a v e rg n e , J .  (198 2b) Two ty p e s  o f  p rim a ry  a c c e p to r s  i n  c h lo r o p la s t s  
p h o to syste m  I I .  I I .  R e d u ctio n  i n  two s u c c e s s iv e  p h o to a c ts .  
P h otobioch em . P h o to b io p h y s . 3> 2 73 -2 8 5.

L a v e rg n e , J .  ( 19 8 2 c) I n t e r a c t i o n  o f  exogen ou s ben zoquinone w ith  p h o to ­
system  I I  i n  c h lo r o p l a s t s .  The sem iquonone form  a c t s  a s  a  d i -  
c h lo r o p h e n y ld im e t h y lu r e a - in s e n s it iv e  se co n d a ry  a c c e p t o r .
B io ch im . B io p h y s . A c ta  679 > 1 2 - 1 8 .

L a v e rg n e , J .  (I9 8 2 d ) Mode o f  a c t io n  o f  3 - ( 3>4 - d ic h lo r o p h e n y l) - 1 , 1 - d i ­
me t h y lu r e a .  E v id e n ce  t h a t  th e  i n h i b i t o r  com petes w ith  p l a s t o -  
qu in one f o r  b in d in g  to  a  common s i t e  on th e  a c c e p t o r  s id e  o f  
p h o to syste m  I I .  B io ch im . B io p h y s . A c ta  682, 345-353*

L a v e rg n e , J .  and E t ie n n e , A .L . (198 0 ) Prom pt and d e la y e d  f lu o r e s c e n c e  
o f  c h lo r o p la s t s  upon m ix in g  w ith  d ic h lo r o p h e n y ld im e th y lu r e a . 
B io ch im . B io p h y s . A c ta  593 > 1 3 6 -1 4 8 .



316

L a v o r e l ,  J .  (19 5 9 ) I n d u c t io n  o f  f lu o r e s c e n c e  i n  qu in on e p o iso n e d  
C h l o r e l l a . P la n t  P h y s i o l .  34» 204-209.

L a v o r e l ,  J .  and E t ie n n e , A .L . (1 9 7 7 )  I n  v iv o  c h lo r o p h y ll  f lu o r e s c e n c e .
I n ; T o p ic s  i n  P h o to s y n th e s is ,  Y o l .  2 , P r im a ry  P r o c e s s e s  o f  
P h o to s y n th e s is ,  (B a r b e r , J . , e d . ) ,  p p . 203-268, E l s e v i e r ,  
Am sterdam .

L a v o r e l ,  J .  and J o l i o t ,  P . (1 9 7 2 )  A co n n e cte d  m odel o f  th e  p h o to s y n t h e t ic  
u n i t .  B io p h y s . J .  1 2 , 8 1 3 -8 3 1 .

L ic h t e n t h a le r ,  H .K ., Buschmann, C . ,  B o l l ,  M ., P i e t z ,  H .J . , B a ck , T . ,  
K o z e l,  TJ., M e ie r , B . and Rdhm sdorf, TJ. (1 9 8 1 )  P hoto  s y n t h e t ic  
a c t i v i t y ,  c h lo r o p la s t  u l t r a s t r u c t u r e ,  and l e a f  c h a r a c t e r i s t i c s  
o f  h i g h - l i g h t  and l o w - l i g h t  p la n t s  and o f  sun  and shade l e a v e s .  
P h o to s y n th e s is  R e s . 2 , 1 1 5 - 1 4 1 *

L i l l e y ,  R. and W a lk er, B .A . (19 7 9 ) S tu d ie s  w ith  th e  r e c o n s t i t u t e d
c h lo r o p la s t  sy ste m . I n :  E n c y lc o p e d ia  o f  p la n t  p h y s io lo g y ,  Y o l .
6, P h o to s y n th e s is  I I ,  (G ib b , M ., L a tz k o , E . ,  e d s . ) ,  p p . 41-53> 
S p r in g e r - Y e r la g ,  B e r l i n ,  H e id e lb e r g , New Y o rk .

M a lk in , R . (19 7 8 ) O x id a t io n - r e d u c t io n  p o t e n t i a l  dependence o f  th e
f la s h - in d u c e d  518nm a b so rb a n ce  change i n  c h lo r o p l a s t s .  FEBS 
L e t t .  8 7 , 3 29 -33 3 .

M a lk in , R . and B a r b e r , J .  (1 9 7 9 ) On th e  fu n c t io n  o f  th e  f lu o r e s c e n c e  
q u en ch ers i n  c h lo r o p la s t s  and t h e i r  r e l a t i o n  to  th e  p rim a ry  
e le c t r o n  a c c e p to r  o f  p h o to sy ste m  I I .  A rc h . B iochem . B io p h y s .
19 3 , 1 6 9 -1 7 8 .

M a lk in , S . ( 1 9 7 1 )  F lu o r e s c e n c e  in d u c t io n  s t u d ie s  i n  i s o l a t e d  c h lo r o ­
p l a s t s .  I I I .  On th e  e le c t r o n  t r a n s f e r  e q u i l i b r i a  i n  th e  p o o l o f  
e le c t r o n  a c c e p to r s  o f  p h o to syste m  I I .  B io ch im . B io p h y s . A c ta
234, 4 1 5 -4 2 7 .

M a lk in , S . and J o n e s, L.W. ( 19 6 8 ) P h o t o in h ib i t io n  and e x c i t a t i o n
q u en ch in g  i n  p h o to syste m  I I  o f  p h o to s y n t h e s is ,  from  f lu o r e s c e n c e  
in d u c t io n  m easurem ents. B io ch im . B io p h y s . A c ta  16 2 , 29 7-29 9 .

M a lk in , S . and Kok, B . ( 1 9 6 6 ) F lu o r e s c e n c e  in d u c t io n  s t u d ie s  i n  i s o l a t e d  
c h lo r o p l a s t s .  I .  Number o f  com ponents in v o lv e d  i n  th e  r e a c t i o n  
and quantum y i e l d s .  B io ch im . B io p h y s . A c ta  12 6 , 4 13 -4 3 2 .

M a lk in , S . and S id e r e r ,  Y . (19 7 4 ) The e f f e c t  o f  s a l t  c o n c e n t r a t io n  on 
th e  f lu o r e s c e n c e  p a ra m e te rs  o f  i s o l a t e d  c h lo r o p l a s t s .  B io ch im . 
B io p h y s . A c ta  3 6 8 , 422-431*

M a rk w ell, J . P . ,  B a k e r, N .R. and T h o m b e r, J .P .  (19 8 2 ) M e ta b o lic  re g u ­
l a t i o n  o f  th e  t h y la k o id  p r o t e in  k in a s e .  FEBS L e t t .  14 2 , 171 —
1 7 4 .

M a rk w ell, J . P . ,  B a k e r, N .R. and T h o m b e r, J .P .  (19 8 3 ) E v id e n ce  f o r  
m u lt ip le  p r o t e in  k in a s e  a c t i v i t i e s  i n  to b a cc o  t h y la k o id s .  
P h otobioch em . P h o to b io p h y s . 5> 2 0 1-2 0 7.



