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ABSTRACT 

Photosynthetic oxygen evolution occurs in the thylakoid 

membranes of chloroplasts as a result of water-splitting, 

which provides electrons for carbon dioxide assimilation in 

plants. The currently accepted model of oxygen evolution, -the_ 

S state hypothesis, requires the generation and cooperation of 

four photochemically-formed oxidiqing equivalents in 

individual photosystem I1 reaction centers. The major 

evidence f ~ r  this s - model involves a linear four step . 

oscillation in oxygen elolutibn observed during a series o f  

saturating 1 ight flashes. 

Oxygen exchange (evolution and uptake) was measured in 

marine algae using a bare platinum electrode in direct contact 
- 

-- - 

with the sample, anba-s=ver/silver chloride c o ~ t x k -  - - 
electro'de. Illumination of dark-adapted algae with five 

microsecond saturating light flashes produced a characteristic 

series of oxygen reduction current pulses at the platinum 

electrode. A "pile-upft of oxygen pulses was observed in 
, 

marine algae when the decay time of the oxygen pulse was 

longer than the time interval between flashes. 
- 

These partially resolved experimental oxygen exchange\ 

pulses for the - green - algae, ylv* species, were - - - -  numeri~~lly - 

deconvoluted by fitting the experimental curve with the sum of 

time-shifted single pulses derived from the shape of the pulse 
-- 

-- 



d u e  t o  t h e  t h i r d  f l a s k ,  p r o v i n g  dynamic  l i n e a r i t y  o f  t h e  \ 
electr  d e  s y s t e m .  - By d e t e r m i n i n g  t h e  amo fit o f  oxygen  4 Y 

/ 

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

- I 
1" P l ~ t t i n g  t h e  oxygeh  y i e l d  a s  a f u n c t i o n  o f  f l a s - h  nu_mb_e_ r_ 

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

were  

e x c h a n g e  f o r  JJlva. However, t h i s  oxygen  e x c h a n g e  i s  a 
T 

c o m p o s i t e  o f  o x y g e n  - e v o l u t i o n  a n d  endogenous  oxygen  u p t a k e  i n  

u s e d  to q u a n t i f y  t h e  amount  o f  oxygen  p r o d u c e d  f o r  e a c h  

t h e  a l g a e .  E l i m i n a t i n g  t h e  a n d  

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

e x c h a n g e  c u r v e  y i e l d e d  t h e  

s e q u e n c e .  T h i s  showed a 

f d a s h  + n  t h e  f l a s h  s e q u e n c e .  

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

~ m b i e n t  o x y g e n  c o n c e n t r e t i o n  a • ’  f e c t s  oxygen  e x c h a n g e  i n  

y l v a .  Oxygen u p t a k e  does n o t  o c c u r  a n a e r o b i c  

c o n d i t i o n s ,  b u t  oxygen  e v o l u t i o n  i n  is r e v e r s i b l y  and  

p a r t i a l l y  i n h i b i t e d .  
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CHAPT.ER 1. INTRODUCTION 

Oxygen e v o l u t i o n  is a n  i n t e g r a l  component o f  photosyn-  

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

o f  oxygen e v o l u t i o n  i n  i s o l a t e d  c h l o r o p l a s t s  and p l a n t s  have 

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

- 

ses (Emerson and Arnold ,  1 9 3 2 ;  J o l i o t  and J o l i o t ,  1968; Kok e t  

a l . ,  1970; J o l i o t  e t  a l . ,  1971; Forbush e t  a l . ,  1971; Radmer 
t 

and  Cheniae ,  1977; J u r s i n i c ,  1 9 8 1 ) .  m w e v e r ,  t h e  n a t u r e  o f  
- 

t h e  oxygen-evolving complex (OEC) and t h e  d e t a i l e d  mechanism 

o f  oxygen e v o l u t - i o n  i n  p l a n t s  is  s t i l l  l a r g e l y  unknown. 

Resea rch  o n  p h o t o s y n t h e t i c  oxygen e v o l u t i o n  n e c e s s a r i l y  
a 

encompasses  s e v e r a l  s c i e n t i f i c  d i s c i p l i n e s ,  such  a s  p h y s i c s ,  I 

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

which a r e  e s s e n t i a l  t o  t h e  i n t e r p r e t a t i o n  o f  0 exchange 
2 

measurements .  An overv iew o f  p h o t o s y n t h e s i s  Ki-11 b e , p r e s e n t e d  
- 

f i r s t ,  i n  o r d e r  t o  p r e s e n t  t h e  s c o p e  o f  O2 e v o l u t i o n  and up- 

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

" s u b j e c t  o f  s t u d y  i n  S e c .  1 . 7 .  A d e t a i l e d  d i s c u s s i o n  o f  t h e  

oxygen-evo lv ing  complex and t h e  c u r r e n t l y  a c c e p t e d  q o d e l s  f o r  

O2 e v o l u t i o n  and  u p t a k e  w i l l  be p r e s e n t e d  i n  C h a p t e r  2 .  



