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ABSTRACT 

The e f f e c t  o f  O2 on e l e c t r o n  t r a n s p o r t  and phosphory la -  

t i o n  was s t u d i e d  by i n v e s t i g a t i n g  t h e  i n f l u e n c e  o f  0 2  on 

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

absorbance  change a t  518nm (hA5i8) .  

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

g r e e n  a l g a e  and h i g h e r  p l a n t s  show d i f f e r e n c e s  i n  r e l a t i v e  

f l u o r e s c e n c e  i n t e n s i t y  which c h a r a c t e r i z e  e a c h  p l a n t .  D i f -  

f e r e n c e s  w e r e  o b s e r v e d  o n l y  i n  t h e  absence  o f  3 ( 3 , 4 - d i c h l o r o -  

pheny1)-1,l-dimethylurea (DCMU) and a r e  t h e r e f o r e  e l e c t r o n  

t r a n s p o r t  dependen t .  The peak i n  f l u o r e s c e n c e  i n d u c t i o n  

(Fp) was a lways  lower  i n  a l g a e .  I n  a l l  p l a n t s  O2 s t r o n g l y  

quenched Fp i n d i c a t i n g  t h e  low Fp i n  a l g a e  may b e  

p a r t i a l l y  a c c o u n t e d  f o r  by endogenous O2 quenching.  T h i s  

i d e a  i s  s u p p o r t e d  by t h e  h i g h  r a t e s  of  l i g h t  induced H202 

f o r m a t i o n  s e e n  i n  c h l o r o p l a s t s  o f  brown a l g a e .  V a r i o u s  

e l e c t r o n  t r a n s p o r t  i n h i b i t o r s  were used  i n  l e t t u c e  c h l o r o -  

p l a s t s  t o  l o c a l i z e  t h e  s i t e  o f  O2 quenching.  E l e c t r o n  t r a n s -  

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

o b s e r v e  Fp quench ing  by 02. 

The k i n e t i c s  o f  A A 5 i 8  i n  v i v o  was dependent  on 0 2  con- -- 

c e n t r a t i o n .  Decreased O2 o r  r e d  background l i g h t  a c c e l e r a t e d  

t h e  A A 5 i 8  decay w h i l e  f a r - r e d  l i g h t  induced a t r a n s i e n t  



acceleration. The red light accelerated decay could be 

restored to the dark rate by increased 02. A linear rela- 

tionship exists between intensity of red light and 02 pres- 

sure required for restoration. N , N ~  -dicyclohexylcarbodiinide 

or KCN eliminated all O2 and background light effects. It 

was concluded that O2 competed with electron transport to 

photosystem I acceptors to influence the A A ~ ~ ~  decay. A 

mechanism involving the O2 sensitive ferredoxin-thioredoxin- 

reductase activation of ATPase is discussed. 

The light induced acceleration of A A ~ ~ ~  decay in leaves 

was inhibited by DCMU or by removal of 02. In chloroplasts 

with added ADP and phosphate and/or reconstructed electron 

transport, the acceleration was also inhibited by DCMU or 

lack of 02. The anaerobic inhibition was not observed when 

hydroxylamine replaced water-splitting as electron donor to 

photosystem 11. Anaerobiosis also inhibited FeCN reduction 

in chloroplasts and the slow rise of millisecond delayed 

fluorescence . These results suggest anaerobic inhibit ion is 

associated with water-splitting. 
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C h a p t e r  1 

Photosynthesis 

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

b iochemica l  e n e r g y  main ly  i n  t h e  form o f  ATP and NADPH which 

a r e  used i n  t h e  a s s i m i l a t i o n  o f  C02 and p r o d u c t i o n  o f  c a r b o -  

h y d r a t e s  [ s e e  Zubay (1983) f o r  a  r e c e n t  r e v i e w ] .  These 

c a r b o h y d r a t e s  a r e  t h e  p r imary  e n e r g y  s t o r a g e  p r o d u c t  o f  t h e  

b i o s p h e r e  and i n  t h i s  way p h o t o s y n t h e s i s  p r o v i d e s  f u e l  f o r  

a l l  l i v i n g  s t a t e s  o f  t h e  b i o s p h e r e .  Aerob ic  o rgan i sms  

r e c o v e r  ene rgy  o r i g i n a t i n g  from p h o t o s y n t h e s i s  t h r o u g h  o x i d a -  

t i v e  p h o s p h o r y l a t i o n  which i s  r o u g h l y  t h e  r e v e r s e  o f  pho to -  

s y n t h e s i s .  I n  e u k a r y o t i c  o rgan i sms  t h e  c o n v e r s i o n  o f  l i g h t  

ene rgy  and o x i d a t i v e  p h o s p h o r y l a t i o n  o c c u r  i n  s p e c i a l i z e d  

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

t i v e l y .  P h o t o s y n t h e t i c  o rgan i sms  p o s s e s s  b o t h  o r g a n e l l e s .  

Energy t r a n s d u c t  i o n  i n  c h l o r o p l a s t s  and m i t o c h o n d r i a  i s  

dependent  on v e c t o r i a l  p r o t o n  t r a n s p o r t  a c r o s s  an asymmetr ic  

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

i n t r i n s i c  and e x t r i n s i c  membrane p r o t e i n s .  I n  c h l o r o p l a s t s  

e l e c t r o n  t r a n s p o r t  is  d r i v e n  by l i g h t  and i n  m i t o c h o n d r i a  by 

NACH. V e c t o r i a l  p r o t o n  t r a n s p o r t  c o n t r i b u t e s  t o  t h e  p r o t o n  

e l e c t r o c h e n i c a l  p o t e n t i a l  (hPH+) a c r o s s  t h e  membrane, t h e  

energy  s t o r e d  i n  which  i s  t r a n s f e r r e d  t o  t h e  t e r m i n a l  phos-  



p h a t e  es ter  l i n k a g e  o f  ATP by a  m u l t i s u b u n i t  membrane p r o t e i n  

(ATPase). ATPase i s  a  p r o t o n  pump which u s e s  t h e  e n e r g y  

r e l e a s e d  from h y d r o l y s i s  o f  ATP t o  ADP and p h o s p h a t e  t o  pump 

p r o t o n s  a c r o s s  t h e  membrane. However, apH+ can d r i v e  ATPase 

backwards,  and ATP f o r m a t i o n  accompanies t h e  a p H +  d r i v e n  

t r a n s p o r t  o f  p r o t o n s  a c r o s s  t h e  membrane t h r o u g h  a  membrane 

bound s u b u n i t  o f  ATPase. Thus i n  c h l o r o p l a s t s  and mi to -  

c h o n d r i a  ApH+ formed by l i g h t  induced  o r  r e s p i r a t o r y  e l e c -  

t r o n  t r a n s p o r t ,  r e s p e c t i v e l y ,  powers t h e  p h o s p h o r y l a t i o n  o f  

ADP t o  ATP c a t a l y s e d  by ATPase. The m o l e c u l a r  mechanism by 

which ATPase c o u p l e s  p r o t o n  t r a n s p o r t  t o  p h o s p h o r y l a t i o n  i s  

unknown. 

C h l o r o p l a s t s  have  two o u t e r  membranes and a n  e x t e n s i v e  

i n t e r n a l  t h y l a k o i d  membrane ( F i g u r e  1 . 1 ) .  The t h y l a k o i d  m e m -  

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

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

between t h e  i n t r a t h y l a k o i d  space  and t h e  s t r o m a .  I n  h i g h e r  

p l a n t s  and some g r e e n  a l g a e  t h e  h i g h l y  f o l d e d  t h y l a k o i d  mem- 

b r a n e  is  o r g a n i z e d  i n t o  t i g h t  membrane s t a c k s ,  t h e  g r a n a ,  

which are i n t e r c o n n e c t e d  t o  a  l a r g e  e x t e n t  by s t roma  l amel -  

l a e .  A l l  components invo lved  i n  t h e  l i g h t  induced f o r m a t i o n  

o f  ATP and NADPH a r e  found c l o s e l y  a s s o c i a t e d  w i t h  t h e  t h y l a -  



Figure 1.1 Schematic diagram of a higher green 

plant chloroplast. 

[After; Salisbury and Ross ( 1 9 7 8 ) .  ] 
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k o i d  membrane. The enzymes r e s p o n s i b l e  f o r  t h e  f i x a t i o n  of 

C02 and c a r b o h y d r a t e  f o r m a t i o n  a r e  s o l u b l e  p r o t e i n s  of  t h e  

s t roma.  

I n  t h e  l i g h t ,  p r o t o n  t r a n s p o r t  c a u s e s  t h e  pH of  t h e  

i n t r a t h y l a k o i d  s p a c e  t o  b e  up t o  t h r e e  pH u n i t s  lower  t h a n  

t h a t  of  t h e  s t r o m a .  The A ~ H  - pHintra) and t h e  

e l e c t r i c a l  p o t e n t i a l  ( A + ,  n e g a t i v e  s t roma  s i d e )  a c r o s s  t h e  

membrane a r e  t h e  two components o f  A V  +, t h e  d r i v i n g  f o r c e  o f  H 

p h o s p h o r y l a t i o n  ( N i c h o l l s ,  1982) ,  i . e .  

where R = g a s  c o n s t a n t  = 8.31 J mole-' K ' ~  

T = t e m p e r a t u r e  (K) 

F = Faraday c o n s t a n t  = 9.64 x 10'' cou l  mole-' OK" 

o r  e x p r e s s e d  i n  mV a t  30•‹c 

ApH+ = A + 60 ApH 

*pH+ i s  t h e  p o t e n t i a l  a v a i l a b l e  t o  c h l o r o p l a s t  c o u p l i n g  

f a c t o r  (CF,-CF~) ATP s y n t h e t a s e  t o  p h o s p h o r y l a t e  ADP. On a  



m o l e c u l a r  level t h e  e f f l u x  o f  a t  leas t  t h r e e  p r o t o n s  from t h e  

i n t r a t h y l a k o i d  s p a c e  t o  t h e  s t roma  t h r o u g h  CFo-CFI ATP syn- 

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

ATP from ADP and phospha te  (Hauska and T r e b s t  , 1977) .  

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

t r a n s p o r t  t h r o u g h  b o t h  membrane bound and s o l u b l e  t h y l a k o i d  

p r o t e i n s .  L i g h t  ene rgy  i s  i n i t i a l l y  c a p t u r e d  by pigments  

( c h l o r o p h y l l - a ,  c h l o r o p h y l l - b  and c a r o t e n o i d s  i n  h i g h e r  

p l a n t s )  b e l i e v e d  t o  be  a s s o c i a t e d  w i t h  t h r e e  major  t y p e s  of  

p r o t e i n  complexes .  I n  h i g h e r  p l a n t s  t h e s e  a r e  t h e  P700-chl-  

a - p r o t e i n  complex,  t h e  P 6 8 0 - c h l - a - p r o t e i n  complex and t h e  

c h l  - a / c h l - b  l i g h t  h a r v e s t i n g  p r o t e i n  complex ( P r e z e l i n ,  

1981) .  Only a  v e r y  s m a l l  amount o f  t h e  t o t a l  c h l o r o p h y l l  i s  

p h o t o c h e m i c a l l y  a c t i v e .  Two h i g h l y  s p e c i a l i z e d  c h l o r o p h y l l - a  

p r o t e i n  complexes o r  r e a c t i o n  c e n t r e s ,  P680 and P700 undergo 

r e v e r s i b l e  p h o t o o x i d a t i o n  when e x c i t e d .  These r e a c t i o n  

c e n t e r s  form p a r t  o f  photosys tem I1 and pho tosys tem I r e s p e c -  

t i v e l y .  The res t  o f  t h e  c h l o r o p h y l l ,  a p p r o x i m a t e l y  400 mole- 

c u l e s  p e r  P680 and P700, s e r v e  t o  i n c r e a s e  t h e  e f f e c t i v e  

a b s o r b a n c e  c r o s s  s e c t i o n  o f  P680 and P700 and a r e  termed 

a n t e n n a e  p i g m e n t s .  When promoted t o  a n  e x c i t e d  s t a t e  by 

photon a b s o r p t i o n  a n t e n n a e  c h l o r o p h y l l s  l o s e  e x c i t a t i o n  

e n e r g y  by r e s o n a n t  ene rgy  t r a n s f e r  t o  n e i g h b o r i n g  c h l o r o -  

p h y l l ~ .  T h i s  p r o c e s s  competes s u c c e s s f u l l y  w i t h  f l u o r e s c e n t  

and n o n - r a d i a t i v e  energy  d i s s i p a t i o n  pathways ,  and much o f  



t h e  e x c i t a t i o n  energy  i n  t h e  an tennae  pigment bed e v e n t u a l l y  

reaches  t he  r e a c t i o n  c e n t e r s .  P680 and P700 a r e  b e l i e v e d  t o  

be c h l o r o p h y l l - a  dimers  (Katz e t  a l . ,  1979) ,  and when e x c i t e d  -- 

a r e  s t r o n g  r educ ing  a g e n t s  which donate  an e l e c t r o n  from t h e  

a romat ic  x e l e c t r o n  system of  c h l o r o p h y l l - a  t o  an e l e c t r o n  

a c c e p t o r .  The o x i d i z e d  c h l o r o p h y l l - a  complex ( ~ 6 8 0 +  o r  

~ 7 0 0 + )  i s  a  powerful  ox idan t  which e x t r a c t s  an e l e c t r o n  from 

an e l e c t r o n  donor molecule .  The r e a c t i v e  c h l o r o p h y l l  of 

photosystem I1 (P680) ,  d i f f e r s  from t h a t  of photosystem I 

(P700) i n  t h a t  it forms a s t r o n g e r  ox idan t  on photooxida-  

t i o n .  The energy  gap from t h e  ground s t a t e  t o  t h e  f i r s t  

e x c i t e d  s t a t e  i s  a l s o  g r e a t e r  i n  P680 than i n  P700, t h e r e f o r e  

photosystem I can u t i l i z e  l onge r  wavelength l i g h t  ( > 700nm) 

than photosystem 11. 

The o r i e n t a t i o n  o f  t h e  two photosystems r e s u l t s  i n  a  

bulk  charge s e p a r a t i o n  a c r o s s  t h e  t hy l ako id  membrane when t h e  

r e a c t i o n  c e n t e r s  a r e  photooxid ized .  The P680+ and ~ 7 0 0 +  a r e  

l o c a t e d  nea r  t h e  i n t r a t h y l a k o i d  space s i d e  and t h e  reduced 

primary a c c e p t o r  molecules  nea r  t h e  stroma s i d e  of  t h e  mem- 

brane  (Wi t t ,  1979) .  Th i s  asymmetry c o n t r i b u t e s  t o  A V  + H 

( th rough  A + )  and p h y s i c a l l y  s e p a r a t e s  t h e  s t r o n g  r e d u c t a n t s  

and o x i d a n t s  formed by pho toox ida t ion  of t h e  r e a c t i o n  cen- 

t e r s .  The a r rangments  o f  photosystem I, photosystem I1 and 

t h e  v a r i o u s  e l e c t r o n  c a r r i e r s ,  donors and a c c e p t o r s  w i th  



respect to both redox potential and localization in the 

thylakoid membrane is shown in Figure 1.2, an interpretation 

of the classic Hill-Bendall Z scheme. The Z scheme is based 

on the supposition that photosystem I1 and photosystem I 

operate in series. There is much evidence indicating that 

photosystem I1 reduces and photosystem I oxidizes the same 

pool of "intersystem" electron carriers (Duysens and Amesz, 

1962) .  The ultimate source of electrons in this non-cyclic 

or linear electron transport pathway is the oxidation of 

water driven by photosystem I1 and the ultimate sink, reduc- 

tion of NADP+ to NADPH via photosystem I. Three sites con- 

tribute to proton gradient formation in linear electron 

transport. Oxidation of water driven by ~680+ occurs by a 

four step charge accunulation process (Forbush et al., 1971) -- 

on the intrathylakoid side of the thylakoid membrane. 

Release of one O2 molecule follows the stepwise withdrawal of 

four electrons from water by intermediates oxidized by ~680+ 

and the concomitant release of four protons to the intrathy- 

lakoid space. The reduction of NADP+ to TIADPH by electron 

carriers reduced via photosystem I requires two electrons and 

one proton which is taken from the stroma. Subsequent reduc- 

tion of stroma constituents by MADPH will remove one more 

proton from the stroma. The third site of proton transloca- 

tion involves the pool of plastoquinone molecules (5-10 per 

P680) which are ultimately reduced by photosystem I1 and 



Figure 1 . 2  The Z scheme of photosynthesis. 

[After; Zubay (1983).  ] 
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oxidized by photosystem I. Reduction of plastoquinone to 

plastohydroquinone requires two electrons and two protons 

which are supplied by the stroma. Subsequent oxidation by 

p l a s t o q u i n o l - p l a s t o c y a n i n  oxidoreductase releases two protons 

to the intrathylakoid space. Plastoquinone is believed to 

operate as a "proton shuttle" in this way and linear electron 

11 transport results in the net pumping" of four protons into 

the thylakoids from the stroma per every two electrons trans- 

ferred from water to NADP+ (Trebst, 1978). 

Soluble ferredoxin, an electron acceptor on the reducing 

side of photosystem I, can reduce intersystem electron car- 

riers via a cytochrome-b6 dependent pathway (Trebst and 

Avron, 1977; Crofts and Wood, 1978). This pathway forms the 

basis of cyclic electron transport around photosystem I. 

11 Plastoquinone is involved and proton pumping by the plastoq- 

uinone shuttle" is believed to accompany cyclic electron 

flow. Cyclic electron flow therefore contributes to ATP for- 

mation, but not NADPH production. There is some uncertainty 

in the role of p l a s t o q u i n o l - p l a s t o c y a n i n  oxidoreductase in 

both linear and cyclic electron flow. Plastoquinol- 

plastocyanin oxidoreductase is a protein complex consisting 

of cytochrome f, cytochrome b6, a Rieske FeS centre and a 

bound plastoquinol (Hurt and Hauska, 1982). There is an 

oxidant induced reduction of cytochrome b6, dependent on the 

bound plastoquinol, which may indicate the presence of a Q 

cycle as proposed for the cytochrome b/c complex of mito- 



ch rondr i a  (Se lak  and Whitmarsh, 1982; Olsen -- e t  a l . ,  1980) .  A 

Q cyc l e  ( M i t c h e l l ,  1976) would involve  t h e  s e q u e n t i a l  o r  

concer ted two s t e p  o x i d a t i o n  o f  qu ino l  by components i n  t h e  

p l a s t o q u i n o l - p l a s t o c y a n i n  ox idoreduc tase  r e s u l t i n g  i n  t h e  

t r a n s l o c a t i o n  of  two p ro tons  a c r o s s  t h e  membrane f o r  every 

e l e c t r o n  t r a n s f e r r e d  t o  ~ 7 0 0 + .  

Carbon a s s i m i l a t i o n  i n  a  C3 p l a n t  (Calvin-Benson c y c l e )  

r e q u i r e s  an i n p u t  of  t h r e e  ATP and two NADPH p e r  C02 f i x e d .  

The r educ t ion  of  two NADP+ t o  two NADPH t a k e s  f o u r  e l e c t r o n s  

e v e n t u a l l y  de r ived  from water  and a s  t h e  t r a n s l o c a t i o n  of a t  

l e a s t  t h r e e  p ro tons  i s  r e q u i r e d  per  ATP produced,  t h r e e  ATP 

n e c e s s i t a t e  t r a n s l o c a t i o n  of n ine  p ro tons .  The r e q u i r e d  

r a t i o  of p ro tons  pumped p e r  e l e c t r o n  reduc ing  NADP+ (Hf/e-) 

i s  t h e r e f o r e  a t  l e a s t  914 = 2 .25 .  To i n c r e a s e  H+/e- above 

t h e  2 p r e d i c t e d  by l i n e a r  e l e c t r o n  t r a n s p o r t ,  t h e  o p e r a t i o n  

of c y c l i c  e l e c t r o n  t r a n s p o r t  and /or  a  Q c y c l e  have been 

invoked (Crowther and Hind, 1980) .  An o p e r a t i v e  Q c y c l e  i n  

l i n e a r  e l e c t r o n  t r a n s p o r t  would r e s u l t  i n  a  ~ + / e -  o f  3 and 

v a r i a b l e  r a t e s  of c y c l i c  e l e c t r o n  t r a n s p o r t  i n  con junc t ion  

wi th  l i n e a r  e l e c t r o n  t r a n s p o r t  could g i v e  H+/e' from 2 on up. 