317

M aroc, J .  and C o r n ie r ,  J . (19 7 9 ) P hoto o x id a t io n  o f  th e  cytoch rom e TW o 
i n  th e  p re s e n c e  o f  v a r io u s  s u b s t i t u t e d  2 -a n ilin o th io p h e n e s ^ a n d  
o f  some o t h e r  compounds, i n  Chlamydomonas r e i n h a r d t i i . B io ch im . 
B io p h y s . A c ta  54®» 3 74 -3 8 2.

Marsho, T .Y . and Kok, B. (19 7 4 ) Photo synthetic regulation by cations in 
spinach chloroplasts. Biochim. Biophys.Acta 333» 353-365*

M eib u rg , R .P . ,  yanGorkom, H .J . and Y an D orssen , R .J .  ( 19 8 4 ) H e te r o g e n e ity  
o f  p h o to syste m  I I  a c c e p t o r s .  Ins A dvances i n  P h o to s y n th e s is  
R e s e a rc h  (Sybesm a, C . ,  e d . ) ,  V o l ,  I ,  pp . 1 5 1 -1 5 4 *  M h rtin u s 
N ijh o ff/ J u n k , The H ague.

M e ie r , D. and L ic h t e n t h a le r ,  H .K . (1 9 8 1)  U lt r a s  t r u e  t u r a l  d evelopm en t
o f  c h lo r o p la s t s  i n  r a d is h  s e e d lin g s  grown a t  h ig h  and lo w  l i g h t  
c o n d it io n s  and i n  th e  p r e s e n c e  o f  th e  h e r b ic id e  b e n ta z o n . 
P ro to p la sm a  10 7 , 19 5 -2 0 7 .

M e lis ,  A . (19 7 8 ) O x id a t io n - r e d u c t io n  p o t e n t i a l  dependence o f  th e  two 
k i n e t i c  com ponents i n  c h lo r o p la s t  system  I I  p rim a ry  p h o to ­
c h e m is tr y . EEBS L e t t .  95* 202-206.

M e lis ,  A . and A n d erson , J.M . (19 8 3 ) S t r u c t u r a l  and f u n c t i o n a l  o r g a n i­
s a t io n  o f  th e  p h o to syste m s i n  s p in a c h  c h lo r o p l a s t s .  A ntenna 
s i z e ,  r e l a t i v e  e le c t r o n - t r a n s p o r t  c a p a c i t y ,  and c h lo r o p h y ll  com­
p o s i t i o n .  B io ch im . B io p h y s . A c ta  724* 473-484*

M e lis ,  A . and D u ysen s, L.N .M . (1 9 7 9 ) B ip h a s ic  e n e rg y  c o n v e r s io n  k i n e t i c s  
and a b so rb a n ce  d i f f e r e n c e  s p e c t r a  o f  p h o to syste m  II o f  c h lo r o ­
p l a s t s .  E v id e n ce  f o r  two d i f f e r e n t  p h o to syste m  II r e a c t i o n  
c e n t e r s .  P hotobiochem . P h o to b io l .  29, 3 73 -3 8 2 .

M e lis ,  A . and H arvey, G-.W. (1 9 8 1 )  R e g u la t io n  o f  p h o to sy ste m  s t o i c h i o ­
m e try , C hi a  and Chi b c o n te n t  and r e l a t i o n  to  c h lo r o p la s t  
u l t r a s t r u c t u r e .  B io ch im . B io p h y s . A c ta  19 0 , 52 3 -5 3 0 .

M e lis ,  A . and Homann, P .H . (1 9 7 5 )  K in e t ic  a n a ly s is  o f  th e  f lu o r e s c e n c e  
in d u c t io n  i n  5~( 3 * 4 -< ^ c h lo r o p h e n y l) - 1 ,1  -d im e th y lu r e a  p o is o n e d  
c h lo r o p l a s t s .  P h otobioch em . P h o to b io l .  2 1 , 431-437*

M e lis ,  A . and Homann, P„H. (19 7 6 ) H e te r o g e n e ity  o f  th e  p h o to ch e m ic a l
centers in system II of chloroplasts. Photobiochem. Photobiol. 
23, 343-350 .

2+
M e lis ,  A . and Homann, P .H . (19 7 8 ) A s e l e c t i v e  e f f e c t  o f  Mg on th e

photochemistry at one type of reaction center in photosystem II 
• of chloroplasts. Arch. Biochem. Biophys. 19 0 , 52 3 -5 3 0 .

M e lis ,  A . and Ow, R .A . (198 2) P h o to c o n v e rs io n  k i n e t i c s  o f  c h lo r o p la s t  
p h o to syste m s I  and I I .  E f f e c t  o f  Mg^+ . B io ch im . B io p h y s . A c ta  
682, 1 - 1 0 .

M e lis ,  A . and S c h r e ib e r , U. (19 7 9 ) The k i n e t i c  r e la t i o n s h i p  b etw een  th e  
C-550 A bsorban ce ch a n g e, th e  r e d u c t io n  o f  Q (AA320) an(i  th e  v a r ­
i a b l e  f lu o r e s c e n c e  y i e l d  change i n  c h lo r o p la s t s  a t  room tem per­
a t u r e .  B io ch im . B io p h y s . A c ta  547* 47-57*



318

Mende, D. and W eisn n er, W. (19 8 3 ) P a r t i c i p a t i o n  o f  p h o to syste m  I I  i n  
r e g u la t i o n  o f  p hoto s y n t h e t ic  e le c t r o n  t r a n s p o r t  i n  th e  g r e e n  
a lg a e  Chi am ydobotrys s t e l l a t a . P hotobioch em . P h o to b io p h y s . 6 ,
1 - 7 .

M etz, J.G., U lm er, G., B r i c k e r ,  T.M. and M ile s ,  D. (19 8 3 ) P u r i c a t i o n  o f
cyto ch rom e b -559  from  o x y g e n - e v o lv in g  p h o to sy ste m  I I  p r e p a r a t io n s  
o f  s p in a c h  and m a ize . B io ch im . B io p h y s . A c ta  7 2 5 , 203-209.

M i l ln e r ,  P .A . ,  W id ger, W .R ., A b b o tt , M .S. and Cram er, W.A. (19 8 2 ) The
e f f e c t  o f  a d en in e  n u c le o t id e s  on i n h i b i t i o n  o f  th e  p r o t e i n  k in ­
a s e  b y  s u lp h y d r y l- d ir e c t e d  r e a g e n t s .  J . B i o l .  Chem. 257» 1 7 3 6 -  
17 4 2 .

M i l l s ,  J-iD. and B a r b e r , J. (1 9 7 5 )  E n ergy  depen dent c a t io n  in d u c e d  c o n t r o l  
o f  c h lo r o p h y l l  a  f lu o r e s c e n c e  i n  i s o l a t e d  i n t a c t  c h l o r o p l a s t s . 
A rc h . B iochem . B io p h y s . 17 0 , 306-314*

M i l l s ,  J .D . and B a r b e r , J .  (19 7 8 ) F lu o r e s c e n c e  ch an ges i n  i s o l a t e d
b ro k e n  c h lo r o p la s t s  and th e  in v o lv e m e n t o f  th e  e l e c t r i c a l  d o u b le  
l a y e r .  B io p h y s . J .  2 1 , 2 5 7 -2 7 2 .