Photosynthetic bacteria, algae, and green plants absorb 

the electromagnetis energy of sunlight and convert it to' 

chemical energy in the form of high energy bonds in adenosine 

triphosphate (ATP) and reduced (protonatedl nicotinamiae 
w 

adenine dinucleot ide .phosphate (NADPH 1 . - ATP and NADPH-xre-- 
-& 

ubsequently used to anabolize C02 to carbohydrates. In the 

photosynthetic process in pla ts and cyanobacteria, H20  is^ i 
he initial electron donor for electron - transport. 

The ability to oxidize water and evolve molecular oxygen - 

1 is unique to plants, algae, and the cyanobacteria. The early 

work of Emerson (see Emerson, 1958) led to the discovery of 

two distinguishable pigment systems within the pliotosynthetic 

apparatus, and the determination that photosynthesis in these 
- - -- -- -- 

- -- 
- - - - - - - - 

organisms requires the cooperation of two light reactions from 

Photosystem 1- (PS I) and -Photosystem I1 (PS 11) (Hill and - 
.. 

Bendall, 1960; Duysens et al., 1961; Kok and Hoch, 1961). The 

two reaction centers of PS I and PS I1 (referred to as P700 

and '680 respectively) are connected in series by electron- 
- 

and proton-carrying components. Reaction centers are denoted 

by the letter P (for pigment) and the wavelength of maximum 

absorption of its lowest electronic .transition, i . e ., 70OS-nm 
for PS I and 680 nm for PS 11. 

The function of PS I Is to generate a reductant in the 

form of NADPH, while the function of PS 11 is to provide the 



- 

o x i d i z i n g  power n e c e s s a r y  f o r  w a t e r - s p l i t t i n g  and t o  t r a n s f e r  

e l e c t r o n s  v i a  e l e c t r o n  carriers t o  PS I .  Pho tosys tem I1 photo-  

r e a c t i o n s  remove e l e c t r o n s  and p r o t o n s  from w a t e r ,  t r a n s f e r  - 
e l e c t r o n s  t h r o u g h  the '  e l e c t r o n  t r a n s p b r t  c h a i n  t o  r e d u c e  t h e  - 

-PS I r e a c t i o n  c e n t e r s ,  and y i e l d  m o l e c u l a r  oxygen as a 4 y -  H 

p r o d u c t .  The NADPH - - -  and ATP - - m o l e c u l e s  g-enerated by l i g h t  a r e  --- --- --- 

t h e n u u s e d  t o  r e d u c e  C02 t o  c a r b o h y d r a t e s  by -a series o f  d a r k  

r e a c t i o n s  c a l l e d  t h e  C a l v i n  c y c l e .  

P h o t o s y n t h e s i s  i n  a l l  p h o t o s y n t h e t i c  o r g  6 i s m s  c o n s i s t s  o f  

t h e  f o l l o w i n g  p r o c e s s e s  (after Foyer ,  1984 1 : 

-- 

L i g h t '  a b s o r p t i o n :  

The f i r s t  s t e p  i n  p h o t o s y n t h e s i s  is  i n i t i a t e d  when l i g h t  

is a b s o r b e d  by a n  a r r a y  o f  a n t e n n a e  pigment  - -a m o l e c u l e s  " 

( r e  f e  rr  e  d t o  a ST H g  h F K a r  v e  s t-i ng7 c o  mp 1 e  o  LHC I- t h  a t p - -  
- 

0 / 

are embedded i n  1 i p o p r o t e i n  membranes ( J u n g e ,  1977 1 .  Some -- 
o f  t h e  e n e r g y  a b s o r b e d  by t h e  pigment  m o l e c u l e s  is t r a n s -  

f e r r e d  t o  a  r e a c t i o n  c e n t e r  a s s o c i a t e d  w i t h  e i t h e r  PS I o r  

PS I1 t h a t  c o n t a i n s  a  t y p e  o f  c h l o r o p h y l l  molecu le  i ~ a  

s p e c i a l  e n v i r o n m e n t  ., 

Charge s e p a r a t i o n ' :  

T h e - a b s o r p t i o n  o f  a pho ton  by a PS I o r  PS I1 r e a c t i o n  
- - - - - 

c e n t e r  c h l o r o p h y l l  mdlecu le  r e s u l t s  i n  e x c i t a t i o n  o f  t h e  

m o l e c u l e  and  t h e  l o s s  o f  a n  e l e c t r o n  t o  a n  a d j a c e n t  

a c c e p t o r  m o l e c u l e  ( e i t h e r  a p h e a p h y t i n  o r  a n o t h e r  



c h l o r o p h y l l  m o l e c u l e ) .  - This  - - -- -- i n i t i a l  - pp cha rge  s e p a r a t i o n  is 

t h e  f i r s t  chemical  change i n  t h e  r e a c t i o n  sequence of  

p h o t o s y n t h e s i s  (Sauer ,  1 9 7 9 ) .  