Another mechanism of i n c r e a s i n g  t h e  H+/e' r a t i o  and 

s t i l l  ma in t a in ing  t h e  one C02 taken  up pe r  one O 2  evolved 

s to i ch iome t ry  of s t e a d y  s t a t e  pho tosyn thes i s  i s  by pseudocyc- 

l i c  e l e c t r o n  t r a n s p o r t  (Arnon -- e t  a l . ,  1967).  I n  pseudocyc l ic  



e l e c t r o n  t r a n s p o r t ,  O2 a c t s  as t e r m i n a l  e l e c t r o n  a c c e p t o r  and 

I I O 2  u p t a k e  e q u a l s  O2 e v o l v e d ,  hence  t h e  t e r m i n o l o g y  pseudo- 

c y c l i c " .  E l e c t r o n  t r a n s p o r t  t h r o u g h  p l a s t o q u i n o n e  c o n t r i -  

b u t e s  t o  p r o t o n  g r a d i e n t  f o r m a t i o n  and d e p e n d i n g  on which 

s i d e  o f  t h e  membrane O2 i s  r e d u c e d ,  and t h e  enzymes i n v o l v e d ,  

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

from 02-  may o r  may n o t  c o n t r i b u t e  t o  A"++. Pseudo- 

c y c l i c  e l e c t r o n  t r a n s p o r t  i n c r e a s e s  ~ + / e -  by d e c r e a s i n g  t h e  

number o f  e l e c t r o n s  r e a c h i n g  NADP+ r a t h e r  t h a n  i n c r e a s i n g  t h e  

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

t h e  c y c l i c  e l e c t r o n  t r a n s p o r t  and Q c y c l e  mechanisms. 

P h o t o r e d u c t i o n  o f  O2 by pho tosys tem I r e s u l t i n g  i n  t h e  

p r o d u c t l o n  o f  t h e  s u p e r o x i d e  a n i o n  r a d i c a l  ( 0 2 - )  h a s  been 

shown by Asada -- e t  a l .  (1974).  S u p e r o x i d e  d i s m u t a s e  (SOD) 

c a t a l y s e s  t h e  d i s m u t a t i o n  o f  0 2 -  t o  H202 ( E l s t n e r ,  1 9 8 2 ) ,  

SOD 
0 2 -  + 0 2 -  + 2 ~ '  - H202 + 0 2  

SOD i s  p r e s e n t  i n  c h l o r o p l a s t s  a t  a b o u t  1 O P M  (Asada, 1973) .  

0 2 -  and H 2 0 2  are a c t i v e  s p e c i e s  of  O 2  and t h e i r  i n t e r a c t i o n  

w i t h  c h l o r o p l a s t  components p roduces  o t h e r  r e a c t i v e  O 2  

s p e c i e s ,  such  a s  t h e  hydroxy l  r a d i c a l  (OH-) and e x c i t e d  s i n g -  

l e t  s t a t e  O2 ( l o 2 ) .  These h i g h l y  r e a c t i v e  m o l e c u l e s  o x i d i z e  

many c e l l  components damaging c h l o r o p l a s t s  and l e a f  t i s s u e s  



(Nakano and Asada,  1980) .  0 2 -  i s  c o n v e r t e d  e f f e c t i v e l y  t o  

H202 by SOD i n  c h l o r o p l a s t s  and H202 can be reduced t o  H 2 0  a t  

t h e  expense  o f  a s c o r b a t e  o r  by t h e  a c t i o n  of  c a t a l a s e .  A 

pathway f o r  t h e  r e g e n e r a t i o n  o f  a s c o r b a t e  from dehydroascor -  

b a t e  v i a  g l u t a t h i o n e  coup led  t o  l i g h t  induced NADPH format  i o n  

h a s  been d e s c r i b e d  (Nakano and Asada, 1981;  H a l l i w e l l  -- e t  a l . ,  

1981) ( F i g u r e  1 . 3 ) .  I n  a d d i t i o n  t o  t h e  s c a v e n g i n g  o f  a c t i v e  

oxygen s p e c i e s  it i s  s e e n  t h a t  t h i s  pathway would c o n t r i b u t e  

t o  ATP f o r m a t i o n  ( b u t  n o t  t o  n e t  NADP+ r e d u c t i o n ) .  

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

d e m o n s t r a t e d  i n  v i t r o  t o  be  dependent  on t h e  c o n c e n t r a t i o n  o f  

s o l u b l e  f e r r e d o x i n ,  and can  approach  r a t e s  o f  ATP f o r m a t i o n  

coup led  t o  NADP+ r e d u c t i o n  a t  p h y s i o l o g i c a l  c o n c e n t r a t i o n s  o f  

f e r r e d o x i n  (Furbank and Badger,  1983) .  High r a t e s  o f  O 2  up- 

t a k e  concomi tan t  w i t h  02 e v o l u t i o n  have  been measured i n  

c h l o r o p l a s t s ,  c e l l s  and l e a v e s  (Canvin -- e t  a l . ,  1980;  Egneus 

e t  a l . ,  1975 ;  Furbank e t  a l . ,  l 9 8 2 ) ,  s u g g e s t i n g  a  r o l e  f o r  -- -- 

p s e u d o c y c l i c  e l e c t r o n  t r a n s p o r t  -- i n  v i v o .  Woo (1983) showed 

c y c l i c  e l e c t r o n  t r a n s p o r t  t o  he  more i m p o r t a n t  t h a n  pseudo- 

c y c l i c  e l e c t r o n  t r a n s p o r t  f o r  C02 f i x a t i o n  i n  i n t a c t  c h l o r o -  

p l a s t s ,  a l t h o u g h  t h e  c o n d i t i o n s  used  ( low c h l o r o p h y l l  concen- 

t r a t i o n ,  <3pg c h l  m l - l )  i n s u r e d  t h a t  t h e  O 2  c o n c e n t r a t i o n  

remained low. A t  p r e s e n t  t h e r e  i s  s t i l l  much c o n t r o v e r s y  

o v e r  t h e  r e l a t i v e  a c t i v i t i e s  of  l i n e a r ,  c y c l i c  and pseudocyc- 

l i c  e l e c t r o n  t r a n s p o r t ,  as w e l l  a s  t h e  p o s s i b l e  o p e r a t i o n  o f  

a  Q c y c l e ,  i n  v i v o .  



Figure 1.3 Pseudocyclic electron transport 

incorporating the NADPH dependent 

pathway for formation of water from 

H202 as described by Nakano and Asada. 

Abbreviations: Asc, ascorbate; DHA, 

dehydroascorbate; GS, glutathione; Fd, 

ferredoxin; PQ, plastoquinone; PC, 

plastocyanin; cyt-f, cytochrome f. 





The o b j e c t i v e  of t h i s  t h e s i s  was t o  determine t h e  i n f l u -  

ence of molecular O2 on t h e  primary processes  of photosynthe- 

s i s  in  v ivo ,  i n  an at tempt  t o  l o c a l i z e  s i t e s  of a c t i o n  and -- 

poss ib le  r e g u l a t o r y  mechanisms involving 02. -- In  vivo s t u d i e s  

a r e  hampered by t h e  complexity and i n a c c e s s i b i l i t y  of the  

photosynthe t ic  appara tus .  When poss ib le ,  e f f e c t s  s tudied  - i n  

vivo were a l s o  s tud ied  i n  p a r t i a l  photosynthet ic  systems and 

whole c h l o r o p l a s t  p repara t ions  which a r e  l e s s  complex and 

more a c c e s s i b l e  t o  s e l e c t i v e  e l e c t r o n  t r a n s p o r t  donors,  

acceptors  and i n h i b i t o r s  and phosphorylation i n h i b i t o r s  and 

uncouplers.  

Resu l t s  presented  i n  t h i s  t h e s i s  i n d i c a t e  a t  l e a s t  two 

s i t e s  of O2 i n f l u e n c e .  

1. O2 a c t s  a s  a  s t rong  oxidant of e l e c t r o n  t r a n s p o r t  

c a r r i e r s  -- i n  v ivo ,  i n d i c a t i v e  of a r o l e  i n  both  an 

energy d i s s i p a t i o n  pathway and r e g u l a t i o n  of A T ~ /  

NADPH r a t i o s  v i a  pseudocyclic e l e c t r o n  t r a n s p o r t .  

The ox ida t ion  of e l e c t r o n  c a r r i e r s  by O 2  a l s o  

appears  t o  inf luence  the  e l e c t r o n  t r a n s p o r t  depen- 

dent  r e g u l a t i o n  of CF,-CFL ATPase a c t i v i t y  - i n  

v ivo  . 

2 .  The presence of 0 2  appears necessary f o r  photosystem 

I1 a c t i v i t y  when water i s  the  e l e c t r o n  donor t o  

photosystem 11, suggest ing a  requirement f o r  0 2  by 

t h e  w a t e r s p l i t t i n g  system. 
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C h a ~  t e r  2 

Materials and Methods 

2.1 S e l e c t i o n  of  P lan t  Species 

2.1.1 Higher P l a n t s  

The choice of p l a n t  spec ies  f o r  a  p a r t i c u l a r  study was 

cont ingent  on both a v a i l a b i l i t y  and experimental  conven- 

ience.  Local ly grown l e t t u c e  was used ex tens ive ly  f o r  both 

i n  vivo and i n  v i t r o  experiments.  As experimental  reproduci -  -- - 

b i l i t y  i s  dependent on the  growth condi t ions  and h i s t o r y  of 

the  p l a n t  m a t e r i a l  s t u d i e d ,  market l e t t u c e  from one l o c a l  

source was used which proved t o  give cons i s t en t  r e s u l t s .  

S tudies  with whole c h l o r o p l a s t s  capable of high r a t e s  of 

02 evolu t ion  (>  75pM O2 mgchl-' h r - l )  using C02 as  s u b s t r a t e  

could not  be done e a s i l y  with l e t t u c e .  Whole c h l o r o p l a s t s  

have only been s u c c e s s f u l l y  i s o l a t e d  using mechanical methods 

from a  l imi ted  number of h igher  p lan t  spec ies ,  spinach g iv ing  

the  h ighes t  y i e l d s  of whole ch lo rop las t s  (Walker, 1980). N o  

commercial supply of c o n s i s t e n t l y  f r e s h  spinach was a v a i l a b l e  

which made it necessary t o  cons t ruc t  a  f a c i l i t y  f o r  growing 

spinach. The s?inach was grown according t o  the  method of 

Walker (1980) with some minor modif ica t ions .  The p l a n t s  were 

kept i n d i v i d u a l l y  i n  1.5 1 pots  i n  a  3:1:6 mixture of 

p e r l i t e ,  sand and p e a t .  F i f t y  pots  were cons tan t ly  suppl ied 

with a  n u t r i e n t  growth s o l u t i o n  (Table 2-1) v i a  s p a g h e t t i  



t u b i n g  from a  60 1. c o n t a i n e r  f i l l e d  weekly .  The p o t s  were 

e n c l o s e d  i n  a  v e n t i l a t e d  da rk  room w i t h  a r t i f i c i a l  l i g h t i n g ,  

40% c o o l - w h i t e  f l u o r e s c e n t  and 60% i n c a n d e s c e n t .  Day l e n g t h  

was 8 h r  and t h e  l i g h t  i n t e n s i t y  was 50 W r n - 2 ;  p l a n t s  were 

h a r v e s t e d  a f t e r  60 days .  

For  some compara t ive  i n  v i v o  s t u d i e s ,  bush  bean -- 

( P h a e s e o l u s  v u l g a r i s )  was greenhouse  grown i n  s o i l  under  

f l u o r e s c e n t  augmented n a t u r a l  i l l u m i n a t i o n .  The p r imary  

l e a v e s  were h a r v e s t e d  a f t e r  2-4 weeks. , 

2 .1 .2  Mar ine  Algae  

The u s e  o f  mar ine  a l g a e  was s t r i c t l y  r e g u l a t e d  by t h e  

a v a i l a b i l i t y  o f  l o c a l  s p e c i e s .  Fucus v e s i c u l o s i s ,  Ulva 

s p e c i e s ,  M a c r o c y s t i s  - i n t e g r i f o l i a ,  Nereocys t i s  l u e  t k e a n a  and 

Laminar ia  s a c c h a r i n a  were h a r v e s t e d  weekly and k e p t  i n  an 

a e r a t e d  s e a  w a t e r  t a n k  a t  1 5 ' ~  under  a r t i f i c i a l  i l l u m i n a t i o n  

( c o o l - w h i t e  f l u o r e s c e n t  t u b e s ,  i n t e n s i t y  10 W m - 2 )  w i t h  a  12 

h r  day.  I n  an  e f f o r t  t o  c o n t r o l  e x p e r i m e n t a l  v a r i a b i l i t y ,  

a l g a e  w e r e  c o n s i s t e n t l y  c o l l e c t e d  from w e l l  d e f i n e d  s i t es  a t  

Barne t  Mar ine  Park  i n  P o r t  Moody and a t  Bark ley  Sound on t h e  

w e s t  c o a s t  o f  Vancouver I s l a n d .  

2.2 C h l o r o p l a s t  I s o l a t i o n  Techniques  

2 .2 .1  Whole C h l o r o p l a s t  I s o l a t i o n  

I n t a c t  Type A c h l o r o p l a s t s  ( H a l l ,  1972) w e r e  i s o l a t e d  by  

t h e  method of Walker (1980).  F i f t y  grams o f  s p i n a c h  l e a v e s  



w e r e  chopped i n t o  2-5mm s q u a r e s  and t h e n  homogenized f o r  1 -2s  

by a  r a z o r  b l a d e  equipped b l e n d e r  (Kannangara e t  a l . ,  1977) i n  

500ml o f  s e m i f r o z e n  g r i n d i n g  media c o n t a i n i n g  0.36N s o r b i t o l ,  

15d1  Na4P207 and 5mM MgC12, a d j u s t e d  t o  pH 6 .5  w i t h  H C 1 .  The 

homogenate was f i l t e r e d  t h r o u g h  8 l a y e r s  o f  c h e e s e c l o t h  soaked 

i n  i c e  c o l d  g r i n d i n g  media and c e n t r i f u g e d  a t  O O C  i n  e i g h t  

50ml c l e a r  p l a s t i c  t u b e s  by t h e  f o l l o w i n g  p r o c e d u r e .  The 

c e n t r i f u g e  was a c c e l e r a t e d  q u i c k l y  t o  5000 g ,  h e l d  f o r  10s  

t h e n  d e c e l e r a t e d  w i t h i n  30s .  The s u p e r n a t a n t  was d i s c a r d e d  

and t h e  p e l l e t  washed w i t h  i c e  c o l d  r e s u s p e n d i n g  medium con- 

s i s t i n g  o f  0.4M s o r b i t o l ,  50mM Hepes, 2mP.I EDTA, ImM NgCl2, InM 

MnC12, 5mM pyrophospha te  and 0.5mM KH2P04 a d j u s t e d  t o  pH 7.6 

w i t h  KOH. The p e l l e t  was t h e n  resuspended  a t  O O C  t o  a p p r o x i -  

ma te ly  5ml t o t a l  volume i n  t h i s  medium t y p i c a l l y  r e s u l t i n g  i n  

a t o t a l  c h l o r o p h y l l  c o n c e n t r a t i o n  ( c h l - a  and c h l - b )  o f  1-2mg 

c h l  m l - l  a s  de te rmined  by t h e  method o f  Arnon (1949) .  The 

c h l o r o p l a s t s  w e r e  a s s a y e d  f o r  O2 e v o l u t i o n  w i t h  a  C l a r k e - t y p e  

O 2  e l e c t r o d e  a t  2 2 O ~  i n  r e s u s p e n d i n g  media,  c h l o r o p h y l l  con- 

c e n t r a t i o n  100pg c h l  ol- ' ,  i n  t h e  p r e s e n c e  of  l O m M  HC03 and 

c a t a l a s e  w i t h  an  a c t i v i t y  of 1000 u n i t s  m l - l .  A f t e r  an 

i n i t i a l  l a g  phase  O2 e v o l u t i o n  r a t e s  were t y p i c a l l y  60-8OPM 

02(mg ch1) - I  h r - l .  The c h l o r o p l a s t s  w e r e  judged 60-75% i n t a c t  

by t h e  f e r r i c y a n i d e  fFeCN) method (Avron and Gibbs , 1974) . 
These c h l o r o p l a s t s  r e t a i n e d  t h e i r  a c t i v i t y  f o r  3-4 h r  a t  O O C .  



2.2.2 Broken C h l o r o ~ l a s t  I s o l a t i o n  

Broken Type C c h l o r o p l a s t s  ( H a l l ,  1972) were sometimes 

p r e p a r e d  by t h e  o s m o t i c  r u p t u r e  of  i s o l a t e d  whole c h l o r o -  

p l a s t s .  Whole c h l o r o p l a s t s  were r e s u s p e n d e d  i n  50ml o f  

media w i t h o u t  s o r b i t o l  and s t i r r e d  f o r  2  n i n ,  c e n t r i f u g e d  a t  

5000 g  f o r  30s and resuspended i n  media c o n t a i n i n g  0.4M 

s o r b i t o l .  Broken c h l o r o p l a s t s  were a l s o  p r e p a r e d  by t h e  

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

chopped and homogenized i n  g r i n d i n g  media a s  f o r  whole c h l o r o -  

p l a s t  i s o l a t i o n  e x c e p t  t h e y  were homogenized f o r  6 -8s .  The 

f i l t r a t i o n  and c e n t r i f u g a t i o n  s t e p s  were s i m i l a r ,  however t h e  

c e n t r i f u g e  was h e l d  a t  5000 g f o r  30s .  The p e l l e t  was t h e n  

r e s u s p e n d e d  i n  50ml o f  0.2M s o r b i t o l ,  2mM MgC12, 20mM T r i c i n e  

and l O m M  K C 1  a d j u s t e d  t o  pH 8 w i t h  NaOH. The s u s p e n s i o n  was 

a g a i n  c e n t r i f u g e d  a t  5000 g f o r  30s and t h e  p e l l e t  resuspended 

i n  a p p r o x i m a t e l y  5ml of t h e  same media y i e l d i n g  a c h l o r o p h y l l  

c o n c e n t r a t i o n  o f  l m g  c h l  ml- I .  These c h l o r o p l a s t s  were judged 

100% broken  by t h e  FeCN t e s t  and were s t a b l e  f o r  5-6 h r  a t  

O O C .  I n  s t u d i e s  where hydroxylamine was used  t o  r e p l a c e  

w a t e r s p l i t t i n g  as e l e c t r o n  donor t o  pho tosys tem I1 t h e  p r o c e -  

d u r e  f o r  hydroxylamine  i n h i b i t i o n  was t h a t  used  by Izawa and 

O r t  (1974) .  Dur ing i s o l a t i o n  of broken c h l o r o p l a s t s  t h e  

p e l l e t  was r e s u s p e n d e d  i n  50ml of  r e s u s p e n d i n g  pedium w i t h  5mN 

hydroxylamine  a d j u s t e d  t o  pH 7 .  T h i s  s u s p e n s i o n  was s t i r r e d  



a t  O'C i n  t h e  d a r k  f o r  20 min then  c e n t r i f u g e d  and t h e  p e l l e t  

resuspended w i t h  5ml of medium c o n t a i n i n g  5mM hydroxylamine  a t  

pH 7 .6 .  T h i s  procedure  comple te ly  i n h i b i t e d  FeCN dependent  O2 

e v o l u t i o n  ( F i g u r e  2.1) . 
2.3 I n  Vivo s t u d i e s .  sample p r e p a r a t i o n  

A l l  i n  v i v o  s t u d i e s  of  c h l o r o p h y l l - a  f l u o r e s c e n c e  and -- 

518nm absorbance  changes were done u s i n g  8mm d i a m e t e r  d i s c s  

c u t  from l e a v e s  o r  t h a l l u s  w i t h  a c o r k  b o r e r .  I n  s t u d i e s  

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

d i s c s  were f l o a t e d  on aqueous s o l u t i o n s  of  e i t h e r  15pM 

3(3,4-dichlorophenyl)-1,l-dimethylurea (DCMU), IrnM KCN ( i n  

30mM t r i c i n e  a d j u s t e d  t o  pH 7 . 8  w i t h  NaOH) o r  InM N , N ' -  

d i cyc lohexylca rbodi imide  (DCCD) f o r  1 h  i n  t h e  d a r k  p r i o r  t o  

measurement.  A l g a l  t h a l l u s  d i s c s  were i n h i b i t e d  w i t h  DCMU by 

suspend ing  them i n  seawate r  s o l u t i o n s  of  l C I M  DCMU f o r  1 h r  i n  

t h e  d a r k  p r i o r  t o  measurement. D i s c s  from t h e  brown a l g a e  

(Fucus v e s i c u l o s i s ,  Macrocys t i s  i n t e g r i f o l i a )  were f i r s t  

suspended i n  s e a w a t e r  f o r  15 min b e f o r e  t h e  DCFlU t r e a t m e n t  t o  

p a r t i a l l y  s e p a r a t e  t h e  mucopo lysacca r ides  which a r e  exuded by 

t h e  d i s c  and i n t e r f e r e  w i t h  t h e  DCMU i n h i b i t i o n .  