M i t c h e l l ,  P . (1 9 6 1 )  C o u p lin g  o f  p h o s p h o r y la t io n  to  e le c t r o n  and h yd ro g en  
t r a n s f e r  b y  a  ch e m i-o sm o tic  ty p e  o f  m echanism . N atu re 1 9 1 ,  1 4 4 -  
14 8 .

M i t c h e l l ,  P . (1 9 7 6 )  P o s s ib le  m o le c u la r  m echanism s o f  th e  p ro to n  m o tive  
f u n c t io n  o f  cytoch rom e s y s te m s . J . T h e o r. B i o l .  62, 3 2 7 -3 6 7 .

M i t c h e l l ,  R . ,  M i l ln e r ,  P .A . ,  Chapman, D . J . , H odges, M. and B a r b e r , J .
( 1 9 8 4 ) A l t e r a t i o n s  i n  membrane f l u i d i t y  in d u ced  b y  gro w th  tem­
p e r a t u r e  i n  p ea  t h y la k o id s .  I n :  A dvances i n  P h o to s y n th e s is  
R e s e a r c h , (Sybesm a, C . ,  e d . ) ,  V o l .  IV , p p . 26 3-266 , M a rtin u s 
N ijh o f f/ ju n k ,  The Hague.

M ohanty, P . ,  B rau n , B .Z . and G o v in d je e  (19 7 3 ) L ig h t- in d u c e d  s lo w  ch an ges 
i n  c h lo r o p h y ll  a  f lu o r e s c e n c e  i n  i s o l a t e d  c h lo r o p l a s t s :  e f f e c t s  
o f  Magnesium and p h e n a zin e  m e th a s u lp h a te . B io ch im . B io p h y s .
A c ta  292, 45 9 -4 76 .

M orin , P . ( 1 9 6 4 ) E tu d es d es c in e t iq u e s  de f lu o r e s c e n c e  de l a  c h lo r o p h y lle  
i n  v i v o , dans l e s  p re m ie rs  i n s t a n t s  q u i s u iv e n t  l e  d eb u t de 
1* i l lu m i n a t i o n .  J . Chim. P h y s . 6 1 , 674-680.

Moya, I .  and G a r c ia ,  R. (19 8 3 ) P hase f lu o r im e t r i c  l i f e t i m e  s p e c t r a .  I .
I n  a l g a l  c e l l s  a t  77E . B io ch im . B io p h y s . A c ta  722 , 4 8 0 -4 9 1.

Moya, I . ,  G o v in d je e , V e m o t t e ,  C. and B r i a n t a i s ,  J-M. (1 9 7 7 )  A n t a g o n is t ic  
e f f e c t  o f  mono- and d i v a le n t - c a t io n s  on l i f e t i m e  (t ) and quantum 
y i e l d  o f  f lu o r e s c e n c e  (0 ) i n  i s o l a t e d  c h lo r o p l a s t s .  EEBS L e t t .
7 5 , 1 3 - 1 8 .

Munday, J .C . and G o v in d je e  ( 1 9 6 9 ) The d ip  and th e  p eak  i n  th e  f l u o r e s ­
cen ce  t r a n s ie n t  i n  C h lo r e l l a  p y r e n o id o s a . B io p h y s . J .  9 , 1 - 2 1 .

M urakami, B . and P a c k e r , L . (1 9 7 1 )  The r o l e  o f  c a t io n s  i n  o r g a n is a t io n  
o f  c h lo r o p la s t  membranes. A rc h . B iochem . B io p h y s . 1 4 6 , 3 3 7 -3 4 7 .



319

M u rata, N. ( 19 6 9 a )  C o n tr o l o f  e x c i t a t i o n  t r a n s f e r  i n  p h o t o s y n t h e s is .  I .  
L i ght- in d u c e d  change i n  c h lo r o p h y ll  a  f lu o r e s c e n c e  i n  
P o rp h yrid iu m  cru en tu m . B io ch im . B io p h y s . A c ta  1 7 2 , 2 4 2 -2 5 1 .

M u rata, N. ( 19 6 9 b ) C o n tr o l o f  e x c i t a t i o n  t r a n s f e r  i n  p h o to s y n t h e s is .  I I .
Magnesium io n  depen d en t d i s t r i b u t i o n  o f  e x c i t a t i o n  e n e r g y  betw een  
two p igm ent sy ste m s i n  s p in a c h  c h l o r o p l a s t s . B io ch im . B io p h y s . 
A c ta  18 9, 1 7 1 —1 8 1 .

M u rata, N. ( 1 9 7 1 )  E f f e c t s  o f  m on ovalen t c a t io n s  on l i g h t  e n e r g y  d i s t r i b ­
u t i o n  b etw een  two p igm en t system s o f  p h o to s y n th e s is  i n  i s o l a t e d  
s p in a c h  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  226, 4 22 -43 2.

M urata, N. and S u g ah ara, K. ( 1 9 6 9 ) C o n tr o l o f  e x c i t a t i o n  e n e r g y  t r a n s f e r  
i n  p h o to s y n t h e s is .  I I I .  L ig h t  in d u ced  d e c r e a s e  o f  c h lo r o p h y l l  a  
f lu o r e s c e n c e  r e l a t e d  to  p h o s p h o r y la t io n  i n  s p in a c h  c h lo r o p l a s t s .  
B io ch im . B io p h y s . A c ta  18 9 , 18 2 -1 9 2 .

M urata, N . , N ish im u ra , M. and Takam iya, A . ( 1 9 6 6 ) P lu o r e s c e n c e  o f  c h lo r o ­
p h y l l  i n  p h o to s y n t h e t ic  s y s te m s . I I I .  E m issio n  and a c t io n  s p e c t r a  
o f  f lu o r e s c e n c e  -  th r e e  e m is s io n  bands o f  c h lo r o p h y ll  a  and th e 
e n e rg y  t r a n s f e r  betw een  p igm ent s y s te m s . B io ch im . B io p h y s . A c ta
1 2 6 , 234-243.

M u rata, N . , T a s h ir o , H. and T akam iya, A . (19 7 0 ) E f f e c t s  o f  d i v a le n t  m e ta l 
io n s  on c h lo r o p h y ll  a  f lu o r e s c e n c e  i n  i s o l a t e d  s p in a c h  c h lo r o ­
p l a s t s .  B io ch im . B io p h y s . A c ta  197» 250 -256.

M yers, J .  ( 1 9 7 1 )  Enhancement s t u d ie s  i n  p h o to s y n t h e s is .  Annu. R ev . P la n t  
P h y s i o l .  22, 2 8 9 -3 12 .