E l e c t r o n  t r a n s p o r t .  
1 

The o x i d i z e d  ES 11 r e a c t i o n  c q n t e r  c h l o r o p h y l l  becomes 
.. 

reduced by adcept i r ig  an  e l e c t r o n  from an  o x i d i z a b r e  sub- - - - 

s t r a t e  s u r h  a s  H 2 O  The e l e c t r o n  d e r i v e d  from t h e  73 
r e a c t i o n  c e n t e r  c h l o r o p h y l l  i s  removed from t h e  r e a c t i o n  

c e n t e r  by t h e  pr imary e l e c t r o n  a c c e p t o r .  The t r a n s f e r  o f  
- - 

e l e c t r o n s  v i a  th,e e l e c t r o n  t r a n s p o r t  c h a i n  is coupled,  t o  

*.l > t h e  accumula t ion  o f  p r o t o n s  which f a c i l i t a t e s  t h e  syn- 

t h e s i s  o f  ATP ( p h o s p h o r y l a t i o n )  by a  membrane-bound ATPase 

(Avron, 1981 1 .  
I 

Energy s t o r a g e .  

The chemical  energy  o b t a i n e d  from s u n l i g h t  by t h e  l i g h t  

r e a c t i o n s  of  p h o t o s y n t h e s i s  is  s t o r e d  i n  t h e  form o f  high 

energy  bonds o f  n u c l e o t i d e s  (ATP t y p e )  and i n  t h e  r educ ing  

power o f  NADPH. ATP and NADPH a r e  used '  t o ~ s y n t h e s i z e  
- - 

o r g a n i c  compounds v i a  ca rbon  metabolism (Robinson and 

Walker, 1 9 8 1 ) .  

I n  g reen  p l a n t s  and algae, p h o t o s y n t h e s k s  orrcurs-i-rr-sub- - 

c e l l u l a r  o r g a n e l l e s  c a l l e d  c h l o r o p l a s t s  ( F i g .  1.1) which have 

a 4ouble  boundary membrane r f e r r e d  t o , a s  t h e  c h l o r o p l a s t  I 



e n v e l o p e .  The ar-ea i d s i d e  L -  - t h e  -- 

i 
c o n t a y  t h e  e n z y m e s , ~ n e c e s s a r y  

1 

t h e  s t r o m a  a r e  i n n e r  membranes 

e n v e l o p e ,  c a l l e d  t h e  s t roma ,  

f o r  c a r b o n  metabol ism.  W i t h i n  

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

d i s c s ,  c a l l e d  thy1,akoids .  Each c h l o r o p l a s t  c o n t a i n s  a p p r o x i -  
i 

m a t e l y  l o 3  thyla l$oids ,  e a c h  on  a' -. t h e  o r d e r  o f  500 nm i n  diame- 

ter i W i t t ,  1?75y/ I n  h i g h e r  p l a n t s ,  t h e s e  are o f t e n  a r r a n g e d  

c a l l e d  s t r o m a  l a m e l l a e .  T h i s  i n t e r c o n n e c t e d  t h y l a k o i d  mem- / ,  
c o n t a i n s  t h e  components. n e c e s s a r y  f o r  t h e  l i g h t -  

o f  ATPs a r ~ d  NADPH ( F i g .  1 . 2 )  and e f f e c t i v e l y  

1 
r e q u i r e d  f o r  t h e  l i g h t  and d a r k  

r e a c t i o n  o f  p h o t o s y n t h e s i s .  The p r o c e s s  o f  p h o t o s y n t h e s i s  + 
/ 

w i l l  be: d i s c u s s e d  i n  t h e  fo l lo 'wing  s e c t i o n s .  
1 

/I  

J 

i "1 .2  L i g h t  a b s o r p t i o n  arih t h e  t r a n s f e r  o f  e n e r g y  

The p h o t o s y n t h e t i c  p igments ,  a s s o c i a t e d  w i t h  p r o t e i n s  i n  a 
-- - 

l i g h t - h a r v e s t i n g  complex i n  bhe t h y l a k o i d  membrane, f a c i l i t a t e  

t h e  a b s o r p t i o n  o f  l i g h t .  Each t h y l a k o i d  c o n t a i n s  a p p r o x i -  

m a t e l y  l o 5  p igment  m o l e c u l e s  ( W i t t ,  19751, l a r g e l y  t h e  

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

p h y c o b i l i n s .  Higher  p l a n t s  c o n t a i n .  c h l o r o p h y l l - a  and c h l o r o -  

p h y l l - b ,  w h i l e  a l g a e  may c o n t a i n  other c h ~ o r o p h y l l s  fc--bnd+cF-, 
F 

i n  a d d i t i o n  t o  c h l o r o p h y l l - a .  C h l o r o p h y l l  and t h e  v a r i o u s  - 

a c c e s s o r y  p igments  have  a b s o r p t i o n  maxima a t  d i f f e r e n t  