2.4 I n  V i t r o  s t u d i e s ,  sample p r e p a r a t i o n  

2 .4 .1  AASl8 and FeCN r e d u c t i o n  e x p e r i m e n t s  

C h l o r o p l a s t s  w e r e  k e p t  a t  a  c o n c e n t r a t i o n  o f  2mg c h l  

m l "  on ice i n  t h e  d a r k  u n t i l  a n  a l i q u o t  was t a k e n  t o  make up  



Figure 2.1 O 2  evolved versus time measured with a  

Clark e l ec t rode  system. a)  ch lo rop las t s  

(50 pg c h l )  with 2 mM FeCN i n  resuspend- 

ing media without s o r b i t o l  . b)  hydroxy- 

lamine t r e a t e d  c h l o r o p l a s t s ,  condi t ions 

a s  i n  a ) .  Light on (+) ,  150 W tungsten-  

iodide  lamp covered by Corning 2-62 red 

c u t o f f  f i l t e r  ad jus ted  t o  300 W m - 2  a t  

sample. Light of f  (+)  . 



TIME (rnin) 



a  f i n a l  a s s a y  s o l u t i o n  of  img c h l  m l - '  f o r  A A S l 8  01 25OPg c h l  

m l - '  f o r  FeCN r e d u c t i o n  d e t e r m i n a t i o n s .  I n  some dAsls  e x p e r -  

iments  t h e  a s s a y  s o l u t i o n  con ta ined  0.5nM pyocyan ine  o r  2mM 

methyl v i o l o g e n ,  a s  e l e c t r o n  a c c e p t o r s  a t  pho tosys tem I ,  and 

when a p p l i e d  t h e  ADP and phosphate  c o n c e n t r a t i o n s  w e r e  20nM. 

DCMU had a  c o n c e n t r a t i o n  of  15pM when u s e d .  

I n  FeCN r e d u c t i o n  r a t e  d e t e r m i n a t i o n s  t h e  FeCN c o n c e n t r a -  

t i o n  was 5mM. 

2 .4 .2  F l u o r e s c e n c e  i n d u c t i o n  exper iments  

The s t o c k  c h l o r o p l a s t  suspens ion  c o n t a i n e d  20OPg c h l  m l - '  

and was k e p t  on i c e  i n  t h e  d a r k .  A 5 0 ~ 1  a l i q u o t  o f  s t o c k  s u s -  

pens ion  was added t o  2ml of  medium and t h e n  e x p r e s s e d  th rough  

a  5pm p o r e  s i z e  m i l l i p o r e  f i l t e r  w i t h  a  hypodermic s y r i n g e .  

C h l o r o p l a s t  samples  r e t a i n e d  on t h e  f i l t e r  t h u s  c o n t a i n e d  1OPg 

c h l .  I n  some c a s e s  t h e  2ml o f  medium c o n t a i n e d  ~ P M  DCMU, l P 1 4  

dibromothymoquinone (DBMIB) , 0.5mM 2-5 d imethy lqu inone  (DMQ) 

o r  1 0 0 ~ g  h i s t o n e  (Sigma Chemical) .  

2.5 A p p a r a t u s  f o r  F l u o r e s c e n c e  and A b s o r p t i o n  Change 

S p e c t r o s c o p y  

A s y s t e m  was developed c a p a b l e  of  measur ing  prompt and 

de layed  f l u o r e s c e n c e  i n d u c t i o n  o r  absorbance  changes  induced 

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

O2 and b o t h  -- i n  v i v o  and - i n  v i t r o  samples ( F i g u r e  2 . 2 ) .  The 

sample compartment i s  a s m a l l e r  v e r s i o n  o f  t h e  s t a i n l e s s  s tee l  



F i g u r e  2 . 2  Appara tus  f o r  f l u o r e s c e n c e  and 

a b s o r b a n c e  change s p e c t r o s c o p y .  

a )  prompt f l u o r e s c e n c e  i n d u c t i o n  

a p p a r a t u s .  b )  d e l a y e d  f l u o r e s -  

cence  i n d u c t i o n  a p p a r a t u s .  

c )  b A S l 8  a p p a r a t u s .  See  t e x t  

f o r  a d d i t i o n a l  d e t a i l s .  
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pressure  c e l l  descr ibed by Chandler and Vidaver (1969). The 

chamber has two opposing f i b e r  o p t i c  compatible p o r t s  with 

p a r a l l e l  l u c i t e  windows. When assembled i n  t h e  c e l l  t he  ends 

of the  f i b e r  o p t i c s  a r e  separated by 8-10rnm. The bottom 

window has a  l m m  deep 9mm diameter r ecess  i n t o  which an 8 m  

diameter l e a f  or  t h a l l u s  d i s c  w i l l  f i t .  

For h A S 1 8  o r  FeCN reduct ion r a t e  experiments 3 5 ~ 1  of 

ch lo rop las t  suspension, lmg chl  m l - '  o r  2 0 0 ~ g  ch l  m l - ' ,  was 

placed on a  l m m  nylon g r i d ,  0.45mm t h i c k  and 8mm i n  diameter 

held i n  the  r ecess  i n  the bottom window. The ch lo rop las t  

sample prepared i n  t h i s  way had a  l a r g e  su r face  a r e a  t o  volume 

r a t i o  and e q u i l i b r a t i o n  t o  a  new O 2  concen t ra t ion  was enhanc- 

ed .  I n  f luorescence  s t u d i e s  2 m l  of a  c h l o r o p l a s t  suspension 

( 5 0 ~ g  ch l  ml-') was expressed with a  hypodermic syr inge  

through a  5~rn pore s i z e  mi l l ipore  f i l t e r ,  a s  previous ly  

descr ibed .  This r e s u l t e d  in  a  t h i n  l a y e r  of c h l o r o p l a s t s  on 

the  f i l t e r  which could be placed i n  the  sample chamber i n  the  

same manner a s  a  l e a f  or t h a l l u s  d i s c .  This technique r e s u l t -  

ed i n  a very f a s t  e q u i l i b r a t i o n  of the  c h l o r o p l a s t s  t o  d i f f e r -  

e n t  0 2  concen t ra t ions .  

O 2  and/or  N2 were supplied t o  the  sample c e l l  by two 

high p ressu re  Linde s p e c i a l t y  gas mixture tanks ,  one conta in-  

ing O2 wi th  2 8 0 ~ 1  per  l i t e r  C 0 2  and t h e  o t h e r  N2 with 2 8 5 ~ 1  

per l i t e r  C 0 2 .  A 1 .5 1 s t a i n l e s s  s t e e l  chamber was arranged 

i n  p a r a l l e l  wi th  t h e  sample c e l l  t o  allow nix ing  of the  0 2  and 



t h e  N2 t o  any des i red  O2 p a r t i a l  p ressu re  and gas t o t a l  pres-  

su re  up t o  150 atm. Anaerobiosis was e f f e c t e d  i n  vivo or  i n  -- - 

v i t r o  by pass ing  N2 gas with 285p1 1-1 C 0 2  over the  sample a t  

a  very slow r a t e  f o r  20 min. 

2.5.1 Fluorescence induct ion  measurements 

2 .5.1.1 Prompt Fluorescence 

The f luorescence  induct  ion apparatus  (Figure 2.2a) 

employed a  650W tungs ten- iodide  lamp shie lded  by a  blue (Corn- 

ing 4-96) f i l t e r  and ad jus ted  t o  10 W m-* a t  the  sample. 

Ac t in ic  l i g h t  was led  through one arm of a  b i fu rca ted  f i b r e  

o p t i c s  system t o  the  top of the  sample compartment while 

f luorescence  was de tec ted  by an EM1 9558BQ photomul t ip l ie r  

a f t e r  pass ing  through t h e  o t h e r  f i b r e  o p t i c s  arm and 2 red 

f i l t e r s  (Corning 2-64). The bottom window of the  sample c e l l  

was blocked o f f .  Output from the  photomul t ip l ie r  was s to red  

i n  t h e  memory of a  Tracor Northern Model TN 1710 s i g n a l  

averager .  The f luorescence  Fp- level  ( a f t e r  0 .5s)  and the  

Fo-level  ( a f t e r  lo"s, see chapter  3) were determined i n  

d i g i t a l  form. Fluorescence induct ion  time courses were 

recorded from the  s i g n a l  averager  memory with a  Hewlett- 

Packard x-y recorde r .  Light  f l a s h e s  were con t ro l l ed  using a  

Compur e l e c t r o n i c  s h u t t e r  with an opening time of 2 m s ,  

pe rmi t t ing  reasonably p r e c i s e  Fo-level  e x t r a p o l a t i o n s .  

2.5.1.2 Delayed Fluorescence 

Delayed f luorescence  was measured with the  phosphoroscope 



se tup  shown i n  Figure 2.2b. The phosphoroscope used a 

Princeton Applied Research o p t i c a l  chopper, model B Z - 1 ,  with a 

modified chopper b lade  and housing (Figure 2 . 3 ) .  The chopper 

blade had two equal  opposing s e c t o r s  each c o n s i s t i n g  of 1 / 4  of 

the  t o t a l  b lade  a r e a  p lus  an a d d i t i o n a l  0.5 cm over lap  on both 

s i d e s  of each s e c t o r .  Two f i b r e  o p t i c  p o r t s  were mounted 

e q u i d i s t a n t  from t h e  chopper blade a x i s  45O r e l a t i v e  t o  each 

o the r .  When opera ted  a t  125 Hz each f i b r e  o p t i c  por t  was 

a l t e r n a t e l y  exposed f o r  3.5ms and covered f o r  4.5 msec and a t  

no time were both  f i b r e  o p t i c  p o r t s  exposed simultaneously.  

A c t i n i c  l i g h t ,  from a  650W tungs ten- iodide  lamp covered 

with a  Corning 4-96 blue-green f i l t e r ,  was led t o  the  sample 

chamber through one arm of a  b i f u r c a t e d  f i b r e  o p t i c  bundle 

a f t e r  pass ing  through one of the  chopper 's  f i b r e  o p t i c  p o r t s .  

The o t h e r  arm of t h e  b i f u r c a t e d  f i b r e  o p t i c  bundle c a r r i e d  

f luoresence  emi t t ed  by the  sample through the  second f i b r e  

o p t i c  p o r t  of t h e  chopper and u l t i m a t e l y  t o  the  EM1 9558BQ 

pho tomul t ip l i e r  p ro tec ted  by a  Corning 2-64 red c u t o f f  f i l -  

t e r .  Thus only delayed f luorescence emi t ted  from 0.5ms t o  4ms 

a f t e r  t h e  a c t i n i c  l i g h t  was blocked by the  chopper blade was 

de tec ted  by t h e  pho tomul t ip l i e r .  This measurement cycle  was 

repeated every  8 m s .  The photomul t ip l ie r  output  was fed i n t o  

a Pr ince ton  Applied Research lock-in a m p l i f i e r ,  model HR-8. 

The chopper supp l i ed  a  r e fe rence  s i g n a l  t o  the  lock- in  ampli- 

f i e r  which was used t o  tune the  a m p l i f i e r  t o  t h e  modulated 



Figure 2 . 3  Light chopper used f o r  measuring 

delayed f luorescence  induct  ion 

t r a n s i e n t s .  a )  modified chopper 

blade showing r e l a t i v e  l o c a t i o n  of 

f i b r e  o p t i c  p o r t s .  b) chopper 

housing showing f i b r e  o p t i c  p o r t s .  
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s i g n a l  from the  photomul t ip l ie r .  The output  of t h e  lock-in 

ampl i f i e r  was t h e r e f o r e  a  continuous measure of t h e  average 

amplitude of delayed f luorescence emission from 0.5 - 4ms 

a f t e r  the  a c t i n i c  l i g h t  was blocked by t h e  chopper blade each 

measurement cycle .  This output  was recorded by a  Tracor 

Northern TN 1710 s i g n a l  averager  which could output  da ta  t o  a  

Hewlett-Packard X-Y recorder .  

2 .5 .2  A A 5 1 8  and FeCN reduct ion  r a t e  de terminat ions  

The 518nm or  415nm ( f o r  FeCN reduct ion  measurements) 

measuring beam from a  6V l O O W  tungs ten  r ibbon f i lament  lamp, 

dispersed by a  3/4 meter Spex I n d u s t r i e s  Czerny-Turner spec- 

trometer (lmm s l i t )  was led through one arm of a  b i fu rca ted  

f i b r e  o p t i c  bundle t o  the  top of the  sample chamber and 

adjusted t o  4  mW m-2  o r  1 mW m-* a t  t h e  sample, r e s p e c t i v e l y  

(Figure 2 . 2 ~ ) .  The t ransmi t ted  measuring beam was accumulated 

by a  b i fu rca ted  f i b r e  o p t i c  bundle a t  t h e  bottom window, one 

arm leading  t o  an EM1 9558BQ pho tomul t ip l i e r  sh ie lded  by a  

blue (Corning 4-96) f i l t e r .  Ac t in ic  l i g h t  was led  t o  the  

bottom window of the  sample chamber through the  o t h e r  f i b r e  

o p t i c  arm, and was supplied e i t h e r  by a  l O O V  650W tungsten-  

iodide lamp covered by a  red (Corning 2-64) f i l t e r  f o r  FeCN 

reduct ion s t u d i e s ,  o r  by an EG&G FX224 metal  can type f l a s h  

bulb shielded by a  red (Corning 2-64) f i l t e r  f o r  A A S l 8  pulse 

s t u d i e s .  The f l a s h  bulb was used i n  conjunct ion  with an EGLG 

FY604 l i t p a c  and a  Maxwell 1OPF 2000V f a s t  d ischarge  capac i to r  

r e s u l t i n g  i n  a  pulse  width a t  h a l f  h e i g h t  of 3 ~ s .  



Ei the r  red (Corning 2-64 f i l t e r )  o r  f a r - red  (Ba l t ze r s  B-40 

718nm i n t e r f e r e n c e  f i l t e r )  background l i g h t  could be suppl ied 

t o  the  sample chamber through t h e  f r e e  arm of the  top 

b i fu rca ted  f i b r e  o p t i c  bundle from a  650W tungs ten- iodide  

lamp. The pho tomul t ip l i e r  output  was s i g n a l  averaged f o r  

A A 5 1 8  s t u d i e s  by a  Tracor Northern TN1710; t y p i c a l l y  8 t o  40 

ind iv idua l  measurements were averaged depending on t h e  t i n e  

base and f i l t e r  time cons tan t  used. In  pulse  s t u d i e s ,  t h e  

s i g n a l  averager  was t r i g g e r e d  a t  an a d j u s t a b l e  time i n t e r v a l  

before  the  f l a s h  lamp was t r i g g e r e d  by a  two output dual  pulse  

t r i g g e r  box. The frequency of the  dual  pulses  could be var ied  

from lOHz t o  l e s s  than I O - ~ H Z  and the  time i n t e r v a l  between 

the  pulses  from lOms t o  100ms. 

2.6 Experimental P ro toco l ,  Sample Pretreatment  

2.6.1 Fluorescence induct ion  de terminat ions  

In  f luorescence  induct ion  s t u d i e s  the  experimental  

measurement regime was as  fol lows.  A l l  samples were dark- 

adapted f o r  a t  l e a s t  1 h r  p r i o r  t o  measurement. The sample 

was placed i n  the  sample holder  and t h e  Fo-level  determina- 

t i o n  i n  a i r  was measured with a  50ms f l a s h  of a c t i n i c  l i g h t .  

Af te r  a  f u r t h e r  dark adapt ion of 1 min a  Fp-level  i n  a i r  was 

obtained with a  10s l i g h t  f l a s h .  The sample was now dark 

adapted f o r  6 min a f t e r  which the  sample c e l l  was f lushed with 

t h e  gas mixture t o  be used and then slowly pressur ized  ( 1 



min) t o  a c q u i r e  t h e  O2 c o n c e n t r a t i o n  d e s i r e d .  A f t e r  a l l o w i n g  

t h e  s ample  t o  e q u i l i b r i a t e  w i t h  t h e  new O 2  c o n c e n t r a t i o n  f o r  2 

min i n  t h e  d a r k  t h e  measurement  p a t t e r n  w a s  r e p e a t e d .  A f r e s h  

sample  w a s  u s e d  f o r  e a c h  d i f f e r e n t  O2 c o n c e n t r a t i o n .  

I n  d e l a y e d  f l u o r e s c e n c e  i n d u c t i o n  s t u d i e s ,  t h e  same 

p r o t o c o l  w a s  f o l l o w e d  e x c e p t  t h e r e  was no  Fo l e v e l  d e t e r m i n -  

a t i o n .  

2 . 6 . 2  ~ A 5 ~ 8  d e t e r m i n a t i o n s  

I n  AA518 s t u d i e s  l e a v e s  were d a r k  a d a p t e d  f o r  1 h r  b e f o r e  

measurement .  I n  most  e x p e r i m e n t s  t h e  s ample  w a s  exposed  t o  

t h e  a c t i n i c  f l a s h  a t  t h e  d e s i r e d  f l a s h  f r e q u e n c y  f o r  5 min 

p r i o r  t o  d a t a  a c q u i s i t i o n .  I n  some e x p e r i m e n t s  A A ~ ~ ~  W a s  

d e t e r m i n e d  i n  a i r  a n d  t h e n  a g a i n  a f t e r  a  change  i n  t h e  O 2  

c o n c e n t r a t i o n .  I n  t h e s e  e x p e r i m e n t s  t h e  a c t i n i c  f l a s h e s  were 

l e f t  r u n n i n g  a t  t h e  f r e q u e n c y  d e s i r e d  d u r i n g  t h e  g a s  change  

a n d ,  as i n  f l u o r e s c e n c e  s t u d i e s ,  t h e  s ample  w a s  a l l o w e d  t o  

e q u i l i b r a t e  f o r  2 min w i t h  t h e  new O2 c o n c e n t r a t i o n  b e f o r e  

d a t a  w a s  a c q u i r e d .  