N airn , J . A . ,  H aeh n el, W ., R e is b e r g ,  P . and S a u e r, K. (19 8 2 ) P ic o s e c o n d  
f lu o r e s c e n c e  k i n e t i c s  i n  s p in a c h  c h lo r o p la s t s  a t  room tem per­
a t u r e .  E f f e c t s  o f  Mg2+. B io ch im . B io p h y s . A c ta  682, 420 -429.

N a k a ta n i, H .Y . and B a r b e r , J .  (1 9 7 7 )  An im proved method f o r  i s o l a t i n g
c h lo r o p la s t s  r e t a i n i n g  t h e i r  o u te r  membranes. B io ch im . B io p h y s . 
A c ta  4 6 1 , 5 1 0 -5 1 2 .

N a k a ta n i, H .Y . and B a r b e r , J .  (198 0 ) F u r th e r  s t u d ie s  o f  th e  t h y la k o id
membrane s u r fa c e  c h a rg e s  b y  p a r t i c l e  e le c t r o p h o r e s is .  B io ch im . 
B io p h y s . A c ta  5 9 1 , 8 2 -9 1 .

O rt, B .R .,  A h re n s, W .H ., M a r tin , B . and S t o l l e r ,  E.W. (19 8 3 ) Com parison 
o f  p h o to  s y n t h e t ic  p erform an ce  i n  t r i a z i n e - r e s i s t a n t  and su sc e p ­
t i b l e  b io t y p e s  o f  Am aranthus h y b r id u s . P la n t  P h y s i o l .  7 2 , 9 25- 
930.

Owens, G .C . and Ohad, I .  (19 8 2 ) P h o s p h o r y la t io n  o f  Chiamydomonas r e in h a r d i  
c h lo r o p la s t  membrane p r o t e in s  i n  v iv o  and i n  v i t r o . J .  C e l l .
B i o l .  9 3 , 7 1 2 - 7 1 8 .

Packham, N .K . and B a r b e r , J . ( 19 8 4 ) The l i g h t  i n t e n s i t y  dependence o f  
th e  e f f i c a c y  o f  A nt 2p to  i n h i b i t  th e  p h o to system  2 r e a c t i o n s  
o f  c h lo r o p l a s t s .  B iochem . J . 2 2 1 , 5 13 -5 2 0 .

P a i l l o t i n ,  G. (19 7 6 ) T ra n s p o rt  and c a p tu r e  o f  e l e c t r o n i c  e x c i t a t i o n  
e n e r g y  i n  th e  p h o to s y n t h e t ic  a p p a r a tu s . J .  T h eo r. B i o l .  58 , 
2 3 7 -2 5 2 .



320

P a p a g e o rg io u , G. (1 9 7 5 )  C h lo r o p h y ll  f lu o r e s c e n c e :  An i n t r i n s i c  p ro be 
o f  p h o t o s y n t h e s is .  I n : B io e n e r g e t ic s  o f  p h o to s y n th e s is  
(G o v in d je e , e d . ) ,  p p . 3 19 -3 71*  Academ ic P r e s s ,  New Y o rk .

P e t e r s ,  P . A . L . J . , S m it, G .A .B .,  Yan D ie p e n , A .T .M ., K ra b , K . and
K ra a y e n h o f, R . ( 1 9 8 4 ) S tu d ie s  on w e ll - c o u p le d  p h o to s y s te m - I -  
e n r ic h e d  s u b c h lo r o p la s t  v e s i c l e s .  E le c t r o n  t r a n s f e r  b y  b -  and 
c - t y p e  cyto ch ro m es i n  r e l a t i o n  to  th e  o r i g i n  o f  th e  's l o w 1 
e l e c t r i c  p o t e n t i a l  com ponent. B io ch im . B io p h y s . A c ta  7 6 6 , 179 — 
1 8 7 .

P f i s t e r ,  K. and A m tz e n , C .J .  (19 7 9 ) The mode o f  a c t io n  o f  p h o to syste m  
I I - s p e c i f i c  i n h i b i t o r s  i n  h e r b i c i d e - r e s i s t a n t  weed b io t y p e s .
Z . N a tu r fo r s c h . 3 4 c » 9 96-10 0 9.

P o r t e r ,  G . , T r e d w e ll,  C . J . , S e a r le ,  G .P.W . and B a rb e r , J .  (19 7 8 ) P ic o ­
seco n d  t im e - r e s o lv e d  e n e rg y  t r a n s f e r  i n  P o rp h o rid lu m  cruentum .
I .  I n  th e  i n t a c t  a lg a e .  B io ch im . B io p h y s . A c ta  5 0 1 , 2 3 2 -2 4 5.

2+
P o r t i s ,  A .R . (1 9 8 1)  E v id e n c e  o f  a  lo w  s tro m a l Mg c o n c e n t r a t io n  i n  in ­

t a c t  c h lo r o p la s t s  i n  th e  d a r k . P la n t  P h y s io l .  6 7 , 985-989.

P o w le s , S .B . ( 19 8 4 ) P h o t o in h ib i t io n  o f  p h o to s y n th e s is  in d u c e d  b y  v i s i b l e  
l i g h t .  Annu. R e v . P la n t  P h y s i o l .  35* 15-44*

P u n n e tt , T . (19 70 ) E n v iro n m en ta l c o n t r o l  o f  p h o to s y n th e t ic  e f f i c i e n c y .  
S c ie n c e  17 1*  284-286.

Q u ick , W .P. and H orton , P . ( 19 8 4 a ) S tu d ie s  on th e  in d u c t io n  o f  c h lo r o ­
p h y l l  f lu o r e s c e n c e  i n  b a r le y  p r o t o p l a s t s .  I .  F a c to r s  a f f e c t i n g  
th e  o b s e r v a t io n  o f  o s c i l l a t i o n s  i n  th e  y i e l d  o f  c h lo r o p h y ll  
f lu o r e s c e n c e  and th e  r a t e  o f  o x yg en  e v o lu t io n .  P r o c .  R . S o c . 
London B220, 3 6 1-3 7 0 .

Q u ick , W .P. and H orton , P . ( 198 4b) S tu d ie s  on th e  in d u c t io n  o f  c h lo r o ­
p h y l l  f lu o r e s c e n c e  i n  b a r le y  p r o t o p l a s t s .  I I .  R e s o lu t io n  o f  
f lu o r e s c e n c e  q u en ch in g  b y  re d o x  s t a t e  and th e  t r a n s t h y la k o id  pH 
g r a d ie n t .  P r o c . R . S o c . London B220, 3 71-3 8 2 .

R e id , A . and R e in h a r d t , B . (1 9 7 7 )  D i s t r ib u t i o n  o f  e x c i t a t i o n  e n e r g y  be­
tw een p h o to syste m  I  and p h o to syste m  I I  i n  r e d  a l g a e .  I I .  
K in e t ic s  o f  th e  t r a n s i t i o n  b etw een  S ta t e  I  and S t a t e  I I .
B io ch im . B io p h y s . A c ta  46 0 , 2 5 -3 5 .