- 

F i g .  1.1 Diagr,arn of a h i g h e r  p l a n t  o r  g r e e n  a l g a e  

c h l o r o p l a s $  ( a f t e r  S a l i s b u r y  and Ross, 1978) 
I 

/- 

The c h l o r o p l a s t  i s - su r rounded  by a double  memb'raneP-- -- 

system comprised o f  l i p i d s  and t e i n s .  The o u t e r  , 
h 

membrane s e r v e s  a s  a  p h y s i c a l  between t h e  

c h l o r o p l a s t  and c y t o s o l ,  whi le  thef i n n e r  membrane 

c o n t r o l s  molecular  t r a f f i c  i n t o  and o u t  o f  t h e  

c h l o r o p l a s t .  The i n t e r n a l  membranes o f  t h e  

c h l o r o p l a s t ,  which c o n t a i n  t h e  p h o t o s y n t h e t i c  
* 

pigments and a s s o c i a t e d  p r o t e i n s ,  a r e  r e f e r r e d ,  t o  

i 
a s  t h y l a k o i d s  ( s t a c k e d  t o  form g r a n a )  o r  s t roma 

- pP- -- PA-- - - - - 

l a m e l l a e .  These rnembranis ex t end  th roughout  t h e  - - 
c h l o r o p l a s t  ma t r ix  ( s t r o m a ) .  





A ~ 

This modei of a thylakaid membrane shows the 

components of a photosynthetic system. Each' 

thylakoid contains approximately 200 electron 

. transfer chains and their associated pigment 
a 

complexes- (~itF, 1979b). The PS 1 1  and- PS I - - - - - - - - - - 

reaction centers (PsSO and P700 1 are situated 

near 'the intrathylakoid space. The primary 
- - 

acceptors for both photosystems are located near 

the stroma side of the membrane (Witt, l979b). 

Svmbols: 
1 

PS I, Photosystem I; PS 11, Photosystem 11; NADP, 
-- - - - - - - -- - - - - - -- - - - - -- -- 

-- 

nicotinamide adenine dinucleotide phosphate; QA, 

- - the primary electron a c ~ e ~ t o r ; ' ~ ~ ,  the secondary 

'electron acceptor; PQ, plas toquinone; FNR, 

ferredoxin-NADP reductase; Fd, ferredoxin; PC, 
, 

plastocyanin; Fd-Th-red, Ferredoxin-thioredoxin 

reductase; CF1 and CFO, coupling factor 

components; ADP " (ATPI, adenine di( tri Inucleotide 

phosphate; Cyt b6, cytochrome b6: Cyt f, 
- 

cytvchrome f; Fe-S, .iron-sulfur compound; Pi, 

phosphate; fl , lipid mol&ule (in thylakoids, the 

lipid nblecules are mainly galactolipids. 





wavelengths,  r ang ing  from 400 nm t o  1100 nm. I n  h ighe r  
- - - - - 

p l a n t s ,  a b s o r p t i o n  peaks i n  bo th  t h e  b l u e  ( app rox ima te ly  435 

nm) and r ed  ( app rox ima te ly  680, nm) p o r t i o n s  o f  t h e  spectrum.  .. 

Approximately '99% o f  t h e  c h l o r o p h y l l  molecules  i n  t h e  

p h o t o s y n t h e t i c  membranes abso rb  l i g h t  and channe l  e x c i t a t i o n  
- 

energy t o  t h e  PS I and PS I1 r e a c t i o n  c e n t e r s  (Saue r ,  1 I+). 9B 
These an tennae  c h l o r o p h y l l s  a r e  a s s o c i a t e d  wi th  acc_essory_ 

* 

pigments, such 'a; c a r o t e n o i d s  and p h y c o b i l i p r b t e i n s ,  i n  a  
* 

l i g h t - h a r v e s t i n g  complex - ( F i g .  1 . 3 ) .  I n  SFeen  p l a n t s  and 

g reen  a lgae ,  an t ennae  pigments  are pr imar i - ly  c h l o r o p h y l l s  

( F i g .  1 . 3 a ) .  whi le  c y a n o b a 2 t e r i a  and t h e  r e d  a l g a e  copta - in  
UI 

s p e c i a l i z e d  upits c a l l e d  phy,c~obilisomes which are composed o f  

s e v e r a l  d i f f e r e n t  t ypes  o $  pigments ( F i g .  1 . 3 b ) .  The l i g h t -  

h a r v e s t i n g  complexes a r 6  i n  c l o s e  prox imi ty  t o  t h e  r e a c t i o n  

c e n t e r s  a n d .  e l e c t r o n  t r a n s p o r t  c h a i n s .  Approximately 500-600 
- - -- - - -- - - - - - 

antennae  pigment molecules  a r e  a s s o c i a t e d  wi th  each  e l e c t r o n -  -- - 

t r a n s p o r t  c h a i n  ( W i t t ,  1975) .  The s e t  o f  an t ennae  molecules  
- A- 

r e l a t e d  t o  each  e l e c t r o n  t r a n s p o r t  c h a i n  i s  o f t e n  r e f e r r e d  t o  

as a p h o t o s y n t h e t i c  u n i t  (PSU). - 
A small p e t c e n t a g e  o f  t h e  t o t a l  c h l o r o p h y l l  molecules ,  

o f t e n  found i n  d imers  (Katz  e t  a l . ,  19791, a r e  bound i n  

s p e c i a l  environments  where t h e y  form t h e  r e a c t i o n  centers o r  
" 

-"trhpsn !or t he -abso rbed  energy' -CPtis0 and P700j .  The PS I1 
cQ 

r e a c t i o n  c e n t e r ,  P680, has  - been sugges t ed  - t o  be e i t h e r  a  d i -  
i' 

- 

merip. ch lo rophy l l - a  a g g r e w e n  Blanken e t  a 1  . , 1983) o r  a .  
, 

mogomeric ~ h l o r o p h y l l - a  molecule '  (Davis  e t  a l . ,  1 9 7 9 ) .  The 



f l .  