TABLE 2-1 
- -  - 

Nutrient Solution for S ~ i n a c h  Water Culture 

Volume (ml) per 601. 
Solution Stock Concentration nutrient solution 

Ca (NO3 ) 2 1 M 

MgS04 1 M 

KHz PO, 1 M 

NgC 1 2 1 M 

Trace elements B,Mn,Zn,Cu,Mo 

NaFe - EDTA 3.86 gm/250 ml 

Trace Elements Quantity mg in 250 ml H20 

715 



O2 q u e n c h i n g  o f  variable c h l o r o p h y l l - a  f l u o r e s c e n c e  

i n  vivo and i n  v i t ro  -- - 

3 . 1  I n t r o d u c t i o n  

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

a f t e r  e x c i t a t i o n  o f  a  d a r k  adap ted  l e a f  c o n t a i n  c o n s i d e r a b l e  

i n f o r m a t i o n  on t h e  f u n c t i o n i n g  of  t h e  p h o t o s y n t h e t i c  a p p a r a t u s  

d u r i n g  i n d u c t i o n  o f  p h o t o s y n t h e s i s .  A t y p i c a 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  from a  n a t u r e  bean l e a f ,  d a r k  a d a p t e d  f o r  1 

h r  p r i o r  t o  i l l u m i n a t i o n  i s  shown i n  F i g u r e  3 . l a .  Immedia te ly  

upon e x c i t a t i o n  o f  t h e  l e a f ,  f l u o r e s c e n c e  r i s e s  t o  an  i n i t i a l  

l e v e l ,  Fo, F i g u r e  3 . l b .  T h i s  i s  emiss ion  from t h e  c h l o r o -  

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

w i t h  pho tosys tem I1 p r i o r  t o  e x c i t a t i o n  energy  i n d u c i n g  c h a r g e  

s e p a r a t i o n  a t  t h e  r e a c t i o n  c e n t e r  o f  photosys tem 11, P680. 

Upon e x c i t a t i o n  e n e r g y  t r a n s f e r  t o  P680 and t h e  r e s u l t i n g  

charge  s e p a r a t i o n ,  e l e c t r o n s  a r e  t r a n s f e r r e d  t o  p l a s t o q u i n o n e  

v i a  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  of  photosys tem 11, Q (QA a s  

i n  F i g u r e  1 . 2 ) .  A s  t h e  p l a s t o q u i n o n e  poo l  becomes reduced  t h e  

p r o b a b i l i t y  o f  e x c i t a t i o n  energy  t r a n s f e r  t o  P680 c a u s i n g  a 

f u r t h e r  r e d u c t i o n  o f  p l a s t o q u i n o n e  d e c r e a s e s ,  and t h e  p r o b a b i l -  

i t y  of  e n e r g y  d i s s i p a t i o n  i n  t h e  c h l o r o p h y l l - a  pigment  bed by 

o t h e r  p r o c e s s e s  must i n c r e a s e .  T h e r e f o r e  a n  i n c r e a s e  i n  f l u o r -  

e s c e n c e  o b s e r v e d  as t h e  i n c r e a s e  i n  e m i s s i o n  from Fo t o  Fp 

r e s u l t s  from r e d u c t i o n  o f  t h e  p l a s t o q u i n o n e  p o o l  (Munday and 



Figure 3.1 Chlorophyll-a f luorescence  induct ion  

curves f o r  a  mature bean l e a f .  a )  

t y p i c a l  induct ion curve f o r  dark adap- 

t ed  l e a f .  b)  F, l e v e l  determinat ion 

f o r  dark adapted l e a f  (shown on 

expanded time s c a l e ) .  c) induct ion  

curve in  l ea f  t r e a t e d  with 1SPM DCMU. 
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Govind j e e ,  1969 ; Lavergne , 1974; Mohanty and Govindjee , 1974; 

Papageorgiou,  1975). That r e d u c t i o n  of  p l a s toqu inone  determin-  

es t h e  i n c r e a s e  i n  f l uo re scence  from Foto Fp can be demon- I 
I 

s t r a t e d  by comparing t h e  r i s e  t ime of  f l u o r e s c e n c e  i n  u n t r e a t e d l  
I 

l e aves  t o  t h e  r i s e  t ime i n  l eaves  i n h i b i t e d  w i t h  15pM 3(3 ,4 -  I 

I ,  

I 

d i ~ h l o r o ~ h e n y l )  -1 , l -d ime thy lu rea  ( D C P ~ U ) ,  F igu re  3. l c .  E l ec t ron  
I ~ 

t r a n s p o r t  from Q t o  p l a s toqu inone  i s  blocked by DCMU t r ea tmen t  , /  
I 

(Duysens and Sweers,  1963) ,  t h e r e f o r e  t h e  r i s e  from Fo t o  
I 

1 
I 

Fmax i n  t h e  p re sence  of DCMU i s  i n d i c a t i v e  of  Q r e d u c t i o n  

where Q i s  maximally reduced a t  Fmax. It has  been e s t a b l i s h -  l 
ed t h a t  t h e r e  a r e  s e v e r a l  p l a s toqu inones ,  b u t  on ly  one Q I 

I / 

a s s o c i a t e d  w i t h  each  photosystem I1 r e a c t i o n  c e n t r e  (Arnesz, I( / 
I 

1977; Golbech e t  a l . ,  1977) and t h a t  t h e  i n i t i a l  r a t e  of p l a s t -  I ~ 1 
oquinone r e d u c t i o n  by photosystem I1 i s  g r e a t e r  than  t h e  r a t e  1 1  

I / I  

of o x i d a t i o n  by photosystem I (Wi t t ,  1975) .  Thus t h e  slow r i s e ! /  1 

t o  Fp i n  u n t r e a t e d  l e a v e s  as compared t o  t h e  f a s t  r i s e  t o  

Fmax i n  t h e  p re sence  of  DCMU i n d i c a t e s  r e d u c t i o n  o f  t h e  

p l a s toqu inone  pool  as  compared t o  r e d u c t i o n  of  Q. I t  i s  

expected t h a t  Fp would r each  t h e  same i n t e n s i t y  as Fmax i f  

t h e  p l a s toqu inone  pool were complete ly  reduced du r ing  dark-  

l i g h t  i n d u c t i o n ,  assuming DCMU a f f e c t s  t h e  observed f l u o r e s -  

cence emis s ion  on ly  by b lock ing  e l e c t r o n  t r a n s p o r t  from Q t o  

p l a s toqu inone .  

A f t e r  t h e  i n i t i a l  r ise  t o  Fp, f l uo re scence  i s  subse-  

quen t ly  quenched over  a per iod  of minutes t o  t h e  FT l e v e l  - i n  

v ivo .  S t u d i e s  w i t h  - i n  v i t r o  systems have shown t h a t  quenching 



o f  f l u o r e s c e n c e  can  b e  induced  by a  number o f  f a c t o r s .  

Changes i n  t h e  r e d o x  s t a t e  o f  p l a s t o q u i n o n e  (Lavergne ,  1974;  

V e r n o t t e  e t  a l . ,  1 9 7 9 ) ,  t h e  magnitude of  p r o t o n  ( B r i a n t a i s  e t  

a l . ,  1979) and o t h e r  c a t i o n  (Barber ,  1976) e l e c t r o c h e m i c a l  

g r a d i e n t s  a c r o s s  t h e  t h y l a k o i d  nembrane and t h e  l e v e l  o f  

a d e n o s i n e  t r i p h o s p h a t e  (ATP) (Horton and B l a c k ,  1980) can a l l  

i n f l u e n c e  c h l o r o p h y l l - a  f l u o r e s c e n c e  e m i s s i o n  and may be  

invo lved  i n  t h e  Fp t o  FT quenching obse rved  -- i n  v i v o .  

However, r e c e n t  e v i d e n c e  p r e s e n t e d  by Bradbury  and Baker 

(1981) h a s  i n d i c a t e d  t h a t  t h e  b u l k  of  -- i n  v i v o  quenching i s  a 

d i r e c t  r e s u l t  o f  p l a s t o q u i n o n e  o x i d a t i o n .  A l s o ,  t h e  induc-  

t i o n  k i n e t i c s  o f  EPR s i g n a l  I (an i n d i c a t o r  of  t h e  o x i d i z e d  

p h o t o s y s t e n  I r e a c t i o n  c e n t r e ,  ~ 7 0 0 + )  and f l u o r e s c e n c e  induc-  

t i o n  a r e  i d e n t i c a l  (Andreeva,  1982) .  It  i s  a p p a r e n t  t h a t  t h e  

i n  v i v o  f l u o r e s c e n c e  i n d u c t i o n  t r a n s i e n t  i s  a  good i n d i c a t o r  -- 

of  t h e  r e d o x  s t a t e  o f  t h e  p l a s t o q u i n o n e  poo l  d u r i n g  i n d u c t i o n  

of  p h o t o s y n t h e s i s .  

C h l o r o p h y l l - a  f l u o r e s c e n c e  i s  quenched by m o l e c u l a r  0 2 .  

Vidaver  e t  a l .  (1981) have  d e s c r i b e d  t h r e e  p h a s e s  o f  O 2  

quenching -- i n  v i v o  and - i n  v i t r o ;  1 )  quench ing  o f  Fp;  2 )  

quenching of Fmax i n  t h e  p r e s e n c e  of  DCMU and ;  3 )  quenching 

o f  t h e  i n i t i a l  f l u o r e s c e n c e  Fo. Each phase  d i f f e r e d  i n  

s e n s i t i v i t y  t o  0 2  by a p p r o x i m a t e l y  one o r d e r  o f  magnitude.  

F o c c u r r e d  w i t h  3-5 H a l f - q u e n c h i n g  o f  f p  = (Fp - Fo) /  

atm of 0 2 ,  fM = (Fmax - Fo)/Fo w i t h  40 atm and Fo 



r e q u i r e d  o v e r  400 atm o f  02 .  Only t h e  most s e n s i t i v e  phase ,  

t h e  quenching o f  fp ,  was dependent  on e l e c t r o n  t r a n s p o r t  

( i n h i b i t e d  by DCMU t r e a t m e n t )  and was t e n t a t i v e l y  r e l a t e d  t o  

o x i d a t i o n  o f  e l e c t r o n  t r a n s p o r t  by 0 2 .  Quenching o f  f, and 

Fo were s u g g e s t e d  t o  r e p r e s e n t  O2 quenching o f  P680 r e a c t i o n  

c e n t r e s  ( o r  Q-) and a n t e n n a e  c h l o r o p h y l l  molecu les  

r e s p e c t i v e l y .  

I n  t h i s  c h a p t e r  a  comparison i s  made o f  t h e  -- i n  v i v o  c h l o r -  

o p h y l l - a  f l u o r e s c e n c e  e m i s s i o n  o f  two brown a l g a l  s p e c i e s ,  two 

g r e e n  a l g a e  and two h i g h e r  p l a n t s  i n  o r d e r  t o  i n v e s t i g a t e  pos-  

s i b l e  d i f f e r e n c e s  i n  absorbed  l i g h t  e n e r g y  u t i l i z a t i o n .  A l s o ,  

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

c h l o r o p l a s t s  was done t o  l o c a l i z e  t h e  s i t e  o f  O 2  quenching.  

There  i s  a  wide d i v e r s i t y  of  a c c e s s o r y  p igments  i n  a l g a e  

and h i g h e r  p l a n t s .  For  example,  r e d ,  brown, and g r e e n  a l g a e  

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

of  p h y c o e r y t h r i n ,  f u c o x a n t h i n  and c h l o r o p h y l l - b  a s  t h e i r  

r e s p e c t i v e  a c c e s s o r y  p i g n e n t s .  The brown a l g a e  a l s o  have 

c h l o r o p h y l l - c .  Only g r e e n  a l g a e  and t h e  t e r r e s t r i a l  g r e e n  

p l a n t s  s h a r e  a  common pigment sys tem.  D e s p i t e  t h i s  d i v e r s i t y  

i n  p igments ,  t h e  s i g n i f i c a n c e  i s  presumably  l i m i t e d  t o  l i g h t  

c a p t u r e  and t h e  b a s i c  ene rgy  c o n v e r s i o n  s t e p s  a r e  b e l i e v e d  t o  

be  s i m i l a r  f o r  a l l  O2 e v o l v i n g  p l a n t s  ( B a r r e t t  and Anderson, 

1980; 14ishkind and M a u z e r a l l ,  1980) .  C h l o r o p h y l l - a  i s  u n i v e r -  

s a l l y  p r e s e n t  i n  a l l  p l a n t s  which have  t h e  c a p a c i t y  f o r  w a t e r -  



s p l i t t i n g  and much e v i d e n c e  i n d i c a t e s  t h a t  t h e  f u n c t i o n  o f  

a c c e s s o r y  p igments  i s  t o  t r a n s f e r  e x c i t a t i o n  e n e r g y  t o  

c h l o r o p h y l l - a  (Goedheer ,  1972) .  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 s  a  h i g h l y  e f f e c t i v e  quencher  of  a c c e s s o r y  pigment  f l u o r e s  - 
c e n c e ,  t h u s  c h l o r o p h y l l  - a  f l u o r e s c e n c e  i s  i n d i c a t i v e  o f  l i g h t  

h a r v e s t i n g  by t h e  a c c e s s o r y  p igments  a s  w e l l  a s  by c h l o r o -  

p h y l l - a .  

A s t u d y  was made o f  b o t h  endogenous quenching and O2 

quenching o f  f p  i n  t h e s e  d i v e r s e  p h o t o s y n t h e t i c  o rgan i sms .  

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

r e l a t i v e  comparisons o f  f p  and t h u s  o f  t h e  p l a s t o q u i n o n e  

redox s t a t e  were p o s s i b l e .  O2 quenched b o t h  f, and f p  i n  

t h e  mar ine  a l g a e  i n  a  manner s i m i l a r  t o  t h a t  obse rved  i n  

h i g h e r  p l a n t s .  R e s u l t s  from O 2  u p t a k e  e x p e r i m e n t s  w i t h  

c h l o r o p l a s t s  i s o l a t e d  from brown a l g a e  i n d i c a t e d  t h a t  t h e  

h i g h e r  endogenous quench ing  o f  f p  observed i n  t h e  brown 

a l g a e  may r e s u l t  f rom i n c r e a s e d  e l e c t r o n  t r a n s p o r t  t o  02.  I n  

c h l o r o p l a s t s  i s o l a t e d  from l e t t u c e  v a r i o u s  e l e c t r o n  t r a n s p o r t  

i n h i b i t o r s  were used  t o  l o c a l i z e  t h e  s i t e  of  f p  quenching 

by 02. The r e s u l t s  o f  t h e s e  i n h i b i t o r  s t u d i e s  r e v e a l e d  t h a t  

e l e c t r o n  t r a n s p o r t  t h r o u g h  p l a s t o q u i n o n e  and p l a s t o c y a n i n  was 

r e q u i r e d  t o  o b s e r v e  f p  quench ing  by 02. 

3.2  R e s u l t s  

T y p i c a 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 o r  bean  a r e  s e e n  

i n  F i g u r e  3 .2a .  The u p p e r  t r a c e  shows Fmax i n  t h e  p r e s e n c e  



Figure 3 .2  Fluorescence induct ion  curves.  a )  

bean. b) -- Ulva sp . .  c )  H .  i n t e g r i -  - 

f o l i a .  d) a coniparison of t h e  bean, 

Ulva s p . ,  and M .  i n t e g r i f o l i a  f l u o r e s -  -- - 

cence induction curves i n  a i r .  For a ,  

b and c Fma, was measured i n  t h e  

presence of DCMU, t h e  c o n t r o l  curve i s  

l a b e l l e d  a i r ,  and i n  t h e  lower t r a c e s  

t h e  numbers r e f e r  t o  O 2  pressure  i n  

atmospheres. The Fo t r a c e  i n  a i r  i s  

shown on an expanded time s c a l e .  



relative fluorescence 



of  DCMU; lower t r a c e s  a r e  f o r  u n t r e a t e d  l e a v e s  under  i n c r e a s -  

ing  O2 p r e s s u r e s  (a tm).  The bottom t r a c e  i s  f o r  Fo i n  a i r ,  

normalized t o  1 r e l a t i v e  f l u o r e s c e n t  u n i t .  F i g u r e s  3.2b and 

3 . 2 ~  show t h e  same s e t  of measurements f o r  Ulva and M. - 

i n t e g r i f o l i a  r e s p e c t i v e l y .  It  i s  r e a d i l y  appa ren t  t h a t  

a l though  f m  E (Fmax - Fo)/Fo i s  s i m i l a r  i n  t h e s e  p l a n t s ,  

f  z (Fp - Fo)/Fo i s  lower i n  t h e  seaweeds, e s p e c i a l l y  so  i n  
P 

M .  i n t e g r i f o l i a  (F igu re  3 .2d) .  - 

Oxygen r e v e r s i b l y  quenched fp  i n  a l l  p l a n t s  s t u d i e d  

(F igures  3 .2a ,b ,  c )  . The O2 quenching curves  (F igu re  3.3) 

show s i m i l a r  ha l f -quenching  O2 p r e s s u r e s  of 7 atm f o r  bean,  6 

atm f o r  Ulva,  and 5 atm f o r  - M .  i n t e g r i f o l i a ,  s u g g e s t i v e  of 

s i m i l a r  mechanisms f o r  O2 quenching. f p  i s  lower i n  Ulva 

than bean and lowes t  i n  - M .  i n t e g r i f o l i a  a t  a l l  O2 p r e s s u r e s .  

The O 2  p r e s s u r e  r equ i r ed  f o r  ha l f -quenching  of f l u o r e s -  

cence i n  t h e  presence  of DCMU was more than  40 atm O 2  i n  a l l  

t h r e e  p l a n t s  and remarkably,  O2 quenching of f, f i t s  t h e  

same curve f o r  a l l  t h r e e  (F igure  3.3) . 

I n  Table  3-1 v a l u e s  of f m  and f p  f o r  v a r i o u s  h i g h e r  

p l a n t s ,  u n i c e l l u l a r  a l g a e  and seaweeds a r e  compared. f m  i s  

s i m i l a r  f o r  a l l  of  t h e  p l a n t s ,  y e t  fp  i s  d i s t i n c t l y  lower 

i n  t h e  a l g a e  than  i n  corn o r  bean. 

The s t r o n g  endogenous quenching of f l uo re scence  observed 

i n  t h e  marine a l g a e  and t h e  s e n s i t i v i t y  of f l uo re scence  t o  0 2  



Figure 3 . 3  O2 quench ing  of  f,, d a s h e d  l i n e ,  a n d  

f p ,  s o l i d  l i n e s ,  i n  b e a n  (O ) ,  Ulva 

s p .  (0) and  >I .  i n t e g r i f o l i a  ( A ) .  - - - 





TABLE 3-1 

Relative variable fluorescence, fm = (F,-Fo)/Fo 

fp = (Fp-Fo)/~o for higher plants and algae 

Plant 
f~ f m fp& 

bean 4 . 2  4 . 2  1 . 0  

corn 3.7 3.9 .95 

Ulva species 2 . 6  4 . 2  .62 

Macrocystis integrifolia 1.5 4.1 .37 

Fucus vesiculosis 1 . 4  3.8 .37 

Scenedesmus obliquus 1.1 3.7 .30 



suggested t h a t  in tersys tem e l e c t r o n  t r a n s p o r t  c a r r i e r s  a r e  

oxidized d i r e c t l y  o r  i n d i r e c t l y  by 02.  Chloroplas ts  were 

i s o l a t e d  from four  spec ies  of brown a lgae  (Popovic e t  a l . ,  -- 

1983). It  was found t h a t  well-washed, broken, brobm a l g a l  

c h l o r o p l a s t s  r e l eased  more O2 upon a d d i t i o n  of c a t a l a s e  than 

was taken up i n  the  l i g h t  i n  the  presence of methyl v io lo -  

gen. When c a t a l a s e  was added t o  non-i l luminated chloro-  

p l a s t s ,  O2 was re leased  and t h i s  O2 was s u f f i c i e n t  t o  account 

f o r  the  excess  (Figure 3 .4 ) .  I n  comparison, c h l o r o p l a s t s  

from spinach or  l e t t u c e  showed l i t t l e  O 2  evo lu t ion  on addi-  

t i o n  of c a t a l a s e  i n  the  dark.  Chloroplas ts  from Fucus 

v e s i c u l o s i s  i s o l a t e d  under a  dim green s a f e l i g h t  did not  

r e l e a s e  O2 on a d d i t i o n  of c a t a l a s e  i n  t h e  dark but  would take 

up O 2  i n  the  l i g h t  i n  the  absence of methyl viologen and 

ascorbate  (da ta  not shown). 