R e id , A . and R e in h a r d t , B . (1980) D i s t r ib u t i o n  o f  e x c i t a t i o n  e n e rg y  
betw een  p h o to syste m  I  and p h o to sy ste m  I I  i n  r e d  a lg a e .  I I I .  
Quantum r e q u ire m e n ts  o f  th e  in d u c t io n  o f  a  S ta t e  1 -  S ta t e  I I  
t r a n s i t i o n .  B io ch im . B io p h y s . A c ta  592, 76- 8 6 .

R e id , A . ,  H essen b erg , B . ,  M e tz le r ,  H. and Z i e g l e r ,  R. (1 9 7 7 )  D is t r ib u ­
t io n  o f  e x c i t a t i o n  e n e rg y  among p h o to system  I  and p h o to syste m  
I I  i n  re d  a lg a e :  I .  A c t io n  s p e c t r a  o f  l i g h t  r e a c t i o n  I  and I I .  
B io ch im . B io p h y s . A c ta  459> 175-186-.

R u bin , B .T . and B a r b e r , J .  (198 0) The r o l e  o f  membrane s u r f a c e  ch a rg e  on 
th e  c o n t r o l  o f  p h o to  s y n t h e t ic  p r o c e s s e s  and in v o lv e m e n t o f  
e l e c t r o s t a t i c  s c r e e n in g . B io ch im . B io p h y s . A c ta  59 2, 8 7 -10 2 .



321

R y r ie ,  I . J . ,  A n d erso n , J.M . and G o o d c h ild , D .J . (198 0 ) The r o l e  o f  th e  
l i g h t  h a r v e s t in g  c h lo r o p h y ll  a/h  p r o t e in  com p lex i n  c h lo r o p la s t  
membrane s t a c k i n g .  C a tio n - in d u c e d  a g g r e g a t io n  o f  r e c o n s t i t u t e d  
p r o te o lip o s o m e s . E a r . J .  B iochem . 10 7 , 345-354*

S a i t o ,  K . , W ill ia m s , W .P ., A l le n ,  J .F .  and B e n n e tt , J .  (19 8 3 ) Com parison 
o f  A T P -in d uced  and S t a t e  1 / S t a t e  2 - r e la t e d  ch a n g es i n  e x c i t a t i o n  
e n e rg y  d i s t r i b u t i o n  i n  C h lo r e l l a  v u l g a r i s . B io ch im . B io p h y s .
A c ta  72 4 , 94-103*

S an e, P . Y . ,  F u r ta d o , D . , D e s a i,  T .S .  and T a ta k e , Y .G . (19 8 2 ) A s tu d y  o f  
s t a t e  ch a n g es i n  C h l o r e l l a . The e f f e c t  o f  u n c o u p le r  and e n e r g y  
t r a n s f e r  i n h i b i t o r s .  Z . N a tu r fo r s c h  3 7 c , 458- 4 8 3 .

S a to h , K. and B u t le r ,  W .L. (19 7 8 ) Low tem p era tu re  s p e c t r a l  p r o p e r t ie s  
o f  s u b c h lo r o p la s t  f r a c t i o n s  p u r i f i e d  from  s p in a c h . P la n t  
P h y s i o l .  6 1 , 373-379*

S a to h , K.-, Sm ith , C.M. and P o rk , D .C . (19 8 3 ) E f f e c t s  o f  s a l i n i t y  on
primary processes of photosynthesis in the red algae Porphyra 
perforata. Plant Physiol. 7 3 , 843-847*

S c h r e ib e r ,  U. and P f i s t e r ,  K. (19 8 2 ) K in e t ic  a n a ly s is  o f  th e  l i g h t - i n ­
duced c h lo r o p h y ll  f lu o r e s c e n c e  r i s e  c u rv e  i n  th e  p re s e n c e  o f  
DCMT7. Dependence o f  th e  s lo w  r i s e  component on th e  d e g re e  o f  
c h lo r o p la s t  i n t a c t n e s s .  B io ch im . B io p h y s . A c ta  680, 60-68.

S c h r e ib e r ,  TJ. and Y id a v e r ,  W. (19 7 4 ) C h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  
i n  a n a e r o b ic  Scenedesm us o b liq u u s . B io ch im . B io p h y s . A c ta  3 8 8 , 
9 7 - 1 1 2 .

S c h r e ib e r ,  U .,  Colbow , K. and Y id a v e r ,  W. (19 78 ) A n a ly s is  o f  te m p e ra tu re -  
jump c h lo r o p h y ll  f lu o r e s c e n c e  in d u c t io n  i n  p l a n t s .  B io ch im . 
B io p h y s . A c ta  423, 249-263.

S c h r e ib e r ,  17., P in k , R . and Y id a v e r ,  W. (1 9 7 7 )  F lu o r e s c e n c e  in d u c t io n  i n  
w hole le a v e s :  D i f f e r e n t i a t i o n  betw een  th e  two l e a f  s id e s  and 
a d a p ta t io n  to  d i f f e r e n t  l i g h t  r e g im e s . P la n t a  1 3 3 , 1 2 1 - 1 2 9 .

S c h r e ib e r ,  TJ., Y id a v e r ,  W ., R u n e c k le s , Y .C . and R osen , P . (19 7 8 ) C h lo ro ­
p h y l l  f lu o r e s c e n c e  a s s a y  f o r  ozone i n j u r y  i n  i n t a c t  p la n t s .
P la n t  P h y s i o l .  6 1 , 8O-8 4 .

S c o u f f l a i r e ,  C. and Lannoye, R. (19 8 4 ) I n f lu e n c e  o f  s t r u c t u r a l  p ro p e r­
t i e s  o f  th e  t h y la k o id  membrane on th e  r a t e  o f  Q“  o x id a t io n .  I n : 
A d vances i n  P h o to s y n th e s is  R e s e a r c h , (Sybesm a, C . ,  e d . ) ,  Y o l .
I l l ,  p p . 235-238 , M a rtin u s N ijh o ff/ J u n k , The H ague.

S c o u f f l a i r e ,  C . ,  Lannoye, R. and B a r b e r , J .  (198 2) C h lo r o p h y ll  f l u o r e s ­
cen ce  and t h y la k o id  s t a c k in g  ch a n g es: e l e c t r o s t a t i c  s c r e e n in g  
v e r s u s  ch a rg e  n e u t r a l i z a t i o n .  P hotobiochem . P h o to b io p h y s . 4 , 
2 49 -256.

S c o u f f l a i r e ,  C . ,  M a rte n s , E . ,  L an noye, R . and B a r b e r , J .  (19 8 3 ) A T P -in ­
duced q u en ch in g  o f  c h lo r o p h y ll  f lu o r e s c e n c e  i n  c h lo r o p la s t s  o f  
h ig h e r  p l a n t s .  Dependence on s t r u c t u r a l  p r o p e r t ie s  o f  th e  mem­
b r a n e s . P h o to s y n th e s is  R e s . 4 , 19 1-2 0 2 .