F i g .  1 . 3  ' PS I1 l . i gh t ;ha rves tgg  complex o f  a g r e e n  a l g a ,  
d' 

- L - 
7 -- -- 

( a k t c r  d a t g  by Naka tan i ,  1983a: Green and Cann, - ; 

--- 19$4;. ~ a k a t a n i - ' e t  a l . ,  1,9849 and a .cyanobaoter ium 

a The p h o t o s y s t e m  I1 . (PS *II )' 1 i g h t - h a r o e = $ i n g h  &mple; '. 
' 0  3 .  r , @  

' .  (LHC)  , i& ' -green , a l g a e  d J C h l o r o p h y t a )  i s - a s f o d i a e d  '- L 7  -- 

* 4 -  * * +  - 
w i t h  t h e  , r e a d k i o n  - - c e n t e r  p o l y p e p t i d e ,  c o n t a i n i n g  ' th ,e ,  

t Y d , \ - .  
PS ,I1 r e a c h i o n  = e n t e r  ( P 6 a 0 ~  : z . .  ( t h e  pr - indry  elec- + 

- 1 - r 
t r o n  donor  I,_ bA ( t h e  p r i m a r y c  e l e c t r o n  a c c e p t o r  i, 

% \ *  
La ' 

and PHEO ( p h e o p h y t i n )  ..   he ? i g h t & n e r d y e  a b s o r b e d  - . I 
/ 

I 

i n  t h e  LHC i s  t f a n s f e r r e ' d  . t o  PssO % e s ~ n a n c e ~ ; - ~  . z 
2 & 

j - 
e n e r g y  t r a n s f e r  t F d r s t e r ,  l '965) .  ~ l u o r e s ~ e n c e  + 

' 

Q C C U ~ ;  f  rdn , ' t he  *rit&na c h l o r o b t i y l  1 ;olecul& and 
- R from t h e  b a c k - r e a c t i o n  QA P680.: . ' c .  

1 
- - -  - -- - .  

v - - -  -- . - - - - - - -- - - -- 

- 9  - ,  .i 

I ,  

4 
1 < 

b The PS I1 l i g h t - h a r b e s t i n g  complex fo'r r e d  a l g a e  
7 i 

( ~ h o d o ~ h j t a  1' o r  c y a n o b a c t e r ' i a  c o n t a i n s  p igments  

embedded Jn a ,phycobi l i sokme-  ( G a n t t  and ~ o n t l ,  1966 1 
4 %  . , '  t - 

- .  
a t t a c h e d  t o  t h e  t h y l a k o i d  m;qbrane a s  shoun  f ~ r  

- - 

P- G r u e w .  Energy t r a n s f e r  ie fr'om -- 
p h y q o e r y t n r i n  t o  phycocyan in  t o  a l lophycocy ;n in  t o  

&b 

c h l o r o p h y l l  a .  (CHL) . The. p r o t e i n  a t  t h e  c e n t e r  o f  

t h e  p h y c o b i l i s o m e  i s  most l i k e l y  i n v a l v e d  i n  an-  ' . -- 

c h o r i n g  i t  'to t h e  .membrage . ( G a n t t  et ' a 1  . , 1 9 7 6 ) .  + 

. . , /  





e v e n t s ,  which w i l l  be d i s c u s s e d  i n  Sec .  1 . 4 .  

A b s o r p t i o n  o f  a  pho ton  by a  pigment  molecu le  c a u s e s  a n  

e l e c t r o n i c  t r a n s i t i o n  from i t s  m o l e c u l a r  ground s t a t e  t o  a n  

e x c i t e d  s t a t e .  The ground s t a t e  of c h l o r o p h y l l  m o l e c u l e s  is  

g e n e r a l l y  t h e  s i n g l e t  s t a t e  and t h u s  e x c i t a t i o n  e n e r g y  ab-  
- - - - - - - -- - - -- - 

s d r b e d  i n  t h e  l i g h t - h q r v e s t i n g  complex p r o d u c e s  t h e  f i r s t  o r  

second  e x c i t e d  s i n g l e t  s t a t e .  T h i s  o c c u r s  on  a  t i m e  s c a l e  o f  

10- l5  s ( G o v i n d j e e  and Govind jee ,  1974; P e a r l s t e i n ,  1 9 8 2 ) .  