In  l e t t u c e  c h l o r o p l a s t s  0 2  quenching of f p  and f, 

was s i m i l a r  t o  t h a t  observed -- i n  vivo.  As previously reported 

(Vidaver e t  a l . ,  1981), i n h i b i t i o n  of Q oxida t ion  v i a  i n t e r -  

system e l e c t r o n  t r a n s p o r t  by DCMU r e s u l t e d  i n  a decrease i n  

the  s e n s i t i v i t y  of 0 2  quenching of f luorescence  by a  f a c t o r  

of 10 i n  vivo o r  i n  v i t r o .  -- - 

The s i t e  of f p  quenching by 0 2  nus t  t h e r e f o r e  be on 

the  reducing s i d e  of Q. I n h i b i t i o n  of plastoquinone oxida- 

t i o n  with dibromothymoquinone (DBMIB) , (Trebst  , l98O), 

r e t a rded  f p  quenching by O2 t o  the  same degree a s  DCMU 



F i g u r e  3.4 L i g h t  dependent  O 2  r e d u c t i o n  i n  t h e  

p r e s e n c e  of methyl  v i o l o g e n  and 

subsequen t  O2 r e l e a s e  a f t e r  t h e  

a d d i t i o n  of c a t a l a s e  conpared  t o  O2 

r e l e a s e  i n  n o n - i l l u m i n a t e d  samples  f o r  

FUCUS , N e r e o c y s t i s  , L a m i n a r i a ,  

M a c r o c y s t i s ,  s p i n a c h ,  and l e t t u c e .  

R e a c t i o n  media a t  l m l  c o n t a i n e d :  50mM 

Hepes (pE 7 . 6 ) ,  lmPl blnC12, 1mE.I blgC12, 

10-15pg Chl ,  I m M  NH4C1, 0.2mM methyl -  

v i o l o g e n ,  6mM i s o a s c o r b a t e  and 300 

u n i t s  of commercial c a t a l a s e  where 

i n d i c a t e d .  
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t r e a t m e n t  and h i s t o n e ,  a r e p o r t e d  i n h i b i t o r  o f  p l a s t o c y a n i n  

f u n c t i o n  i n  b o t h  c y c l i c  and n o n - c y c l i c  e l e c t r o n  f low (Brand 

e t  a l . ,  1971 ;  l 9 7 2 ) ,  a l s o  a f f e c t s  f p  quenching i n  t h e  same 

manner. Quenching i n  t h e  p r e s e n c e  o f  2-5 d i n e t h y l q u i n o n e  

(DMQ) was n o t  i n h i b i t e d  and showed t h e  s a n e  s e n s i t i v i t y  t o  O2 

a s  c o n t r o l  c h l o r o p l a s t s  ( n o t  shown). Al though D B K I B  o r  

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

i n d u c t i o n  t r a n s i e n t  t h e  a d d i t i o n  of  DNQ b o t h  s lowed t h e  r i s e  

t o  fp and d e c r e a s e d  t h e  e x t e n t  of  f p  i n d i c a t i n g  a n  

i n c r e a s e  i n  t h e  e f f e c t i v e  poo l  s i z e  of  o x i d i z e d  pho tosys tem 

I1 e l e c t r o n  a c c e p t o r s  ( F i g u r e  3 . 6 ) .  I f  DCMU was added t o  

c h l o r o p l a s t s  w i t h  DMQ, t h e  O2 quenching o f  f l u o r e s c e n c e  was 

t h e  same a s  i f  DMQ was n o t  p r e s e n t  ( n o t  shown). To d e t e r m i n e  

t h e  i n f l u e n c e  of  pho tosys tem I on O2 quenching o f  f p  a 

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

I d r i v e n  O2 u p t a k e  i s  i n h i b i t e d  by h y d r o s t a t i c  p r e s s u r e  i n  

g r e e n  a l g a e  a l t h o u g h  O2 e v o l u t i o n  i s  n o t  g r e a t l y  a f f e c t e d  

(Vidaver  and C h a n d l e r ,  1969) .  E f f e c t s  o f  O2 p a r t i a l  p r e s s u r e  

w i t h  a  t o t a l  p r e s s u r e  o f  135 atm s u p p l i e d  by N2 g a s  a r e  shown 

f o r  bean l e a v e s  i n  F i g u r e  3 .7 .  A t  c o n s t a n t  t o t a l  p r e s s u r e ,  

O2 quenching i s  even more s e n s i t i v e  t h a n  c o n t r o l  quenching 

s u g g e s t i n g  p h o t o s y s t e m  I is  n o t  i n v o l v e d  and t h a t  p r e s s u r e  o f  

t h i s  magni tude  makes t h e  quenching s i t e  n o r e  a c c e s s i b l e  t o  

0 2  



Figure 3.5 O2 quenching of f luorescence  i n  

ch lo rop las t s  i n  the  presence of 

var ious  i n h i b i t o r s  of e l e c t r o n  

t r a n s p o r t .  Re la t ive  f luorescence  

va lues  a r e  f, o r  fp .  
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Figure 3.6 Tine courses of fluorescence 

induction in chloroplasts and in 

chloroplasts treated with l P M  

DBMIB, 0.5mM DPIQ, or 1 O P g  histone 

per p g  chlorophyll. Broken 

curves are F, determinations 

shown on an expanded time scale. 
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Figure 3.7 O2 quenching of fp in bean leaves 

with O2 present alone and with N2 plus 

O2 at a total pressure of 135 atm. 

The upper curve represents fluores - 
cence yield in 100% O2 at the pressure 

shown; the lower shows the yield at a 

constant pressure of 135 atm with 

partial O2 pressure as shown on the 

scale. 





3 . 3  D i s c u s s i o n  

3 .3 .1  A compar ison o f  c h l o r o p h y l l - a  f l u o r e s c e n c e  i n d u c t i o n  
k i n e t i c s  and t h e i r  O2 s e n s i t i v i t y  i n  a l g a e  and h i g h e r  

p l a n t s  

I n  t h e  i n t e r p r e t a t i o n  o f  f l u o r e s c e n c e ,  one u s u a l l y  

assumes t h a t :  

1 )  The measured Fo i s  t h e  minimum f l u o r e s c e n c e  y i e l d  

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

from a n t e n n a e  p igments  t o  pho tosys tem 11 (Papageorg iou ,  

1975) ; 

2) DCNU changes  t h e  a b s o l u t e  f l u o r e s c e n c e  y i e l d  by  

b l o c k i n g  e l e c t r o n  t r a n s p o r t  o x i d a t i o n  o f  G .  (Papageorg iou ,  

1975) ,  a n d ;  

3 )  During t h e  i n i t i a l  i n d u c t i o n  o f  p h o t o s y n t h e s i s  

(5-10s)  t h e  v a r i a b l e  f l u o r e s c e n c e  y i e l d  is  de te rmined  mainly  

by changes  i n  t h e  r e d o x  s t a t e  o f  Q (Bradbury and Baker,  

1981) .  

With t h e  above a s s u m p t i o n s ,  t h e  c o n s t a n c y  o f  f, o b s e r v -  

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

a l  s i m i l a r i t y  i n  pho tosys tem I1 and a s s o c i a t e d  a n t e n n a e  p i g -  

ments which p e r m i t s  -- i n  v i v o  compar isons  o f  t h e  r e l a t i v e  redox  

s t a t e  of  Q. However, as fm i s  a r e l a t i v e  measure ,  s i m i l a r -  

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

t o  pho tosys tem I1 are n o t  i m p l i e d .  I n  a l g a e  n o t  i n h i b i t e d  

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

quenched.  A s  f, was s i m i l a r  i n  a l l  p l a n t s ,  t h e  low f p  i n  

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



oxid ized  i n  t h e  a l g a e  t h a n  i n  t h e  h i g h e r  p l a n t s .  E i t h e r  l e s s  

e f f i c i e n t  w a t e r - s p l i t t i n g ,  more e f f i c i e n t  e l e c t r o n  t r a n s p o r t  t o  

photosystem I ,  o r  h i g h e r  o x i d a t i o n  l o s s e s  from e l e c t r o n  t r a n s -  

p ,or t  would r e s u l t  i n  a lower f p .  I n  l e t t u c e  c h l o r o p l a s t s  

f p  was decreased  by i n c r e a s i n g  t h e  pool of ox id i zed  photosys-  

t e n  I1 e l e c t r o n  a c c e p t o r s  wi th  DMQ. A major e l e c t r o n  t r a n s p o r t  

l o s s  i nvo lves  r e d u c t i o n  of  O 2  and t h e  subsequent  p roduc t ion  of  

H202 (Behrens e t  a l . ,  1982; Egneus e t  a l . ,  1975; Marsho e t  a l . ,  

1979; Radmer and Kok, 1976) .  It has been r e p o r t e d  t h a t  

Scenedesmus o b l i q u u s  shows h ighe r  r a t e s  of O 2  up take  (02  reduc- 

t i o n )  than  sp inach  o r  soybean (Behrens e t  a l . ,  1982; Marsho e t  

a l . ,  1979) .  The low f p  of - S. ob l iquus  (Table 3-1) suppor t s  

t h e s e  r e s u l t s  i f  O2 i s  assumed t o  be t h e  quencher of  f p .  The 

endogenous quenching of f p  i s  g r e a t e r  i n  t h e  brown a l g a e  than 

i n  h i g h e r  l and  p l a n t s .  A s  O2 i s  a po ten t  quencher of f p  i n  

a l l  t h e  p l a n t s  s t u d i e d  it i s  conceivable  t h a t  t h e  endogenous 

quencher i s  02.  The h i g h e r  r a t e s  of 02 r e d u c t i o n  wi th  concorni- 

t a n t  H202 p roduc t ion  observed i n  t h e  brown a l g a e  suppor t  t h i s  

hypo thes i s .  

Although e l e c t r o n  t r a n s p o r t  may be more s e n s i t i v e  t o  O 2  i n  

a l g a e  than  h i g h e r  p l a n t s ,  it i s  a l s o  p o s s i b l e  t h a t  i n t e r n a l  

c o n c e n t r a t i o n s  of  O2 a r e  h i g h e r  i n  a l g a e .  D i s s i p a t i n g  endogen- 

ous ly  evolved O2 may be more d i f f i c u l t  f o r  a q u a t i c  a l g a e  than 

f o r  h i g h e r  l and  p l a n t s  a s  boundary-layer r e s i s t a n c e s  t o  gas  

exchange are much h i g h e r  i n  an aqueous environment.  For  

example, C02 u p t a k e  has  been shown t o  be l i m i t e d  by boundary- 



l a y e r  t h i c k n e s s  i n  M a c r o c y s t i s  p y r i f e r a  (Wheeler ,  1980) .  

I n c r e a s e d  e l e c t r o n  t r a n s p o r t  t o  endogenous O 2  i n  seaweeds and 

o t h e r  a l g a e  may p a r t i a l l y  accoun t  f o r  t h e  low l i g h t  

s a t u r a t i o n  of  p h o t o s y n t h e s i s  obse rved  i n  t h e  brown a l g a e  

(Smith e t  a l . ,  1983;  W i l l e n b r i n k  e t  a l . ,  1979) .  

3 .3 .2  L o c a l i z a t i o n  o f  t h e  s i t e  o f  O2 quenching o f  f p  

The i n h i b i t i o n  o f  02 quenching o f  f p  by t r e a t m e n t  w i t h  

DCMU i n  b o t h  a l g a e  and h i g h e r  p l a n t s  i n d i c a t e s  t h e  i n v o l v e -  

ment of  e l e c t r o n  t r a n s p o r t  c a r r i e r s  on t h e  r e d u c i n g  s i d e  o f  Q 

i n  t h e  mechanism of  O2 quenching.  A s  DBMIB,  an  i n h i b i t o r  of  

PQ o x i d a t i o n  and p s e u d o c y c l i c  e l e c t r o n  t r a n s p o r t  ( T r e b s t ,  

l98O) ,  a l s o  b locked  f p  quenching by 0 2 ,  it i s  a p p a r e n t  t h a t  

t h e  O2 quench ing  s i t e  i s  on t h e  r e d u c i n g  s i d e  o f  PQ. H i s -  

t o n e ,  a  r e p o r t e d  i n h i b i t o r  o f  p l a s t o c y a n i n  (Brand e t  a l . ,  

1971;  1972) a l s o  b l o c k s  f p  quenching t o  t h e  same d e g r e e  a s  

DCMU o r  DBMIB i n d i c a t i n g  t h a t  i n  f a c t  e l e c t r o n  t r a n s p o r t  a l l  

t h e  way from photosys tem I1 t o  p l a s t o c y a n i n  i s  r e q u i r e d  t o  

o b s e r v e  f p  quenching by 0 2 .  

C l e a r l y  o x i d a t i o n  o f  i n t e r s y s t e m  e l e c t r o n  c a r r i e r s  by O2 

would quench f p ,  and t h e  e l e c t r o n  t r a n s p o r t  i n h i b i t o r  s t u d y  

showed t h a t  t h i s  s i t e  would have  t o  i n v o l v e  e l e c t r o n  t r a n s -  

p o r t  t h r o u g h  p l a s t o c y a n i n .  P l a s t o c y a n i n  i s  n o t  a u t o - o x i d i z -  

a b l e  by a t m o s p h e r i c  O2 and a f t e r  i s o l a t i o n  o f  p l a s t o c y a n i n  

from s p i n a c h ,  i t  w a s  de te rmined  t h a t  O 2  would n o t  o x i d i z e  

i s o l a t e d  p l a s t o c y a n i n  under  i n c r e a s e d  O 2  p r e s s u r e  ( d a t a  n o t  



shown). However, r e c e n t  work by Haehnel (1982) h a s  i n d i c a t e d  

t h a t  i t  i s  p l a s t o c y a n i n  complexed t o  t h e  cytochrome b 6 / f  

complex t h a t  i s  f u n c t i o n a l  i n  e l e c t r o n  t r a n s p o r t  t o  P700, and 

t h e  O2 s e n s i t i v i t y  o f  t h i s  system i s  unknown. 

The r e d u c i n g  s i d e  o f  photosystem I i s  n o t  l i k e l y  t h e  

s i t e  of f p  quench ing  by O2 a s  t h e  a d d i t i o n  o f  O 2  t o  l e a v e s  

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

r eached  w i t h i n  500ms o f  i l l u m i n a t i o n ) .  A l s o ,  t h e  i n h i b i t i o n  

o f  pho tosys tem I d r i v e n  0 2  uptake  by i n c r e a s e d  p r e s s u r e  d i d  

n o t  r e t a r d  f p  quench ing  by O2 b u t  r a t h e r  made f p  more 

s e n s i t i v e  t o  0 2 .  F e r r e d o x i n  reduces  i n t e r s y s t e m  e l e c t r o n  

c a r r i e r s  i n  t h e  d a r k  ( M i l l s  e t  a l . ,  1979;  Arnon and Chain ,  

l g i ' g ) ,  and O2 i s  known t o  o x i d i z e  f e r r e d o x i n  (Hosein  and 

Palmer ,  1983;  Furbank and Badger,  1983) ,  c o n c e i v a b l y  

i n c r e a s i n g  t h e  O2 c o n c e n t r a t i o n  may d r i v e  t h e  o x i d a t i o n  of 

i n t e r s y s t e m  e l e c t r o n  c a r r i e r s  by f e r r e d o x i n .  R e c e n t l y ,  Arnon 

e t  a l .  (1981) have  proposed a  new concep t  f o r  e l e c t r o n  and 

p r o t o n  t r a n s p o r t  i n  p h o t o s y n t h e s i s .  The b a s i s  o f  t h i s  

concep t  i s  t h e i r  r e p o r t e d  r e d u c t i o n  of f e r r e d o x i n  d i r e c t l y  

v i a  pho tosys tem 11. I f  f e r r e d o x i n  can a c c e p t  e l e c t r o n s  from 

p h o t o s y s t e n  I1 w i t h o u t  photosys tem I a c t i v i t y ,  o x i d a t i o n  o f  

f e r r e d o x i n  by  0 2  would e x p l a i n  f p  quenching by 0 2 .  However 

t h e  t r a n s p o r t  pathway from photosys tem I1 t o  f e r r e d o x i n  would 

have  t o  i n v o l v e  p l a s t o q u i n o n e  and p l a s t o c y a n i n  t o  accommodate 

t h e  i n h i b i t i o n  o f  O2 quenching o f  f p  by DBMIB and h i s t o n e .  



Chapte r  4 

Effect of O2 on the Kinetics of b A S l 8  i n  vivo -- 

4 . 1  I n t r o d u c t i o n  

Charge s e p a r a t i o n  a c r o s s  t h e  t h y l a k o i d  membrane induced 

by e x c i t a t i o n  o f  t h e  r e a c t i o n  c e n t e r s  P680 and P700 r e s u l t s  

i n  t h e  f o r m a t i o n  of an  e l e c t r i c  f i e l d  a c r o s s  t h e  membrane. 