322

S c u l le y ,  M .J . , D u n ie c , J . T . ,  T h o m e , S .W ., Chow, W .S. and Boardman, N .K .
(198 0 ) The s t a c k in g  o f  c h lo r o p la s t  t h y la k o id s .  Q u a n t i t a t iv e  
a n a ly s is  o f  th e  b a la n c e  o f  f o r c e s  b etw een  t h y la k o id  membranes 
o f  c h lo r o p l a a t s , and th e  r o l e  o f  d i v a le n t  c a t i o n s .  A rc h . B iochem . 
B io p h y s . 2 0 1, 339-346.

S e a r le ,  G .F .W ., B a r b e r , J . and M i l l s ,  J .D . (1 9 7 7 )  9-aJnmio a c r id in e  a s  a  
p ro b e  o f  th e  e l e c t r i c a l  d o u b le  la y e r  a s s o c ia t e d  w ith  th e  c h lo r o ­
p l a s t  t h y la k o id  membrane. B io ch im . B io p h y s . A c ta  461 ,  4*13-425.

S e a r le ,  G .F .W ., B a r b e r , J . , P o r t e r ,  G. and T r e d w e ll,  C .J .  (19 7 8 ) P ic o ­
seco n d  t im e - r e s o lv e d  e n e r g y  t r a n s f e r  i n  P o rp h yrid iu m  cruentum .
II. In the isolated light harvesting complex (phycobilisomes). 
Biochim. Biophys. Acta 5 0 1 , 246- 2 5 6 .

S h o ch a t, S . ,  Owens, G .C .,  H u b ert, P . and Ohad, I .  (19 8 2) The d ic h lo r o -  
p h e n y ld im e th y lu r e a -b in d in g  s i t e  i n  t h y la k o id s  o f  Chlamydomonas 
r e i n h a r d i i . R o le  o f  p h o to sy ste m  I I  r e a c t i o n  c e n t r e  and phos­
p h o r y la t io n  o f  th e  3 2 -3 5  k i l o d a l t o n  p o ly p e p t id e  i n  th e  fo r m a tio n  
o f  th e  h i g h - a f f i n i t y  b in d in g  s i t e .  B io ch im . B io p h y s . A c ta  681, 
2 1 - 3 1 .

Sim pson, D .J . (19 8 3 ) F r e e z e - f r a c t u r e  s t u d ie s  on b a r le y  p l a s t i d  mem branes. 
Y I I .  S t r u c t u r a l  ch an ges a s s o c ia t e d  w ith  p h o s p h o r y la t io n  o f  th e  
l i g h t - h a r v e s t i n g  com p lex. B io ch im . B io p h y s . A c ta  725> 1 1 3 - 1 2 0 .

Sims H o lt , J . ,  S te m le r , A .J .  and R a d o s e v ic h , S .R . (1 9 8 1)  D i f f e r e n t i a l  
l i g h t  r e s p o n s e s  o f  p h o to s y n th e s is  b y  t r i a z i n e - r e s i s t a n t  and 
t r i a z i n e - s u s c e p t i b l e  S e n e c io  v u l g a r i s  b io t y p e s .  P la n t  P h y s i o l .
6 7 , 7 4 4 -7 4 8 .

S i n c l a i r ,  J .  (1 9 7 2 )  R e v e r s ib le  a b o l i t i o n  o f  enhancem ent i n  i s o l a t e d  
s p in a c h  c h lo r o p l a s t s .  P la n t  P h y s io l .  50, 7 7 8 -7 8 3 .

S m i l l i e ,  R.M. (1 9 7 9 ) The u s e f u l  c h lo r o p l a s t :  A new a p p ro a ch  f o r  i n v e s t i ­
g a t i n g  c h i l l i n g  s t r e s s  i n  p l a n t s .  I n :  Low tem p e ra tu re  s t r e s s  i n  
cro p  p la n t s ,  (L yo n s, J .M ., Graham, D ., R a iso n , J . K . , e d s . ) ,  p p . 
18 7-2 0 2 , Academ ic P r e s s ,  New Y o rk .

S m i l l i e ,  R.M. (19 8 2 ) C h lo r o p h y ll  f lu o r e s c e n c e  i n  v iv o  a s  a  p ro be f o r
r a p id  m easurem ents o f  t o le r a n c e  to  u l t r a v i o l e t  r a d i a t i o n .  P la n t  
S c i .  L e t t s .  28, 283-289.

S m i l l i e ,  R.M. and H e th e r in g to n , S .E . (19 8 4 ) A s c r e e n in g  m ethod f o r  c h i l ­
l i n g  t o le r a n c e  u s in g  c h lo r o p h y ll  f lu o r e s c e n c e  i n  v i v o . In : 
A d vances i n  P h o to s y n th e s is  R e s e a rc h , (Sybesm a, C . ,  e d . ) ,  Y o l .
IY, pp. 471-474» Martinus Nijhoff/Junk, The Hague.

S ta e h e lin ^  L .A .0 9 7 6 )  R e v e r s ib le  p a r t i c l e  movements a s s o c ia t e d  w ith  un­
s t a c k in g  and r e s t a c k in g  o f  c h lo r o p la s t  membranes i n  v i t r o . J .  
C e l l .  B i o l .  7 1 ,  13 6 -1 5 8 .

S t a e h e l in ,L .A .  and A m tz e n , C .J .  (19 8 3 ) R e g u la t io n  o f  c h lo r o p la s t  mem­
b ra n e  f u n c t io n :  P r o t e in  p h o s p h o r y la t io n  ch an ges th e  s p a t i a l  
o r g a n iz a t io n  o f  membrane com ponents. J . C e l l .  B i o l .  97» 1327= 
13 3 7 .



323

S te in b a c k , K .E . ,  B o se , S . and K y le ,  D .J . (19 8 2) P h o s p h o r y la t io n  o f  th e  
l i g h t  h a r v e s t in g  c h lo r o p h y l l - p r o t e in  r e g u la t e s  e x c i t a t i o n  
e n e r g y  d i s t r i b u t i o n  betw een  p h o to system  I I  and p h o to syste m  I .  
A rc h . B iochem . B io p h y s . 2 16 , 3 5 6 -3 6 1.

S te in b a c k , K .E . ,  B u rk e , J . J .  and A m tz e n , C .J .  (1 9 7 9 )  E v id e n c e  f o r  th e
r o l e  o f  s u r fa c e - e x p o s e d  segm ents o f  th e  l i g h t  h a r v e s t in g  com plex 
i n  c a t io n -m e d ia te d  c o n t r o l  o f  c h lo r o p la s t  s t r u c t u r e  and f u n c t io n .  
A rc h . B iochem . B io p h y s . 195? 5 4 6 -5 5 7 .

S t i e h l ,  H.H. and W it t ,  H .T . (19 6 9 ) Q u a n t it a t iv e  tre a tm e n t o f  th e  f u n c t io n  
o f  p la s to q u in o n e  i n  p h o to s y n t h e s is .  Z . N a tu r fo r s c h  24B, 158 8 - 
159 8 .