T h i s  e x c i t a t i o n  e n e r g y  c a n  be t r a n s f e r r e d  v i a  e x c i t o n  migra-  
\ 

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

t o  a r e a c t i o n  c e n t e r  ( F r a n c k  and T e l l e r ,  19'38; F B r s t e r ,  1965)  

o r  b e  d i s s i p a t e d  as l i g h t  o r  h e a t .  The l o s s  o f  t h e  a c q u i r e d  
- - 

e n e r w a s  l i g h t  o c c u r s  t h r o u g h  two d i f f e f e - n t  phenomena, 

f l u o r e s c e n c e  a n d  phosphorescence2  F l u o r e s c e n c e  r e f e r s  - to_ 

e m i s s i o n  05 l i g h t  t h a t  accompanies '  a l l a w e d  r a d i a t i v e  t r a n -  
L 

s i t i o n s  from s i n g l e t  e x c i t e d  s t a t e s ;  t h e s e  e m i s s i o n s  u s u a l l y  

have  l i f e t i m e s  l e s s  t h a n  s .  R a d i a t i v e  d e - e x c i t a t i o n s  

from l o n g e r - l i v e d  m e t a s t a b l e  s ta tes  ( i .  e t r i p l e t  s t a t e s )  a r e  ' 

r e f e r r e d  t o  a s  p h o s p h o r e s c e n c e .  However, due  t o  t h e  o r i e n t a -  

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

r e a c t i o n  c e n t e r  (see F i g  1 . 3  f o r  PS I1 L H C ) ,  t r a p s f e r  'of 

e n e r g y  t h r o u g h  t h e  p igment  a r r a y  is v e r y  e f f i c i e n t  (-98%) 

(Danks e t  a l ' ,  1 9 8 3 ) .  F l u o r e s c e n c e  from t h e  a n t e n n a e  p igments  

- 
is r e f e r r e d  t o  a s  0 - l e v e l  o r  n o n - v a r i a b l e  f l u o r e s c e n c e .  



-- - - - - -- 

1 . 3  Charge s e p a r a t i o n  and t h e  e l e c t r o n  t r a n s p o r t  c h a i n  

. 

E x c i t a t i o n  energy  i s  e x t r a c t e d  from t h e  l i g h t - h a r v e s t i n g  - -  

complex (LHC) by t h e  r e a c t i o n  , c e n t e r  c h l o r o p h y l l ~  (P680 o r  

P700 1 .  Energy t r a n s f e r r e d  from t h e  an tennae  p i g m e h t s  t o  t h e  

r e a c t i o n  c e n t e r  c h l o r o p h y l l s  - - e l e v a t e s  t h e  r e a c t i o n  . -  c e n t e r  - - 

pigment t o  a n  e x c i t e d  s t a t e  (P680* o r  P 7 0 0 * ) .  The c h l o r o -  

p h y l l  molecule r e l a x e s  t o  i ts lowes t  exc ' i ted s t a t e  b e f o r e  a 

chemical  change o c c u r s .  W \ t h i n  picoseconds o f  t h e  e l e c t r o n i c  
- - -- 

t r a n s i t i o n ,  an  e l e c t r o n  o f  t h e  e x c i t e d  r e a c k i o n  c y n t e r  is  

c a p t u r e d  by a n  a d j a c e n t '  a c c e p t o r  molecule'  ( A ) ,  which is t h e n  . 

reduced ( A - 1 .  Thq a c c e p t o r  molecule A .  is b e n e r a l l y  a 

d i m e r i c  c h l o r o p h y l l  (PS I)  o r  pheophyt in  (PS 11 )  (Foyer ,  

1984 1 .  

+ The o x i d i z e d  PS-11- r e a c l E i o ~ c 6 n t e r  (P 680 1 Ps a s t r o n ?  -- 

ox idan t  w h i c h  t h e n  c a p t u r e s  a n  e l e c t r o n  from t h e  pr imary 
- 

donor (21  and r e t u r n s  t o  i ts  ground s t a t e  (P6801 l e a v i n g  Z 

+ i n  a n  o i i d i z e d  form (2'1. The o x i d i z e d ,  pr imary donor,  Z , 

o b t a i n s  an e l e c t r o n  from t h e  o x i d a t i o n  o f  H Z O  Water ox ida -  

i- t i o n  and d o n a t i o n  o f  e l e c t r o n s  t o  PssO w i l l  b e d i s c u s s e d  

i n  Sec.  2 . 3 .  The e l e c t r o n  removed from PssO i s  r a p i d l y  

t r a n s f e r r e d  bo a  second e l e c t r o n  a c c e p t o r  and t h e n  through a 

c h a i n  o f  carriers t h a t  are s i t u a t e d  ac 'ross t h e  membrane. -- - Elec-  - 

t r o n s  removed from PssO a r e  t r a n s f e r r e d  t o  a p l a s toqu inone  

(PO) pool which r educes  t h e  o x i d i z e d  PS I r e a c t i o n  c e n t e r  

+ c h l o r o p h y l l  (P700 1 .  