The magni tude  o f  t h i s  f i e l d  i s  l a r g e  ( l o 5  V cm-l) a s  t h e  

p o t e n t i a l  i s  h e l d  a c r o s s  t h e  t h i n  ( a  4nm) non-conduc t ing  p a r t  

o f  t h e  t h y l a k o i d  menbrane (Wit t  e t  a l . ,  1976) .  When a  p i g -  

ment w i t h  a d i f f e r e n t  d i p o l e  moment o r  p o l a r i z a b i l i t y  i n  t h e  

ground s t a t e  t h a n  i n  t h e  e x c i t e d  s t a t e  i s  exposed t o  an  e l e c -  

t r i c  f i e l d ,  i t  w i l l  have  an energy  d i f f e r e n c e  between t h e  

ground and e x c i t e d  s t a t e s  t h a t  i s  dependen t  on t h e  e l e c t r i c  

f i e l d  s t r e n g t h .  Thus t h e  absorbance  band o f  such  a  menbrane , 

bound pigment  i s  s h i f t e d  by t h e  e l e c t r i c  f i e l d  formed a c r o s s  

t h e  t h y l a k o i d  membrane. When measured as a l i g h t - d a r k  

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 a ,  a f i e l d  i n d i c a t i n g  absorbance  

i n c r e a s e  p e a k i n g  a t  518nm (aAS18) i s  obse rved  ( s e e  W i t t ,  

1979,  f o r  a  r e v i e w ) .  When e x c i t e d  by s h o r t  s i n g l e  t u r n o v e r  

s a t u r a t i n g  l i g h t  f l a s h e s  t h e  i n i t i a l  r i s e  o f  A A S l 8  i s  f o l l o w -  

ed  by a  decay  r e f l e c t i n g  t h e  s low d i s s i p a t i o n  o f  t h e  e l e c t r i c  

f i e l d  i n  t h e  d a r k  o v e r  a p e r i o d  o f  m i l l i s e c o n d s .  I n  F i g u r e  

4 . 1 ,  a A S 1 8  i s  shown f o r  a d a r k  a d a p t e d  l e t t u c e  l e a f .  T h i s  

t r a c e  i s  t h e  a v e r a g e  o f  40 measurements t a k e n  a t  a f r e q u e n c y  

o f  0.25 H z .  The f a s t  r i se  [ <  3ns ,  W i t t  (19791 r e s u l t s  from 



Figure 4 . 1  Time course of AA5 18 i n  a dark-adapted 

l e t t u c e  l e a f .  The t r a c e  i s  an average 

of 40 measurements taken with a f l a s h  

frequency of 0.25 H z .  





c h a r g e  s e p a r a t i o n  a t  b o t h  P680 and P700; t h e  s low r i s e  

(5-10ms) i s  dependen t  on t h e  redox  p o i s e  o f  i n t e r s y s t e m  elec- 

t r o n  c a r r i e r s  and nay be i n d i c a t i v e  o f  c y c l i c  e l e c t r o n  t r a n s -  

p o r t  (Crowther  and Hind,  1980) o r  t h e  o p e r a t i o n  of  a Q c y c l e  

( a s  o r i g i n a l l y  proposed by M i t c h e l l ,  1976) d u r i n g  n o n - c y c l i c  

e l e c t r o n  t r a n s p o r t  ( S e l a k  and Whitmarsh, 1982) .  The subse -  

quent  decay o f  AAs18 ( t 1 I 2  = 500ms) i s  d e t e r m i n e d  by t h e  

s low decay o f  t h e  e l e c t r i c  f i e l d  i n  t h e  d a r k .  A d d i t i o n  o f  an 

ionophore  w i l l  a c c e l e r a t e  t h e  decay by a  f a c t o r  o f  20 o r  more 

( W i t t ,  1 9 7 9 ) ,  d e m o n s t r a t i n g  t h a t  d i s s i p a t i o n  o f  t h e  e l e c t r i c  

f i e l d  by i o n  f l u x  t h r o u g h  t h e  membrane i s  p o s s i b l e .  I n  l i g h t  

adap ted  l e a v e s  t h e  AAs18 decay i s  f a s t e r  by a  f a c t o r  o f  20 o r  

more o v e r  t h e  d a r k  a d a p t e d  decay i n d i c a t i n g  new pathways of  

e l e c t r i c  f i e l d  d i s s i p a t i o n  i n  t h e  l i g h t .  The decay of  A A S L 8  

i n  d a r k  a d a p t e d  l e a v e s  i s  complex (Shapendonk e t  a l . ,  1979) 

and r e c e n t l y  t h e  predominance of  t h e  f a s t  decay component 

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

for rca t ion  ( s t r o n g  m i l l i s e c o n d  de layed  f l u o r e s c e n c e )  and 

i n c r e a s e d  ATP h y d r o l a s e  a c t i v i t y  o f  c o u p l i n g  f a c t o r  1 (CF1) 

(Mor i t a  e t  a l ,  1981;  1982) .  The involvement  o f  ATP h y d r o l a s e  

a c t i v i t y  o f  CF1 i s  s u p p o r t e d  by i n  v i t r o  s t u d i e s  where p r e -  - 
dominance o f  t h e  f a s t  decay component i s  obse rved  a f t e r  a d d i -  

t i o n  o f  ATP t o  c h l o r o p l a s t s  w i t h  d i t h i o l  a c t i v a t e d  CF1 ATP 

h y d r o l a s e  ( S c h r e i b e r  and R i e n i t s ,  1982; Shuurmans and 

Kraayenhof,  1983) .  These c o n d i t i o n s  a l s o  e f f e c t  a n  i n c r e a s e  



i n  f l u o r e s c e n c e  v i a  r e v e r s e  e l e c t r o n  f l o w  ( S c h r e i b e r  and 

Avron, 1979) .  

A s  d e s c r i b e d  i n  c h a p t e r  3 ,  t h e r e  i s  an  e l e c t r o n  t r a n s -  

p o r t  dependent  quenching o f  v a r i a b l e  f l u o r e s c e n c e  by 0 2  & 

v i v o  and under  t h e  same c o n d i t i o n s  O2 was found t o  i n h i b i t  

A A S l 8  d e c a y ,  t h u s  s u p p o r t i n g  t h e  h y p o t h e s i s  t h a t  t h e  a c c e l e r -  

a t e d  h A S l 8  decay i s  dependent  on h i g h  energy  s t a t e  forma- 

t i o n .  T h i s  c h a p t e r  d e s c r i b e s  t h e  O2 i n f l u e n c e  on AA5 1  

decay i n  v i v o  and e v i d e n c e  i s  p r e s e n t e d  i n d i c a t i n g  t h e  e f f e c t  -- 

i s  r e l a t e d  t o  r e d u c t i o n  o f  photosys tem I a c c e p t o r s  v i a  e l e c -  

t r o n  t r a n s p o r t .  A p o s s i b l e  mechanism i s  d i s c u s s e d  i n  connec- 
a 

t i o n  w i t h  t h e  O2 i n h i b i t e d  f e r r e d o x i n - t h i o r e d o x i n - r e d u c t a s e  

a c t i v a t i o n  o f  CF1 ATP h y d r o l a s e  obse rved  - i n  v i t r o  ( M i l l s  e t  

a l . ,  1 9 8 0 ) .  

4.2 R e s u l t s  

The dependence of  t h e  A A ~ ~ ~  k i n e t i c s  i n  l e t t u c e  l e a v e s  

on O2 c o n c e n t r a t i o n  and background r e d  l i g h t  a r e  s e e n  i n  

F i g u r e  4 . 2 .  Lowered O2 c o n c e n t r a t i o n s  (b)  and weak r e d  back- 

ground i l l u m i n a t i o n  ( c )  d e c r e a s e d  t h e  magnitude and decay 

h a l f t i m e  o f  t h e  AASl8  compared t o  t h e  c o n t r o l  i n  a i r  w i t h  no 

background l i g h t  ( a ) .  These e f f e c t s  w e r e  r e v e r s i b l e  and com- 

p l e t e  w i t h i n  a p p r o x i m a t e l y  1 n i n .  F a r - r e d  background l i g h t  

induced  a t r a n s i e n t  a c c e l e r a t i o n  o f  A A ~ ~ ~  decay ,  F i g u r e  4.3 

shows t h e  a v e r a g e  o f  16 f l a s h  r e s p o n s e s  g i v e n  a t  0 . 1  Hz f o r  

( a )  t h e  d a r k  a d a p t e d  c o n t r o l ;  (b)  t h e  l e a f  i n  ( a )  s i g n a l -  

ave raged  immedia te ly  a f t e r  t h e  a d d i t i o n  o f  0.1 W m-2  f a r - r e d  



Figure 4.2 Time courses  of A A ~ ~  8 i n  l e t t u c e  

l eaves .  Each t r a c e  i s  the  average of 

16 measurements taken with a  dark i n t e r -  

v a l  between f l a s h e s  of 10s.  a )  dark 

adapted l e a f  f l a s h  e q u i l i b r a t e d  f o r  2  

min before  measurement under 20% 02. 

b) t h e  l e a f  i n  (a)  i n  1% 02. C)  l e a f  

under t h e  same condi t ions  as  the  l e a f  i n  

( a )  except  with the  add i t ion  of 0.3 W 

m'2 red  l i g h t  (Corning 2-64 red  cu t -o f f  

f i l t e r ) .  





Figure 4.3 Time courses of h A g 1 8  i n  l e t t u c e  

leaves .  Each t r a c e  i s  the  average of 

16 measurements taken with a  dark i n t e r -  

v a l  between f l ashes  of 10s a l l  under 20% 

0 2 .  a )  dark adapted l e a f  as i n  Figure 

4.2a.  b) t he  l e a f  i n  (a)  immediately 

following the add i t ion  of 0.1 W m - 2  f a r -  

red l i g h t  (Balzers B-718 in te r fe rence  

f i l t e r ) .  c )  same sample measured 

immediately following (b) s t i l l  under 

the  far - red  l i g h t .  





l i g h t ;  and ( c )  t h e  same l e a f  a v e r a g e d  160s  l a te r ,  s t i l l  under  

t h e  f a r - r e d  l i g h t .  T h i s  p a t t e r n  w a s  r e v e r s i b l e  and t h e  t r a n -  

s i e n t  a c c e l e r a t i o n  c o u l d  be obse rved  a g a i n  a • ’  t e r  approx imate -  

l y  2-3 min w i t h o u t  background i l l u m i n a t i o n .  The t r a n s i e n t  

e f f e c t  of f a r - r e d  l i g h t  i s  most l i k e l y  c o r r e l a t e d  t o  o x i d a -  

t i o n  o f  i n t e r s y s t e m  e l e c t r o n  c a r r i e r s  a s  s u s t a i n e d  a c c e l e r a -  

t i o n  r e q u i r e s  t h e  p a r t i c i p a t i o n  of  photosys tem I1 ( r e d  

l i g h t ) .  

The a c c e l e r a t i o n  o f  A A ~ ~ ~  decay caused by t h e  p r e s e n c e  

o f  r e d  background i l l u m i n a t i o n  c o u l d  be r e v e r s e d  by an  

i n c r e a s e  i n  02. A l i n e a r  r e l a t i o n s h i p  was found between t h e  

amount of  added O2 n e c e s s a r y  t o  r e v e r s e  t h e  r e d  l i g h t  induced 

a c c e l e r a t i o n  o f  decay t o  c o n t r o l  l e v e l s  and t h e  i n t e n s i t y  o f  

t h e  background l i g h t  ( F i g u r e  4 . 4 ) .  T h i s  l i n e a r  dependence 

shows a  s t r o n g  c o u p l i n g  between t h e  O2 and background l i g h t  

e f f e c t s  on a A 5  1 8  decay and i s  most s imply  e x p l a i n e d  by a  com- 

p e t i t i v e  mechanism where O2 and r e d  l i g h t  a f f e c t  t h e  same 

s i t e .  

The d A S 1 8  decay h a l f t i m e  i n c r e a s e s  l i n e a r l y  w i t h  t h e  

d a r k  i n t e r v a l  be tween f l a s h e s  (7)  u n t i l  a  s a t u r a t i n g  d a r k  

a d a p t e d  l i m i t  i s  r e a c h e d  which i s  independen t  o f  T ( F i g u r e  

4 . 5 ) .  T h i s  d a r k  a d a p t e d  l i m i t  i s  d e c r e a s e d  w i t h  lowered 0 2  

d e m o n s t r a t i n g  a l i g h t  independen t  e f f e c t  o f  0 2  on A A 5 1 8  k i n -  

e t i c s .  However, the 7 where t h e  d a r k  a d a p t e d  l i m i t  i s  r e a c h -  

ed i s  s h o r t e r  w i t h  i n c r e a s e d  O2 i n d i c a t i n g  a g a i n  t h a t  O 2  and 

i n p u t  l i g h t  e n e r g y  compete i n  d e t e r m i n i n g  t h e  A S l 8  decay.  
A 



Figure 4 .4  P l o t  of t h e  O 2  pressure  requi red  t o  

r e s t o r e  t h e  A A S 1  8 decay ha l f t ime t o  the  

dark adapted value a f t e r  the add i t ion  of 

background red l i g h t  (Corning 2-64 red 

c u t o f f  f i l t e r )  versus  the  i n t e n s i t y  of 

t h e  background l i g h t .  Data po in t s  were 

obtained by f i r s t  adding background red 

l i g h t  t o  a  dark adapted sample and then 

adding inc reas ing  O 2  pressure  u n t i l  t he  

decay was r e s t o r e d  t o  t h e  dark adapted 

l e v e l .  A l l  A A ~  8 determinat ions were 

done wi th  a  dark i n t e r v a l  between 

f l a s h e s  of 10s and were the  averages of 

20 measurements. 



4 PRESSURE ( d m )  

)3 b 0. 



Figure 4 .5  A A ~ ~ ~  decay ha l f t ime vs .  the  time 

between f l a s h e s  (7) f o r  leaves  a t  1% 

0 2 ,  20% O 2  and 100% 0 2 .  Leaves wi th  

DCCD and KCN a t  20% 0 2 .  Oxygen s t a t e d  

as  percentage of 1 atm. 



DECAY HALFTIME(ms) 



A t  T = 10s t h e  AASl8  decay i s  s t i l l  a  f u n c t i o n  of T. Both 

t h e  l i g h t  dependent and independent e f f e c t s  o f  O2 a r e  mani- 

f e s t e d  i n  t h e  b i p h a s i c  curve of  decay h a l f t i m e  v e r s u s  O2 

pres su re  (F igure  4 . 6 ) .  \ hen  7 i s  i nc reased  t o  60s o r  a t  7 = 

10s i n  t h e  p re sence  of DCMU (F igu re  4.7) only  one phase  i s  

d i s t i n g u i s h a b l e  and t h e  O2 e f f e c t  on A A ~ ~ ~  decay s a t u r a t e s  a t  

a  much lower O2 p a r t i a l  p r e s s u r e .  Conversely ,  s t i m u l a t i o n  of 

e l e c t r o n  t r a n s p o r t  by t h e  a d d i t i o n  of weak red  background 

l i g h t  o r  a  d e c r e a s e  i n  T t o  3s causes  s a t u r a t i o n  of t h e  O2 

e f f e c t  t o  occur  a t  a  h i g h e r  O2 p r e s s u r e  ( >  5  a tm) .  Although 

DCMU d id  no t  comple te ly  i n h i b i t  t h e  O 2  e f f e c t ,  it  d i d  i n h i b i t  

p r e i l l u n i n a t i o n  induced a c c e l e r a t i o n  of  A A S 1 8  decay (no t  

shown) a s  p r e v i o u s l y  r e p o r t e d  (Flori ta e t  a 1  . , 1981) . 
DCCD, which h a s  been r e p o r t e d  t o  b lock  p ro ton  f l u x  

through CFo ( ~ c C a r t y ,  1980; Nelson e t  a l . ,  1977) produced t h e  ' 

l onges t  b A S l 8  decay h a l f t i m e s  a t  a l l  7 (F igu re  4.5) a s  we l l  

a s  i n h i b i t i n g  t h e  e f f e c t s  of O2 (F igu re  4 .7)  and background 

red l i g h t  (no t  shown) on t h e  A A ~ ~ ~  decay.  S i m i l a r l y ,  t r e a t -  

ment wi th  KCN r e s u l t e d  i n  an i n c r e a s e  i n  decay h a l f t i m e  a t  

a l l  dark i n t e r v a l s  (F igure  4 . 4 ) ,  complete i n h i b i t i o n  of  t h e  

O2 e f f e c t  a t  long and s h o r t  T (F igu re  4 .7)  and e l i m i n a t i o n  of  

t h e  a c c e l e r a t i o n  by background red  l i g h t  (not  shown). 

The AAS18 decay r a t e  was f a s t e r  a f t e r  a  2 min p re i l l um-  

i n a t i o n  wi th  200 W rn-2 r ed  l i g h t  i n  l eaves  t r e a t e d  wi th  KCN 

than i n  l e a v e s  w i t h  DCCD and t h e  h a l f t i m e  of  dark  recovery  t o  



Figure 4.6 aAs18 decay ha l f t ime  vs. O 2  pressure  

( ~ a r t i a l  pressure below 1 atm). Time 

between f l a shes  ~ = 3 s ,  ~ = 1 0 s ,  ~ = 6 0 s ,  and 

~ = l O s  with 0.1 W m-2 background red 

l i g h t  (Corning f i l t e r  2-64) .  



DECAY HALFTIME (ms) 



Figure 4.7 A A 5 1 8  decay ha l f t ime vs.  O 2  concentra- 

t i o n  f o r  leaves t r e a t e d  with DCMU, DCCD 

and KCN with z= lOs  except f o r  the  lowest 

curve where z = l s .  



DECAY HALFTIME (ms) 



t h e  o r i g i n a l  slow decay was much longer  with KCN (8-9 min) 

than with DCCD ( <  1 min) (Figure 4 .8) .  The time course of 

dark recovery a f t e r  p re i l lumina t ion  i n  the  presence of KCN o r  

high O 2  d i d ,  however, lack  the  i n i t i a l  l a g  phase which 

inc reases  the recovery ha l f t ime  t o  18 min i n  un inh ib i t ed  

leaves ,  c o r r e l a t i n g  well  with the  23 min repor ted  by Morita 

e t  a l .  (1982) f o r  spinach l eaves .  

4 .3  Discussion 

Factors  governing the  a c c e l e r a t i o n  of A A S l 8  decay by 

p re i l lumina t ion  a r e  complex. The s t rong c o r r e l a t i o n  between 

ATPase a c t i v i t y  and A A ~ ~  8 decay a c c e l e r a t i o n  (Florita e t  a l . ,  

1982) has suggested t h a t  increased proton f l u x  through a c t i -  

vated CPo-CF1 ATP syn the tase  i s  respons ib le  ( I t o h  and Mori ta ,  

1982). Although t h e  mechanism i s  unc lea r ,  CF,-CFl ATP syn- 

t h e t a s e  has been shown t o  be a c t i v a t e d  i n  the  l i g h t  by both 

the  transmembrane e l e c t r i c  p o t e n t i a l  (Schlodder and W i t t ,  

1981) and e l e c t r o n  t r a n s p o r t  (Mil ls  e t  a l . ,  1980).  

In dark adapted i n t a c t  c h l o r o p l a s t s ,  ATP hydrolase  

a c t i v i t y  of CF1 i s  s t imula ted  by r e p e t i t i v e  f l a s h e s  with a  

dark i n t e r v a l  between f l a s h e s  of 7 = 5s (Inoue e t  a l . ,  

1978). This i s  c o n s i s t e n t  with the  a c c e l e r a t i o n  of ~ A 5 ~ 8  

decay shown t o  occur  a t  7 = 5s compared t o  the  dark adapted 

l i m i t  a t  longer  7 (Figure 4 .5) .  When the  decay i s  measured 

a t  7 = 10s ,  s t i m u l a t i o n  of e l e c t r o n  t r a n s p o r t  by a d d i t i o n  of 

red background i l l u m i n a t i o n  a c c e l e r a t e s  t h e  decay suggest ing 



Figure 4 .8  The time course of dark recovery of 

A A ~ ~ ~  a f t e r  a  2 min p re i l lumina t ion  with 

200 W rn-2 red l i g h t ,  measured with r=lOs 

f o r  a con t ro l  l e a f  and leaves  inh ib i t ed  

with KCN and DCCD i n  a i r  compared with 

leaves i n  t h e  presence of 100% 02. 

t 1 / 2 ~  i s  t h e  h a l f t i m e  before  and 

t 1 l 2 ~  a f t e r  p r e i l l u n i n a t i o n .  





t h a t  ATP-hydrolase a c t i v i t y  i s  i n c r e a s e d .  When o n l y  

photosys tem I i s  a c t i v a t e d  ( f a r - r e d  l i g h t ) ,  t h e  t r a n s i e n t  

a c c e l e r a t i o n  o f  A A ~ ~ ~  decay observed i s  presumably  l i m i t e d  by 

t h e  reduced  f r a c t i o n  o f  t h e  p l a s t o q u i n o n e  p o o l .  A s  d i s c u s s e d  

i n  c h a p t e r  1, p l a s t o q u i n o n e  i s  p a r t i a l l y  r educed  i n  t h e  d a r k  

(Arnon and Cha in ,  1979) s o  a t r a n s i e n t  r e d u c t i o n  o f  

pho tosys tem I a c c e p t o r s  w i l l  r e s u l t  from a d d i t i o n  o f  f a r - r e d  

l i g h t .  The e f f e c t  o f  f a r - r e d  l i g h t  was c o m p l e t e l y  r e v e r s i b l e  

a f t e r  a  2 - 3  min d a r k  i n t e r v a l  which f u r t h e r  s u p p o r t s  t h i s  

i d e a .  T h i s  r e s u l t  l o c a l i z e s  t h e  s i t e  of  background l i g h t  

induced decay  a c c e l e r a t i o n  and p o s s i b l y  CF1 ATP-hydrolase 

a c t i v a t i o n  t o  t h e  r e d u c t i o n  o f  photosys tem I e l e c t r o n  

a c c e p t o r s .  F u r t h e r  s u p p o r t  a r i s e s  from t h e  i n h i b i t i o n  o f  r e d  

l i g h t  induced  decay a c c e l e r a t i o n  by t h e  CF, -CFl i n h i b i t o r  

DCCD o r  t h e  e l e c t r o n  t r a n s p o r t  i n h i b i t o r  DCMU. K C N ,  r e p o r t e d  

t o  i n h i b i t  p l a s t o c y a n i n  - i n  v i t r o  by Izawa e t  a l .  (1973) a l s o  

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

KCN i n h i b i t e d  e l e c t r o n  t r a n s p o r t  i n  v i v o .  -- 

The ambien t  O2 c o n c e n t r a t i o n  s t r o n g l y  a f f e c t s  t h e  AAS18 

decay b o t h  i n  d a r k  a d a p t e d  and l i g h t  a d a p t e d  l e a v e s .  The 

m a n i f e s t a t i o n  o f  t h i s  e f f e c t  was dependent  on CF,-CF, a c t i v i -  

t y  a s  a l l  O2 i n f l u e n c e  on A A ~ ~ ~  decay was i n h i b i t e d  by DCCD.  