S to k e s , D.M. and W a lk er, 3).A . (1 9 7 2 )  P h o to s y n th e s is  b y  i s o l a t e d  c h lo r o -  
p l a s t s :  i n h i b i t i o n  b y  D ,L - g ly c e r a ld e h y d e  o f  CO2 a s s i m i la t i o n .  
B iochem . J . 12 8 , 1 1 4 7 - 1 1 5 7 .

Sun, A .S .K . and S a u e r , K. (19 7 2 ) P igm ent system s and e le c t r o n  t r a n s p o r t  
i n  c h lo r o p l a s t s .  I I .  Em erson enhancem ent i n  b ro k en  s p in a c h  
c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  2 5 6 , 40 9-427.

T e l f e r ,  A . and B a r b e r , J . (1 9 8 1 )  A TP-dependent S t a t e  1 -  S t a t e  2 ch an ges 
i n  i s o l a t e d  p ea  t h y la k o id s .  PEBS L e t t .  129? 1 6 1 - 1 6 5 .

T e l f e r ,  A . ,  B a r b e r , J .  and N ic o ls o n , J .  (19 7 4 ) E n e rg y-d ep e n d e n t q u en ch in g  
o f  c h lo r o p h y ll  a  f lu o r e s c e n c e .  P la n t  S c i .  L e t t s .  5» 1 7 1 - 1 7 6 .

T e l f e r ,  A . ,  A l le n ,  J . P . ,  B a r b e r , J .  and B e n n e tt , J . (19 8 2) T h y la k o id
p r o t e in  p h o s p h o r y la t io n  d u r in g  S ta t e  1 -  S t a t e  2 t r a n s i t i o n s  i n  
o s m o t ic a l ly  sh ock ed  p ea  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  
722. 176-181.

T e l f e r ,  A . ,  B o t t in ,  H ., B a r b e r , J .  and M a th is , P . ( 198 4a )  The e f f e c t  o f  
magnesium and p h o s p h o r y la t io n  o f  l i g h t - h a r v e s t i n g  c h lo r o p h y l l  a /  
b - p r o t e in  on th e  y i e l d  o f  P -7 0 0 -p h o to o x id a tio n  i n  p ea  c h lo r o ­
p l a s t s .  B io ch im . B io p h y s . A c ta  7 6 4 * 324-330 .

T h ie le n , A .P .G .M . and Yan Gorkom, H .J . (1 9 8 1a ) E n erg y  t r a n s f e r  and 
quantum y i e l d  i n  p h o to sy ste m  I I .  B io ch im . B io p h y s . A c ta  637> 
439-446.

T h ie le n , A .P .G .M . and Yan Gorkom, H .J . (19 8 1b ) Quantum e f f i c i e n c y  and 
a n ten n a  s i z e  o f  P S I I q., I l g  and I  i n  to b a cc o  c h lo r o p l a s t s .
B io ch im . B io p h y s . A c ta  635> 1 1 1 - 1 2 0 .

T h ie le n , A .P .G .M . and Yan Gorkom, H .J . (1981 c )  E le c t r o n  t r a n s p o r t  prop­
e r t i e s  o f  th e  p h o to syste m s I I a and I l n .  I n : P r o c . 5 ^  I n t .

. Cong. P h o to s y n th e s is ,  Y o l .  I I ,  E le c t r o n  t r a n s p o r t  and p h o to ­
p h o s p h o r y la t io n , (A ko yu n oglou , G . , e d . ) ,  p p . 57-64? I n t .  S c i .  
S e r v . ,  J e r u s a le m / P h ilid e lp h ia  PA.

T h ie le n , A .P .G .M . and Yan Gorkom, H .J . (I9 8 1d ) Redox p o t e n t i a l s  o f  e l e c ­
tr o n  a c c e p to r s  i n  p h o to sy ste m  I I a and I l g .  EEBS L e t t .  12 9 , 
205-209.



324

T h ie le n , A .P .G .M ., Van Gorkom. H .J . and R i je r s b e r g ,  C .P . (1 9 8 1)  C h lo ro ­
p h y l l  c o m p o sitio n  o f  p h o to syste m s I I a , II^  and I  i n  to b a cc o  
c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  635, 1 2 1 - 1 3 1 .

T h o m b e r, J .P .  (1 9 7 5 )  C h lo r o p h y l l- p r o t e in s ;  l i g h t - h a r v e s t i n g  and r e ­
a c t io n  c e n tr e  com ponents o f  p la n t s .  Annu. R ev . P la n t  P h y s i o l .  
29 , 3 4 5 -3 78 .

T s a la ,  G. and S t r a s s e r ,  R .J .  (19 8 4 ) E n erg y  d i s t r i b u t i o n  ch an ges d u r in g  
p h o s p h o r y la t io n  o f  th e  LHC i n  t h y la k o id s .  I n : A d vances i n  P h o to­
s y n t h e s is  R e s e a r c h , (Sybesm a, C . ,  e d . ) ,  V o l .  I l l ,  p p . 2 79 -2 8 2 , 
M a rtin u s N ijh o f f/ J u n k , The H ague.

V e lth u y s ,  B .R . (1 9 8 1 )  E le c tr o n -d e p e n d e n t  c o m p e tit io n  betw een  p l a s t o -  
qu in on e and i n h i b i t o r s  f o r  b in d in g  to  p h o to syste m  I I .  PEBS 
L e t t .  12 6 , 2 7 7 -2 8 1 .

V e lth u y s , B .R . and Am esz, J .  (19 7 3 ) The e f f e c t  o f  d i t h i o n i t e  on f l u o r e s ­
ce n ce  and lu m in e sce n c e  o f  c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  
325, 1 2 6 -1 3 7 .

V erm aas, W .E .J . and A m tz e n , C .J .  (198 3 ) S y n t h e t ic  q u in on es i n f lu e n c in g  
h e r b ic id e  b in d in g  and p h o to system  I I  e le c t r o n  t r a n s p o r t .  The 
e f f e c t s  o f  t r i a z i n e - r e s i s t a n c e  on quin one b in d in g  p r o p e r t ie s  i n  
t h y la k o id  mem branes. B io ch im . B io p h y s , A c ta  72 5 , 483-491 •

V erm aas, W .P .J .,  D ohnt, G. and R en g er, G. (19 8 4 a) B in d in g  and r e le a s e  
k i n e t i c s  o f  i n h i b i t o r s  o f  o x id a t io n  in  t h y la k o id  membranes. 
B io ch im . B io p h y s . A c ta  76 5, 74-85*

V erm aas, W .F .J .,  S te in b a c k , K .E . and A m tz e n , C .J .  (198 4b) C h a r a c t e r i­
z a t io n  o f  c h lo r o p la s t  t h y la k o id  p o ly p e p t id e s  i n  th e  32-kD a 
r e g io n ;  P o ly p e p t id e  e x t r a c t io n  and p r o t e in  p h o s p h o r y la t io n  
a f f e c t  b in d in g  o f  p h o to syste m  I I - d i r e c t e d  h e r b ic id e s .  A rc h . 
B iochem . B io p h y s . 2 3 1 , 226-232.