The serAes o f  e l e c t r o n  t r a n s f e r s  t h a t  o c c u r '  i n  t h e  ' l i g h t  

r e a c t i o n s  o f  p h o t o s y n t h e s i s  a r e  r e p r e s e n t e d  .by t h e  2-scheme 

( H i l l  and  B e n d a l l ,  1960)  as shown i n  F i g .  1 . 4 .  a 

The flow of  e l e c t r o n s  th rough  t h e  e l e c t r o n  t r a n s p o r t  c h a i n  

is c o u p l e d  t o  t h e  s y n t h e s i s  o f  ATP (Arnon e t  a l . ,  1954; 

F r e n k e l ,  1954; Foyer ,  1984 ) . The  membrane-bound enzyme 

complex r e s p o n s i b l e  f o r  t h e  s y n t h e s i s  o f  ATP is ATPase o r  t h e  
4 

c o u p l i n g  f a c t o r  ICF) ( M i t c h e l l ,  1976; HcCarty,  1 9 7 9 ) .  The 

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  is a  r e v e r s i b l e ,  l i g h t - a c t i v a t e d  

ATPase t h a t  h a s  two d i s t i n c t  components ,  a  h y d r o p h i l i c  p r o t e i n  
- - - -- - - - - - - - - - -- -- 

complex, CF1, and a h y d r o p h o b i c  p r o t e i n  complex, CC (see 

F i g .  1 . 2 ) .  The p r o t e i n  complex, CFO, s p a n s  t h e  t h y l a k o i d  
- 

membrane and forms t h e  b i n d i n g  s i t e  f o r  CFl-, w h i c h  p r o j e c t s -  

i n t o  t h e  s t r o m a .  The s i t e  o f  'ATP s y n t h e s i s  is  l o c a t e d  i n  
i 

CF1, w h i l e  CFo c o n t a i n s  a  p r o t o n  c h a n n e l  f o r  t r a n s l o c a t i o n  

o f  p r o t o n s  a c r o s s  t h e  t h y l a k o i d ,  membrane (McCarty and Cgrmel i ,  

' There  a r e  two sites o f  p r o t o n  u p t a k e  on  t h e  s t r o m a  s i d e  of  

the t h y l a k o i d  membrane and two sites of p r o t o n  release into - -  

t h e  i n t r a t h y l a k o i d  s p a c e .  P r o t o n s  a r e  t a k e n  up from t h e  

s t r o m a  by  t h e  r e d u c e d  p l a s t o q u i n o n e  p o o l  (PQH2) and by t h e  

p r o t o n - b i n d i n g  t e r m i n a l  a c c e p t o r ,  NADP'. P r o t o n s  ar; r e l e a s e d  



The 2 scheme is a model o f  PS I and PS I1 l i n e a r  

e l e c t r o n  t r a n s f e r  g i v e n  i n  terms o f  t h e  redox  

p o t e n t i a l s  o f  t h e  e l e c t r o n  c a r r i e r s .  ( H i l l  and 
- 

Bendal l ,  1960 1 .  E l e c t r o n  t r a n s f e r  ( i n d i c a t e d  by 
- - -  - - - -A - - 

s o l i d  1 i n e s  1 i s - c o u p l e d  wi th  p r o t o n  t r a n s l o c a t i o n  

(dashed l i n e s )  a c r o s s  t h e  t h y l a k o i d  membrane. 
9 

H = a c t i v e  s i t e  o f  t h e  oxygen-evolving complex 

2 = primary e l e c t r o n  donor t o  PS I1 ( s t i l l  unknown) 

PHEO = pheophyt in  

PQ POOL = p la s toqu inone  pool  

Fe-S = an  i r o n - s u l f u r  p r o t e i n  

CYT = cytochrome 

PC = p l a s t o c y a n i n  

Chla = c h l o r o p h y l l  a 
--. 

FDX, FDA, FDB = i r o n - s u l f u r  p r o t e i n s  (bound 

5 f e r r e d o x i n s )  

FDS = s o l u b l e  f e r r e d o x i n  





- - - - - -- 

into the intrathylakoid-sbace by oxidation of H20 and oxida- 

tion of the PO pool. Plastoquinone serves as a "proton 

shuttle1# which results in two protons translocated from the 

stroma into the thylakoids for every two electrons transferred 

through the electron transport chain (Trebst, 1978 1 .  . 

Charge separation - - generates - an - electrochemical - - - - potential - - - - - - - - 

difference ~ r p  and a localized electric" field (Witt, 1279b) 

across the membrane. The translocation of pr.otons in response 
/ 

to the electrochemical gradient generates a pH gradient across 

the membrane (ApH) which produces a conformational change in 

the coup1 ing factor (McCarty, 1979; McCarty and Carmeli, 1982; 

Ort and Melandri, 1982). Both by and A ~ H  drive ATP synthesis 

by "pumpingw protons through a proteolipid channel in CFr 

This causes a structural transformation in the coupling factor 

complex. (CFo-CF1), converting CF1 into an ATP-synthesizing 

system. The ApH produced contributes significant1 y to the 

driving force for photophosphorylation. the proton motive 

force (pmt 1 :  

pmf = Ay - 2.3 ApH 
F 

where FIis FaradayTs constant. T is temperaTure CIElvln),-R Is-- 

the gas constant (8.31 J/mole/K). This is the potential avail- 

able for the synthesis of ATP by the chloroplast coupling 



. . 
-- - - - - -- - 

f a c t o r  CFO-CF1. A t  25.C. 2.3RTIF h a s  a  v a l u e  o f  59 m V .  