The involvement  o f  e l e c t r o n  t r a n s p o r t  i s  shown by t h e  l o s s  o f  

O2 e f f e c t s  on decay  i n  l e a v e s  t r e a t e d  w i t h  KCN. I n h i b i t i o n  

o f  e l e c t r o n  t r a n s p o r t  from photosys tem I1 t o  t h e  p l a s t o q u i -  



none p o o l  w i t h  DCMU d i d  n o t  i n h i b i t  t h e  a c c e l e r a t i o n  of  A A 5 i 8  

decay by O 2  c o n c e n t r a t i o n s  o f  less t h a n  5% 02.  These r e s u l t s  

show a  s i m i l a r  O2 dependence  t o  t h a t  o f  ATP f o r m a t i o n  by cyc-  

l i c  e l e c t r o n  t r a n s p o r t  i n  t h e  p r e s e n c e  o f  DCMU (Woo e t  a l . ,  

1983) .  I n h i b i t i o n  o f  t h e  f a s t  decay component o f  A A ~ ~ ~  by O2 

o c c u r s  w i t h  a  much lower  c o n c e n t r a t i o n  of  O 2  when r e d u c t i o n  

o f  i n t e r s y s t e m  c a r r i e r s  i s  b l o c k e d  by DCMU t r e a t m e n t .  Oxygen 

a p p e a r s  t o  be compet ing  w i t h  e l e c t r o n  t r a n s p o r t  f o r  c o n t r o l  

o f  t h e  A A ~ ~ ~  decay .  T h i s  i s  shown most c l e a r l y  by t h e  l i n e a r  

dependence obse rved  between t h e  amount o f  added 0 2  n e c e s s a r y  

t o  r e v e r s e  t h e  background l i g h t  induced  AAS18 decay a c c e l e r a -  

t i o n  and t h e  background l i g h t  i n t e n s i t y .  T h i s  l i n e a r i t y  

i n d i c a t e s  a d i r e c t  c o m p e t i t i o n  between O2 and t h e  background 

l i g h t  induced  e l e c t r o n  t r a n s p o r t  t o  pho tosys tem I a c c e p t o r s .  

The most p r o b a b l e  s i t e  f o r  s u c h  a  c o m p e t i t i o n  would be  f e r r e - b  

d o x i n .  F e r r e d o x i n  is  reduced  by pho tosys tem I (and p o s s i b l y  

by pho tosys tem 11; Arnon e t  a l . ,  1981) and h a s  been shown t o  

b e  o x i d i z e d  by O2 b o t h  i n  t h e  l i g h t  and i n  t h e  d a r k  (Furbank 

and Badger ,  1983;  Hasein  and Pa lmer ,  1983) .  A s  O2 a l s o  i n h i -  

b i t s  t h e  A A ~ ~ ~  decay i n d e p e n d e n t l y  o f  i n p u t  l i g h t  ene rgy  

( f l a s h  f r e q u e n c y ) ,  any mechanism d e s c r i b i n g  t h e  e f f e c t  of  Q 2  

on AAS18 decay must e x p l a i n  b o t h  l i g h t  dependent  and indepen-  

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

However, a s  measurements w e r e  done i n  v i v o ,  t h e  c o n t r i b u t i o n  -- 

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



o f  O 2  c o n c e n t r a t i o n  must be  c o n s i d e r e d .  ATP h a s  been r e p o r t -  

e d . t o  i n c r e a s e  t h e  c o n t r i b u t i o n  of  t h e  f a s t  decay component 

o f  AAS18 - i n  v i t r o  i n  t h e  d a r k  ( S c h r e i b e r  and R i e n i t s ,  1982;  

Shuurmans and Kraayenhof ,  1983) j u s t  a s  lowered 0 2  does  - i n  

v i v o ,  b u t  it seems u n l i k e l y  t h a t  lowered O 2  s h o u l d  i n c r e a s e  

t h e  m i t o c h o n d r i a 1  c o n t r i b u t i o n  t o  c h l o r o p l a s t  ATP. A l s o  t h e  

l i n e a r  r e l a t i o n s h i p  between 0 2  and background l i g h t  e f f e c t s  

on A A S l 8  decay  i n d i c a t e  a  c l o s e  r e l a t i o n s h i p  between O 2  and 

c h l o r o p l a s t  e l e c t r o n  t r a n s p o r t .  

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

(Fd-Th- reduc tase )  h a s  been shown t o  a c t i v a t e  CF1 ATP-hydro- 

l a s e  a c t i v i t y  i n  t h e  p r e s e n c e  of l i g h t  induced e l e c t r o n  

t r a n s p o r t  t o  f e r r e d o x i n  - i n  v i t r o  ( M i l l s  e t  a l . ,  1980) .  T h i s  

a c t i v a t i o n  and t h e  f e r r e d o x i n ,  Fd-Th-reductase  a c t i v a t i o n  o f  

o t h e r  c h l o r o p l a s t  enzymes - i n  v i t r o  (Shuurmans and J a c q u o t ,  

1979) a r e  i n h i b i t e d  by 02. The 6 s u b u n i t  of  CF1 i s  a  t h i o r e -  

dox in  t y p e  p r o t e i n  t h a t  can  a c t i v a t e  CF1 i n  t h e  p r e s e n c e  o f  

reduced Fd-Th- reduc tase  (McKinney e t  a l . ,  1979) which sup-  

p o r t s  t h e  h y p o t h e s i s  t h a t  Fd-Th-reductase  r e g u l a t e s  CF1 & 

v i v o .  Marchant  (1981) h a s  proposed t h a t  t h e  ATP h y d r o l a s e  

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

i n  v i v o ,  i s  a  f u n c t i o n  o f  t h e  c h l o r o p l a s t  t h i o r e d o x i n  sys tem.  -- 

The e f f e c t  o f  Fd-Th-reductase  on CF1 i s  n o t  l i m i t e d  t o  

ATP-hydrolase a c t i v i t y ,  as M i l l s  and M i t c h e l l  (1982) have  



shown t h a t  ATP f o r m a t i o n  induced by an a c i d - b a s e  t r a n s i t i o n  

i s  i n c r e a s e d  i n  t h i o l  t r e a t e d  c h l o r o p l a s t s .  The O2 

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

Fd-Th- reduc tase  a c t i v a t i o n  o f  CF1 h a s  been p r e v i o u s l y  

d i s c u s s e d  a s  an  anomaly, i . e .  a c t i v a t i o n  would o n l y  occur  

when t h e  e x p e r i m e n t  was c a r r i e d  o u t  under  a c o n t i n u o u s  s t r e a m  

o f  N2 ( M i l l s  e t  a l . ,  1981) .  The 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  a r e  c o n s i s t e n t  w i t h  an  e l e c t r o n  t r a n s p o r t  dependent  

O2 s e n s i t i v e  a c t i v a t i o n  o f  CF1 ( g i v i n g  r i s e  t o  an  a c c e l e r a t e d  

a A S l 8  decay)  by Fd-Th-reductase  i n  v i v o .  The a c t i v a t i o n  of  -- 

CF 1 - -  i n  v i v o  i s  a l s o  i n h i b i t e d  by NADP+ ( M i l l s  e t  a l . ,  1981) 

a s  i s  f e r r e d o x i n  dependent  02 u p t a k e  (Furbank and Badger,  

1 9 8 3 ) .  I t  i s  a p p a r e n t  t h a t  O2 may compete w i t h  NADP+, 

Fd-Th- reduc tase  and p o s s i b l y  c y c l i c  e l e c t r o n  t r a n s p o r t  f o r  

e l e c t r o n s  from f e r r e d o x i n ,  and t h u s  e x e r t  s t r o n g  r e g u l a t i o n  

o f  ATP and NADPH f o r m a t i o n  i n  v i v o .  -- 



The Anaerobic Inhibition of  Photosynthesis 

5 .1  I n t r o d u c t i o n  

The e f f e c t s  o f  O2 on f l u o r e s c e n c e  i n d u c t i o n  and b A S 1 8  

k i n e t i c s  i n  v i v o  h a v e  been c h a r a c t e r i z e d  i n  c h a p t e r s  3 and -- 

4. I n  t h i s  c h a p t e r  t h e  e f f e c t s  of a n a e r o b i o s i s  on f l u o r e s -  

c e n c e ,  b A S l 8  and pho tosys tem 11 a c t i v i t y  a r e  d e s c r i b e d .  

Evidence h a s  been p rov ided  f o r  t h e  a n a e r o b i c  i n h i b i t i o n  o f  

pho tosys tem I1 a c t i v i t y  (Vidaver ,  1964;  S c h r e i b e r  and 

Vidaver  , 1974;  D i n e r  and I , l auze ra l l ,  1973 ; Greenbaum and 

M a u z e r a l l ,  1976) e l e c t r o n  t r a n s p o r t  and C 0 2  u p t a k e  (Urbach 

and Fork ,  1964;  S lovacek  and Hind, 1977;  Ziem-Hanck and 

Heber,  1980;  S a t o h ,  1980;  S a t o h ,  1982) i n  v i v o  and i n  i n t a c t  -- 
c h l o r o p l a s t s .  The proposed s i t e s  o f  i n h i b i t i o n  have  i n v o l v e d  

pho tosys tem 11, pho tosys tem I,  c y c l i c  and,  o f  c o u r s e ,  pseudo- 

c y c l i c  e l e c t r o n  t r a n s p o r t .  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  

s u p p o r t  a n  a n a e r o b i c  i n h i b i t i o n  o f  photosys tem I1 a c t i v i t y .  

5.1.1.  Delayed f l u o r e s c e n c e  

T h i s  c h a p t e r  i n c l u d e s  b o t h  prompt and de layed  f l u o r e s -  

cence  measurements .  Prompt f l u o r e s c e n c e  i n d u c t i o n  (measured 

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

3 .  



Delayed fluorescence is emitted after illumination and 

persists for milliseconds in the dark. This fluorescence 

arises from charge recombination at photosystem I1 where Q- 

reduces ~680+ leaving P680 in an excited state, ~680". 

~680" can either fluoresce, transfer its excitation energy 

to the light harvesting antennae chlorophylls or lose its 

excitation energy by non-radiative processes. Delayed 

fluorescence i's therefore emitted by both ~680" and excited 

antennae chlorophyll molecules (Amesz and Van Gorkham, 

1978). The intensity of delayed fluorescence is much lower 

than that of prompt fluorescence and is effectively masked by 

prompt fluorescence during illumination. 

The amplitude of delayed fluorescence depends on both 

the concentration of Q- and ~680+. This recombination occurs 

quickly, however delayed fluorescence persists over milli- 

seconds due to an equilibrium between the plastoquinone pool 

and Q. As the concentration of Q- in the dark will depend on 

the concentration of reduced PQ, inhibition of electron 

transport between Q and PQ with DCMU quenches millisecond 

delayed fluorescence (Morita et al., 1981). These same 

conditions cause an increase in prompt fluorescence. 

Similarly, inhibition of electron transport between the 

electron donor of photosystem I1 and P680 would also be 

expected to decrease delayed fluorescence but not necessarily 

quench prompt fluorescence. 



Assuming no changes  i n  t h e  c o n c e n t r a t i o n  o f  ~ 6 8 0 +  o r  

i n h i b i t i o n  o f  e l e c t r o n  t r a n s p o r t  between Q and PQ, t h e  

i n d u c t i o n  k i n e t i c s  o f  m i l l i s e c o n d  d e l a y e d  f l u o r e s c e n c e  

measured w i t h  a  phosphoroscope ( a s  d e s c r i b e d  i n  c h a p t e r  2) 

shou ld  p a r a l l e l  t h e  changes  i n  t h e  c o n c e n t r a t i o n  o f  Q' w i t h  

t ime  s i m i l a r l y  t o  prompt f l u o r e s c e n c e .  Large  d i f f e r e n c e s  i n  

t h e  i n d u c t i o n  t r a n s i e n t s  would r e s u l t  from i n h i b i t i o n  of  

e i t h e r  t h e  immedia te  donor o r  a c c e p t o r  s i d e  o f  pho tosys tem 

11. Although t h e y  d i f f e r  i n  d e t a i l ,  b o t h  prompt and d e l a y e d  

f l u o r e s c e n c e  i n d u c t i o n  t r a n s i e n t s  r e a c h  a  maximum w i t h i n  

seconds  and decay o v e r  minu tes  i n  s p i n a c h  l e a v e s  ( F i g u r e  

5 . 1 ) .  R e s u l t s  from M o r i t a  e t  a l .  (1981) i n d i c a t e  t h a t  

a n a e r o b i o s i s  quenches  m i l l i s e c o n d  d e l a y e d  f l u o r e s c e n c e  and 

i n c r e a s e s  prompt f l u o r e s c e n c e .  These r e s u l t s  s u g g e s t  t h e  

involvement  o f  pho tosys tem I1 i n  t h e  a n a e r o b i c  i n h i b i t i o n  o f  

p h o t o s y n t h e s i s .  M o r i t a  e t  a l .  (1981) a l s o  r e p o r t e d  a n  

i n h i b i t i o n  o f  p r e i l l u m i n a t i o n  induced a c c e l e r a t i o n  o f  bA5l8 

decay under  a n a e r o b i c  c o n d i t i o n s .  

I n  t h i s  c h a p t e r  it i s  shown t h a t :  

1. b o t h  prompt and de layed  f l u o r e s c e n c e  show s imilar  

r e s p o n s e s  t o  O2 e x c e p t  under  a n a e r o b i c  c o n d i t i o n s .  

2.  a n a e r o b i o s i s  i n h i b i t s  l i g h t  induced AA5 decay 

a c c e l e r a t i o n  i n  broken c h l o r o p l a s t s  w i t h  added ADP 

and p h o s p h a t e .  



Figure 5.1 Fluorescence induct ion transients for a 

spinach leaf in air. a) prompt 

fluorescence. b) millisecond delayed 

fluorescence. Actinic light intensity 

10 W m'2 for both curves. 
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3 .  t h e  a n a e r o b i c  i n h i b i t i o n  o f  l i g h t  induced d A 5 i 8  

decay a c c e l e r a t i o n  i n  c h l o r o p l a s t s  i s  n o t  p r e s e n t  

when hydroxylamine r e p l a c e s  w a t e r  a s  e l e c t r o n  donor 

t o  photosys tem 11. 

4 .  t h e  r e d u c t i o n  of  FeCN by p h o t o s y s t e n  I1 i s  i n h i b i t e d  

a n a e r o b i c a l l y .  

5 . 2  R e s u l t s  

5 . 2 . 1  A A ~ ~ ~  ,prompt ,  and d e l a y e d  f l u o r e s c e n c e  i n  v i v o  -- 

It i s  immedia te ly  a p p a r e n t  t h a t  t h e  l a c k  o f  O2 i n f l u -  

e n c e s  p h o t o s y n t h e s i s  v e r y  d i f f e r e n t l y  t h a n  "low" O 2  concen- 

t r a t i o n s  when t h e  e f f e c t s  o f  O 2  down t o  atm p a r t i a l  

p r e s s u r e  O2 on t h e  d a r k  adap ted  AA518 decay r a t e  i n  l e t t u c e  

l e a v e s  a r e  s e e n  i n  F i g u r e  5 .2 .  The decay h a l f t i m e  d e c r e a s e s  

w i t h  lowered O2  u n t i l  a p p r o x i m a t e l y  0 .01  atm p a r t i a l  p r e s s u r e  . 
0 2 .  Removal of more O2 now i n h i b i t s  t h e  d a r k  decay o f  

AA51 8 ,  Curve D. A d d i t i o n a l l y ,  u n d e r  t h e s e  "anaerobic"  

c o n d i t i o n s ,  p r e i l l u n i n a t i o n  w i l l  no l o n g e r  a c c e l e r a t e  t h e  

A A ~ ~  decay a s  shown by t h e  dependence o f  t h e  l i g h t  adapted  

A A S r 8  decay r a t e  on 0 2 ,  Curve L. 

I n  F i g u r e  5 .3  a  s i m i l a r  r e s p o n s e  t o  O 2  i s  found f o r  t h e  

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

l e a v e s .  Both a n a e r o b i c  and h i g h  O2 c o n c e n t r a t i o n s  d e c r e a s e  

t h e  a m p l i t u d e  o f  de layed  f l u o r e s c e n c e .  There a r e  c l e a r l y  two 

d i s t i n c t  s i t e s  o f  O2 i n f l u e n c e  on b o t h  dA5i8 decay k i n e t i c s  



Figure 5.2 Decay halftine of A A ~ ~ ~  in lettuce 

leaves versus O2 pressure (partial 

pressure below 1 atm) for dark 

adapted leaves (D) and leaves 

pre-illuminated for 1 min with 10 W 

m-* blue (Corning filter 4-96) 

light (L). 
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Figure 5.3 Amplitude of peak in induction curve of 

millisecond delayed fluorescence in 

spinach leaves versus O 2  pressure 

(partial pressure below 1 atm). 
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and d e l a y e d  f l u o r e s c e n c e  emiss ion .  I n  F i g u r e  5 .4  prompt 

f l u o r e s c e n c e ,  f p ,  i s  shown a s  a  f u n c t i o n  o f  O2 c o n c e n t r a -  

t i o n .  The c u r v e  i s  t h e  same a s  t h a t  p r e s e n t e d  i n  c h a p t e r  3 

excep t  c o n c e n t r a t i o n s  o f  O2 l e s s  than  0.2 atm a r e  now i n c l u d -  

e d .  No dichotomy i n  t h e  O2 e f f e c t  i s  a p p a r e n t .  

5 .2 .2 .  A A S l a  decay k i n e t i c s  under  a n a e r o b i c  c o n d i t i o n s  i n  - 

v i t r o  

A n a e r o b i c a l l y ,  p r e i l l u m i n a t i o n  d i d  n o t  a c c e l e r a t e  t h e  

decay of  A A ~ ~ ~  i n  l e t t u c e  l e a v e s ;  s i m i l a r  r e s u l t s  have  been 

r e p o r t e d  f o r  Zea mays (Plor i ta  e t  a l . ,  1981) .  The a c c e l e r a -  -- 

t i o n  of  A A ~ ~  a decay i s  a l s o  i n h i b i t e d  by DCPlU i n  v i v o  a s  -- 

p r e v i o u s l y  r e p o r t e d  by Mor i t a  e t  a l .  (1981) ( F i g u r e  5 . 5 ) .  I n  

broken l e t t u c e  c h l o r o p l a s t s  p r e i l l u m i n a t i o n  d i d  n o t  a c c e l e r -  

a t e  t h e  A A ~ ~ ~  decay a p p r e c i a b l y  ( n o t  shown) a s  it does  i n  t h e  

p r e s e n c e  o f  ADP and phospha te .  An a c c e l e r a t i o n  o f  decay was 

observed on a d d i t i o n  o f  ADP and phospha te  t o  c h l o r o p l a s t s  i n  

t h e  d a r k  which h a s  been r e p o r t e d  f o r  s p i n a c h  (Junge e t  a l . ,  

1970) .  The AAS18 decay  h a l f t i m e  d e c r e a s e d  w i t h  i n c r e a s i n g  

ADP and p h o s p h a t e  c o n c e n t r a t i o n  i n  b o t h  d a r k  a d a p t e d  and 

l i g h t  a d a p t e d  c h l o r o p l a s t s ,  however, l i g h t  a d a p t e d  

c h l o r o p l a s t s  showed a  d i s t i n c t l y  g r e a t e r  decay a c c e l e r a t i o n  

t h a n  t h e  d a r k  a d a p t e d  c h l o r o p l a s t s  ( F i g u r e  5 . 6 ) .  