V e m o t t e ,  C . ,  B r i a n t a i s ,  J-M. and A m tz e n , C .J .  (19 7 4 ) Com parison o f
e x it o n s  t r a n s f e r  ch an ges in d u ced  b y  c a t io n s  and b y  a d a p t a t io n  i n  
s t a t e s  I  and I I .  I n : P r o c . 3rd I n t .  C on gr. P h o to s y n th e s is ,  
(A vro n , M ., e d . ) ,  p p . 1 8 3 -19 3 , E l s e v i e r ,  Amsterdam.

V e m o t t e ,  C . ,  B r i a n t a i s ,  J-M. and Remy, R . (19 7 8 ) L ig h t  h a r v e s t in g  p ig ­
ment p r o t e in  com plex re q u ire m e n t f o r  s p i l l o v e r  ch an ges in d u ced  
b y  c a t io n s .  P la n t  S c i .  L e t t s .  6 , 1 3 5 -1 4 1 *

V e m o t t e ,  C . ,  E t ie n n e , A .L . and B r i a n t a i s ,  J-M. (19 7 9 ) Q uenching o f  th e  
system  I I  c h lo r o p h y ll  f lu o r e s c e n c e  b y  th e  p la s to q u in o n e  p o o l .  
B io ch im . B io p h y s . A c ta  54 5, 5 1 9 -5 2 7 .

V e m o t t e ,  C., B r i a n t a i s ,  J-M, Armond, P . and A m tz e n , C.J. (1 9 7 5 )  P re ­
i l lu m in a t io n  e f f e c t s  on c h lo r o p la s t  s t r u c t u r e  and p h o to ch e m ic a l 
a c t i v i t y .  P la n t  S c i .  L e t t s .  4 , 1 1 5 - 1 2 3 .

V ren d en b erg , W.L. and S lo o te n , L. (19 ^ 7) C h lo r o p h y ll  a  f lu o r e s c e n c e  and 
p h o to ch e m ic a l a c t i v i t i e s  o f  c h lo r o p la s t  fr a g m e n ts ."  B io ch im . 
B io p h y s . A c ta  14 3 , 583-594*



325

W a lk e r, D .A . (1 9 8 1)  S eco n d ary  f lu o r e s c e n c e  k i n e t i c s  o f  s p in a c h  le a v e s
in relation to the onset of photo synthetic carbon assimilation. 
Planta 1 5 3 , 2 7 3 -2 78 .

W a lk er, D .A . and R o b in so n , S .P .  (19 7 8 ) C h lo r o p la s t  and C e l l .  A contem p- 
a r y  v ie w  o f  p h o to  s y n t h e t ic  ca rb o n  a s s i m i la t i o n .  B e r . D ts c h . B o t . 
G es. 9 1 , 5 1 3 -5 2 6 .

W a lk er, D .A .,  H orton , P . ,  S iv a k , M.N. and Q u ick , P . (19 8 3 ) A n t i p a r a l l e l  
r e la t i o n s h i p  betw een  oxygen  e v o lu t io n  and s lo w  f lu o r e s c e n c e  i n ­
d u c t io n  k in e t i c s .  P h o to bioch em . P h o to b io p h y s . 5 ,  35-39*

Wang, A . Y . I .  and P a c k e r , L . (19 7 3 ) M o b i l i t y  o f  membrane p a r t i c l e s  i n  
c h lo r o p l a s t s .  B io ch im . B io p h y s . A c ta  305, 488-492.

W e s s e ls , J . S . C . ,  Tan A lp h e n -va n  W averen, 0 . and Yoorm, G. (19 7 3 ) I s o ­
l a t i o n  and p r o p e r t ie s  o f  p a r t i c l e s  c o n t a in in g  th e  r e a c t i o n  
c e n tr e  com plex o f  p h o to system  I I  from  s p in a c h  c h lo r o p l a s t s .  
B io ch im . B io p h y s . A c ta  292, 7 4 1 - 7 5 2 .

W illia m s , W .P ., F u r ta d o , D. and Nutbeam, A .R . (1980) C om parison betw een  
S ta t e  1 / S t a t e  I I  a d a p t a t io n  i n  a  u n i c e l l u l a r  g r e e n  a lg a e  and 
h ig h  e n e rg y  s t a t e  q u en ch in g  i n  i s o l a t e d  i n t a c t  s p in a c h  c h lo r o ­
p l a s t s .  P h o to bioch em . P h o t o b io l .  1 ,  9 1 -1 8 2 .

W ith e r s , A .C . ,  B e s fo r d , R .T . ,  Chow, W .S. and Ludw ig, L .J .  (19 8 4 ) L ig h t  
a d a p ta t io n  i n  tom ato le a v e s .  I n :  A d vances i n  p h o to s y n th e s is  r e ­
s e a r c h , (Sybesm a, C . ,  e d . ) ,  Y o l .  IY , p p . 297-30 0, M a rtin u s 
N ijh o f f/ ju n k ,  The H ague.

W ra ig h t, C .A . and C r o f t s ,  A .R . (19 7 0 ) E n erg y  depen dent q u en ch in g  o f  
c h lo r o p h y ll  a  f lu o r e s c e n c e  i n  i s o l a t e d  c h lo r o p l a s t s .  E u r . J . 
B iochem . 1 7 ,  3 19 -3 2 7 .

Yamamoto, Y . , F o rd , R .C . and B a r b e r , J .  (1 9 8 1)  R e la t io n s h ip  betw een  t h y -  
la k o id  membrane f l u i d i t y  and th e  f u n c t io n in g  o f  p ea  c h lo r o p l a s t s .  
E f f e c t  o f  C h o le s t e r y l  h e m is u c c in a te . P la n t  P h y s i o l .  6 7 , 10 6 9- 
1072.

Y a m a sh ita , T. and B u t le r ,  W .L. (19^ 9) I n h i b i t i o n  o f  th e  H i l l  R e a c t io n  b y  
t r i s  and r e s t o r a t i o n  b y  e le c t r o n  d o n a tio n  to  p h o to syste m  I I .
Plant Physiol. 44, 435-438.

Z a n k e l, K .L . and Z o k, B . (19 7 2 ) E s t im a tio n  o f  p o o l s i z e s  and k i n e t i c  
c o n s t a n ts .  I n :  M ethods i n  E nzym ology, (San P i e t r o ,  A . ,  e d . ) ,
Y o l .  XXIY, p p . 2 18 -2 3 8 , Academ ic P r e s s ,  New Y o rk .

Z i l i n s k a s ,  B .A . and G o v in d je e  (19 7 5 )  S il ic o m o ly b d a te  and s i l i c o t u n g s t a t e  
m ed ia ted  d ic h lo r o p h e n y ld im e th y lu r e a - in s e h s it iv e  p h o to syste m  I I  
r e a c t io n :  e le c t r o n  f lo w , c h lo r o p h y ll  a  f lu o r e s c e n c e  and d e la y e d  
l i g h t  e m is s io n  c h a n g e s . B io ch im . B io p h y s . A c ta  387, 306-319*