A t  a  c o n c e n t r a t i o n  o f  20 mM ADP and p h o s p h a t e ,  p r e i l l u n -  

i n a t i o n  d e c r e a s e d  t h e  A A 5 l 8  decay h a l f t i m e  from 120 m s  t o  60  



Figure 5.4 Amplitude of peak in induction curve of 

prompt fluorescence in lettuce leaves 

versus O 2  pressure (partial pressure 

below 1 atm). 
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Figure 5.5 A A ~ ~ ~  in lettuce leaves in air. The 

numbers refer to decay halftimes in 

ms. From top to bottom the traces are: 

leaf dark adapted for 1 h (D), pre- 

illuminated (L) for 1 min at 10 W I T I - ~ ,  

preilluminated anaerobically (L,-02), 

and preilluninated in the presence of 

DCMU. Traces are the averages of 20 

measurements taken at a frequency of 

0.017 Hz. 
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F i g u r e  5.6 Decay h a l f t i m e  ( t l / q )  of  A A ~ ~ ~  

i n  l e t t u c e  c h l o r o p l a s t s  v e r s u s  

c o n c e n t r a t i o n  of  added ADP and 

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

a t i o n  ( 0 )  o r  d a r k  a d a p t a t i o n  ( 0 ) .  





m s .  A l i g h t  induced d e c r e a s e  i n  decay h a l f t i m e  was a l s o  

observed i n  t h e  p r e s e n c e  o f  methyl  v i o l o g e n  from 230 m s  t o  

120 m s  o r  pyocyanine  from 220 m s  t o  60 m s  ( F i g u r e  5 . 7 ) .  

Treatment  o f  c h l o r o p l a s t s  w i t h  hydroxylamine d i d  n o t  i n -  

duce a  l a r g e  change i n  t h e  d a r k  a d a p t e d  A A ~ ~ ~  decay r a t e .  

These c h l o r o p l a s t s  a l s o  showed a l i g h t  induced a c c e l e r a t i o n  

o f  decay i n  t h e  p r e s e n c e  of  added ADP and phospha te  ( F i g u r e  

5 . 8 a , 3 ) .  The l i g h t  induced  a c c e l e r a t i o n  of decay obse rved  i n  

c h l o r o p l a s t s  was i n h i b i t e d  by t h e  l a c k  o f  02.  However, t h e  

a c c e l e r a t i o n  was n o t  i n h i b i t e d  a n a e r o b i c a l l y  i n  hydroxylamine  

t r e a t e d  c h l o r o p l a s t s  ( F i g u r e  5 . 8 ~ ) .  

Tab le  5-1  compares t h e  r e l a t i v e  l i g h t - i n d u c e d  a c c e l e r a -  

t i o n  o f  A A ~  8 decay ( d a r k  a d a p t e d  decay h a l f t i m e ,  t D / l i g h t  

adap ted  decay h a l f t i m e ,  t ~ )  i n  hydroxylamine t r e a t e d  and 

c o n t r o l  c h l o r o p l a s t s  i n  t h e  p r e s e n c e  and absence  of G2 under  

v a r i o u s  c o n d i t i o n s .  I n  t h e  c o n t r o l  c h l o r o p l a s t s  tD/tL 

approaches  1 u n d e r  a l l  c o n d i t i o n s  a n a e r o b i c a l l y ,  b u t  a e r o b i -  

c a l l y  i s  g r e a t e r  t h a n  2  i n  t h e  p r e s e n c e  o f  ADP and p h o s p h a t e ,  

methyl  v i o l o g e n ,  o r  pyocyanin .  I n  hydroxylarnine t r e a t e d  

c h l o r o p l a s t s ,  tD/tL i s  g r e a t e r  t h a n  3 i n  a l l  c a s e s  w i t h  

o r  w i t h o u t  O2 i n  t h e  p r e s e n c e  o f  t h e  same a d d i t i v e s  a s  t h e  

c o n t r o l  c h l o r o p l a s t s .  Under a l l  c o n d i t i o n s  i n  b o t h  c o n t r o l  

and h y d r o x y l a n i n e  t r e a t e d  c h l o r o p l a s t s  t h e  a d d i t i o n  of  15pM 

DCMU i n h i b i t e d  l i g h t - i n d u c e d  decay a c c e l e r a t i o n  ( n o t  shown) 

a s  i t  d i d  i n  v i v o .  -- 



F i g u r e  5 . 7  d A S l 8  i n  l e t t u c e  c h l o r o p l a s t s  i n  a i r .  

The numbers r e f e r  t o  decay h a l f t i m e s  i n  

m s ,  a )  from top  t o  bot tom:  d a r k  adap t -  

ed (D) c h l o r o p l a s t s ;  c h l o r o p l a s t s  w i t h  

20 mM ADP and phospha te  ( 1 ,  da rk  

adap t ed  (D) and p r e i l l u r n i n a t e d  (L)  f o r  1 

;in a t  10 W m-*. b) C h l o r o p l a s t s  w i t h  

2 mM methyl v i o l o g e n  (MV),  d a rk  adap ted  

(D) and p r e i l l u m i n a t e d  (L) .  c )  Chloro-  

p l a s t s  w i t h  0 .5  mM pyocyanine  (Py ) ,  d a r k  

adap t ed  (D) and p r e i l l u m i n a t e d  (L) . 
Traces  are t h e  ave r ages  o f  20 measure- 

ments t aken  a t  a  f requency  o f  0 .33  Hz. 



Time ( ms) 



Figure 5.8 Flash induced 518 nn absorbance change 

in lettuce chloroplasts with 20 mM ADP 

and phosphate. Traces labelled (*) 

were treated with hydroxylamine (NH20H). 

a) dark adapted (D) chloroplasts, b) 

preilluminated (L) chloroplasts, c) an- 

aerobic (-02) preilluminated (L) chloro- 

plasts. See Figure 5.7 for other 

details. 
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5 .2 .3  Photosys tem I1 a c t i v i t y  under  a n a e r o b i c  c o n d i t i o n s  

Photosys tem I1 a c t i v i t y  i n  c h l o r o p l a s t s  was de te rmined  

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

c h a p t e r  2 .  The r e d u c t i o n  o f  FeCN (F igure  5 , 9 a , b , c )  was 

i n h i b i t e d  by 20 min exposure  t o  N2 ( cu rve  b )  . The r a t e  

ach ieved  on r e t u r n  t o  a i r  i s  shown a s  5 . 9 ~ .  Time dependent  

i n h i b i t i o n  of  pho tosys tem I1 (Drechsher  and Neumann, 1982) 

was obse rved  w i t h  20 min exposure  t o  FeCN i n  a i r  which 

produced a  r e p o n s e  i d e n t i c a l  t o  cu rve  5 . 9 ~ .  The a n a e r o b i c  

i n h i b i t i o n  o f  FeCN r e d u c t i o n  under  t h e s e  c o n d i t i o n s  was f u l l y  

r e v e r s i b l e .  

5 .3  D i s c u s s i o n  

The e f f e c t s  of  i n c r e a s e d  oxygen c o n c e n t r a t i o n s  on b o t h  

f l u o r e s c e n c e  i n d u c t i o n  and h A S l 8  decay k i n e t i c s  have  been 

d i s c u s s e d  i n  t e r n s  o f  i n c r e a s e d  o x i d a t i o n  o f  e l e c t r o n  t r a n s -  

p o r t  c a r r i e r s  i n  c h a p t e r s  3  and 4. It has  been shown i n  t h i s  

c h a p t e r  t h a t  d e c r e a s e d  O2 c o n c e n t r a t i o n s  on ly  s u p p o r t  t h e  

c o r r e l a t i o n  between O2 c o n c e n t r a t i o n  and redox s t a t e  o f  i n -  

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

O 2  c o n c e n t r a t i o n .  A t  O2  c o n c e n t r a t i o n s  below t h i s  l i m i t  

( a n a e r o b i o s i s )  b o t h  de layed  f l u o r e s c e n c e  and t h e  hAS18  decay 

are i n h i b i t e d  a s  t h e y  a r e  a t  h i g h  O2 c o n c e n t r a t i o n s .  How- 

e v e r ,  t h e  a n a e r o b i c  i n h i b i t i o n  o f  de layed f l u o r e s c e n c e  d i f  - 
f e r s  from t h e  i n h i b i t i o n  by i n c r e a s e d  O2  a s  a n a e r o b i c  i n h i b i -  

t i o n  i s  c h a r a c t e r i z e d  by a  comple te  l o s s  of  t h e  i n i t i a l  s low 

r i s e  of  de layed  f l u o r e s c e n c e  w h i l e  i n c r e a s e d  02 c o n c e n t r a -  



Figure 5 .9  The decrease i n  FeCN absorpt ion  a t  415 nn 

versus time. a )  t h e  reduct ion  r a t e  i n  

a i r  immediately a f t e r  t h e  sample was 

placed i n  t h e  sample holder .  b )  another  

sample measured a f t e r  a 20 min exposure 

t o  N2 i n  t h e  dark. c )  t h e  sample i n  b 

re turned  t o  a i r .  L ight  on (+),  Light  of f  

(+).  See chapter  2 f o r  d e t a i l s  of the  

measurement technique. 



TIME (min) 



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

e s c e n c e .  S i m i l a r l y ,  b o t h  a n a e r o b i o s i s  and i n c r e a s e d  O2 

d e c r e a s e  t h e  d a r k  a d a p t e d  A A 5 1 8  decay r a t e ,  b u t  o n l y  a n a e r o -  

b i o s i s  d e c r e a s e s  t h e  l i g h t  a d a p t e d  A A S 1 8  decay r a t e .  It h a s  

been r e p o r t e d  t h a t  i n t a c t  c h l o r o p l a s t s  show an optimum i n  

l i g h t  induced  hpH f o r m a t i o n  (Ziem-Hanck and Heber,  1980) and 

C02 f i x a t i o n  (Woo e t  a l . ,  1983) a t  a  low O2 c o n c e n t r a t i o n  

(0 .01  atm and 0 .05 atm r e s p e c t i v e l y )  when photosys tem I i s  

p r i m a r i l y  r e s p o n s i b l e  f o r  e l e c t r o n  t r a n s p o r t .  Higher  o r  

lower  O2 c o n c e n t r a t i o n s  i n h i b i t  b o t h  A ~ H  f o r m a t i o n  o r  C02 

f i x a t i o n  i n  t h e s e  c h l o r o p l a s t s .  These c o n d i t i o n s  a r e  known 

t o  s u p p o r t  c y c l i c  e l e c t r o n  t r a n s p o r t  around photosys tem I and 

a n a e r o b i o s i s  o r  i n c r e a s e d  oxygen have  been s u g g e s t e d  t o  

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

o x i d a t i o n  o f  i n t e r s y s t e m  e l e c t r o n  t r a n s p o r t  c a r r i e r s ,  r e s p e c -  & 

t i v e l y .  T h i s  i d e a  was i n i t i a l l y  fo rmula ted  by Arnon and 

Chain (1975) who proposed t h a t  t h e  "redox p o i s e "  o f  i n t e r s y s -  

tem e l e c t r o n  c a r r i e r s  de te rmined  t h e  r a t e  o f  c y c l i c  e l e c t r o n  

t r a n s p o r t  and was i n f l u e n c e d  t o  some e x t e n t  by 02. 

I n  t h e  p r e v i o u s  two c h a p t e r s  b o t h  t h e  quenching o f  v a r i -  

a b l e  f l u o r e s c e n c e  and i n h i b i t i o n  o f  a A S 1  8 decay induced by 

i n c r e a s e d  O2 were e x p l a i n e d  by mechanisms i n v o l v i n g  t h e  

o x i d a t i o n  o f  e l e c t r o n  c a r r i e r s  by 02. However, 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  a n a e r o b i c  i n h i b i -  

t i o n  of  l i g h t  induced  b A S l 8  decay a c c e l e r a t i o n  i s  n o t  a n a n i -  



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

c a r r i e r s .  The a n a e r o b i c  i n h i b i t i o n  o f  l i g h t  induced  AA5 

decay a c c e l e r a t i o n  is  dependent  on t h e  e l e c t r o n  donor  t o  

pho tosys tem 11. When hydroxylamine r e p l a c e d  w a t e r  a s  e l e c -  

t r o n  donor  t h e r e  was no l o n g e r  an O2 r e q u i r e m e n t  f o r  l i g h t  

induced AA5 decay a c c e l e r a t i o n .  A s  p r e v i o u s l y  d e s c r i b e d  i n  

c h a p t e r  4 ,  A A ~ ~ ~  decay a c c e l e r a t i o n  h a s  b e e n  c o r r e l a t e d  t o  

ATPase a c t i v i t y  o f  CF1 (Mori ta  e t  a l . ,  1981;  I t o h  and M o r i t a ,  

1 9 8 2 ) ,  and CFo-CF1 ATPase has  been shown t o  b e  a c t i v a t e d  i n  

t h e  l i g h t  by b o t h  t h e  transmembrane e l e c t r i c  p o t e n t i a l  

( S c h l o d d e r  and W i t t ,  1981) and e l e c t r o n  t r a n s p o r t  ( M i l l s  e t  

a l . ,  1980) .  An O2 requ i rement  f o r  A A ~ ~ ~  decay a c c e l e r a t i o n  

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

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

concomi tan t  h i g h  energy  s t a t e  f o r m a t i o n  a t  many s i t es .  

However, t h e  dependence of  t h e  a n a e r o b i c  i n h i b i t i o n  on t h e  

pho tosys tem I1 e l e c t r o n  donor s u g g e s t s  w a t e r - s p l i t t i n g  t o  b e  

t h e  s i t e .  The a n a e r o b i c  i n h i b i t i o n  o f  FeCN r e d u c t i o n  by 

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

o f  pho tosys tem I1 e l e c t r o n  t r a n s p o r t  c o u l d  a f f e c t  CF1 

a c t i v a t i o n  by i n h i b i t i n g  t h e  r e d u c t i o n  o f  f e r r e d o x i n  and t h u s  

a c t i v a t i o n  o f  CF1 by f e r r edox in - th io redox in - reduc ta se  and 

a l s o  by t h e  i n h i b i t i o n  of  h i g h  e n e r g y  s t a t e  f o r m a t i o n  induced 

by l i n e a r  e l e c t r o n  t r a n s p o r t .  



Summary 

T h i s  t h e s i s  p r e s e n t s  e v i d e n c e  i n d i c a t i n g  a t  l e a s t  two 

s i t e s  of O2 i n f l u e n c e  on 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 p o r t  - i n  

v i v o  . 

1) O2 a c t s  a s  an o x i d a n t  o f  e l e c t r o n  t r a n s p o r t  

c a r r i e r s .  The e l e c t r o n  t r a n s p o r t  pathway from 

photosys tem I1 t o  O2 i s  b l o c k e d  by DCMU, D B M I B  and 

h i s t o n e ,  i n d i c a t i n g  t h e  involvement  o f  p l a s t o q u i n o n e  

and p l a s t o c y a n i n  i n  t h i s  pathway. The r o l e  o f  O2 a s  

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

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

d i s s i p a t i v e  mechanism and a  means of g e n e r a t i n g  

ATP. The o x i d a t i o n  o f  e l e c t r o n  c a r r i e r s  by O2 a l s o  

a p p e a r s  t o  i n f l u e n c e  an e l e c t r o n  t r a n s p o r t  dependent  

modula t ion  of  c o u p l i n g  f a c t o r  a c t i v i t y  a s  de te rmined  

by AASl8 decay r a t e s .  

2) Low l e v e l s  o f  O2 a p p e a r  n e c e s s a r y  f o r  maximal . 

photosys tem I1 a c t i v i t y .  T h i s  O2 requ i rement  i s  

dependent  on t h e  e l e c t r o n  donor t o  photosys tem 11 i n  

t h a t  O2 i s  n o t  r e q u i r e d  when hydroxylamine r e p l a c e s  

w a t e r  a s  donor t o  photosys tem 11. 

A s  d i s c u s s e d  i n  c h a p t e r  3 ,  t h e  s i t e  of  e l e c t r o n  t r a n s -  



p o r t  o x i d a t i o n  by O2 i s  n o t  c l e a r .  The f l u o r e s c e n c e  quench- 

i n g  d a t a  i n d i c a t e s  t h e  involvement  o f  p l a s t o q u i n o n e  and 

p l a s t o c y a n i n  i n  t h e  pathway t o  0 2 ,  however it does  n o t  d i s -  

t i n g u i s h  whe the r  O 2  a c t s  on t h e  r e d u c i n g  o r  o x i d i z i n g  s i d e  o f  

photosys tem I. Oxygen h a s  l o n g  been known t o  o x i d i z e  s o l u b l e  

f e r r e d o x i n  and r e c e n t  work h a s  i n d i c a t e d  t h a t  p s e u d o c y c l i c  

e l e c t r o n  t r a n s p o r t  v i a  f e r r e d o x i n  nay r e g u l a t e  ATP/NADPH 

r a t i o s  i n  C 3  and mesophyl l  c e l l s  o f  C q  s p e c i e s  (Furbank and 

Badger,  1983;  Furbank e t  a l . ,  1983) .  Bowever, t h e  e f f i c i e n t  

f l u o r e s c e n c e  quench ing  by O2 d u r i n g  i n d u c t i o n  o f  p h o t o s y n t h e -  

s i s  ( 500 ms) s u g g e s t s  t h a t  i n t e r s y s t e m  e l e c t r o n  c a r r i e r s  

were o x i d i z e d  i n  t h e  d a r k ,  i n d i c a t i v e  of  a  s i t e  on t h e  o x i -  

d i z i n g  s i d e  o f  pho tosys tem I. I n  t h e  p r e s e n c e  o f  an  e l e c t r o n  

donor t o  p l a s t o q u i n o n e  c h l o r o p l a s t s  g e n e r a t e  ATP i n  t h e  d a r k  

v i a  a  mechanism dependen t  on f u n c t i o n a l  p l a s t o q u i n o n e  and t h e  

p r e s e n c e  o f  O 2  ( B o t t i n  e t  a l . ,  1981) .  I t  a p p e a r s  t h a t  O 2  may 

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

t r a n s p o r t  on e i t h e r  s i d e  o f  photosys tem I. 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  4 r e f l e c t  t h e  a n t a g o n i s t i c  e f f e c t s  o f  l i g h t  induc-  

ed e l e c t r o n  t r a n s p o r t  and i n c r e a s e d  O 2  on t h e  A A ~ ~ ~  decay 

k i n e t i c s .  Al though  t h e  a c c e l e r a t i o n  o f  AkSl8 decay  induced 

by i n c r e a s e d  e l e c t r o n  t r a n s p o r t  was obse rved  t r a n s i e n t l y  w i t h  

p h o t o s y s t e n  I l i g h t ,  t h e  a n t a g o n i s t i c  e f f e c t  o f  i n c r e a s e d  O 2  

cou ld  r e s u l t  from o x i d a t i o n  on e i t h e r  s i d e  of  photosys tem I 



and t h u s  does  n o t  h e l p  l o c a l i z e  t h e  s i t e .  The d a t a  p r e s e n t e d  

i n  c h a p t e r s  3 and 4 do however s u p p o r t  t h e  c o n t e n t i o n  t h a t  

e l e c t r o n  t r a n s p o r t  t o  O2 does  o c c u r  -- i n  vivo and nay h e l p  t o  

r e g u l a t e  ATP/NADPH r a t i o s  a s  w e l l  a s  form an e n e r g y  

d i s s i p a t i v e  pathway under  h i g h  l i g h t  c o n d i t i o n s .  
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