The s y n t h e s i s  o f  ATP f r o i  ADP is  a  d e h y d r a t i o n  r e a c t i o n :  

ADP + Pi + ATP + H-p 

where Pi r e f e r s  t o  a  - - p h o s p h a t e  - - - group,  PO4 - ( o r t h o - p h o s p h a t e ) .  - 
- - - - - - - - - 

During p h o t o s y n t h e s i s ,  t h e  H +  and  OH- i o n s  a r e  s e p a r a t e d  a s  

soon  a s  t h e y  are removed from ADP and Pi due  t o  t h e  l i g h t -  

g e n e r a t e d  pH g r a d i e n t  a c r o s s  t h e  membrane and w a t e r  d o e s  n o t  

f a c t u a l l y  form. T h i s  e n s u r e s  t h a t  an, e x c e s s  o f  H i o n s  a r c  

p r e s e n t  i n s i d e  t h e  t h y l a k o i d  membrane r e l a t i v e  t o  o u t s i d e  t h e  

membrane (which  i s  a l k a l i n e ) .  Thus, t h e  s y n t h e s i s  o f  ATP 

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

by e l e c t r o n  t r a n s p 0 r . t  ( F o y e r ,  1 9 8 4  1 .  * 

- - - - - - -- - - - - - - - - - - - - - -- 

1 . 5  Carbon F i x a t i o n  

The e n e r g y  s t o r e d  i n  t h e  p h o s p h a t e  l i n k a g e  o f  ATP and i n  

t h e  r e d u c i n g  power o f  NADPH is u t i l i z e d  and c o n s o l i d a t e d  i n  

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

s t o r e d  i n  t h e s e  compounds is u s e d  t o  d r i v e  t h e  f i x a t i o n  o f  

C02  to .  jpr;duce c a r b o h y d r a t e 2  is t h e  s t r o m a  o f  c h l o r o p l a s t s ,  - - - - - - - - 

v i a  t h e  C a l v i n  c y c l e  ( B e n s o n ' a n d  C a l v i n ,  1958; C a l v i n  and 

Baysham, 1962) and  t o  power b i o s y n t h e t i c  r e a c t i o n s  o f  t h e  cel l  
I 

i n  t h e  l i g h t .  



- -- - -- 

The Calvin cycle, as it occurs in chloroplasts, is shown 

in Fig. 1.5. Six carbons (in the form of C02) react with 6 

molecules of ribulose 1,5 bisphosphate (RuBP) to form 12 - -- 

molecules of glyceraldehyde 3-phosphate (G3P) ,  two of which 

give rise to one molecule of gl'ucose (C6H1206!, which is 

taken out of the cycle. Twelve molecules -of H 0 are added----- 
0 2 -  - 

imto the cycle which are not shown in Fig. 1.5. 

The first enzyme in the cycle, RuBP carboxylase, reacts 

with C02. The enzyme catalyzes a two-step reaction and has 
- 

a high affinity for COZ, but atow affinity ;or HC03 . This 

enzyme is present in the chloroplast in large quantities. It 

represents at least 15% of the total chloroplast protein and 

may b6 bound to the outer surface of the thylakoid membrane. 

RuBP carboxylase is allosteric and its enzymatic activity is 
- --- - -- -- - - - - - 

coitrolled by light intensity, oxygen concentration, pH, and 

various metabolites. This enzyme is the main controlling 

factor of the Calvin cycle and also plays a role in photo- 

respiration, which will be discussed in Sec. 1.6. 
- ., 

Each molecule of C02 fixed into glucose (1 complete 

cycle) requires 2 NADPH and 3 AT? molecules. The oyerall 
- - 

f reaction for the biosynthesis of 1 glucose molecule is: 



F i g .  1 . 5  The % a l T i n  c y c l e  ( a f f i r F E h X n g e r ,  1982 1 .  . 

The c o n v e r s i o n  o f  C02 i n t o .  g l u c o s e  d u r i n g  

p h o t o s y n t h e s i s  i s  r e p r e s e n t e d  by i h e  C a l v i n  c y c l e  - 
/ '  ;*; 

3PG = 3 - p h o s p h o g l y c e r a t e  
I I 

G3P = g l y c e r a l d e h y d e  3-phosphate  

DHAP = d i h y d r o x y a c e t o n e  p h o s p h a t e  

FDP = f r u c t o s e  1,6 d i p h o s p h a t e  

F6P = f r u c t o s e  6-phosphate  

G6P = g l u c o s e  6-phosphate  

E4P = e r y ' t h r o s e  4-phosphate  
. - 

- X5P = x y l u l u s e  5=phosphate  

SDP = s e d o h e p t u l o s e  1,7'-phos h a t e  I: 
S7P = s e d o h e p t u l o s e  7-phosphate  

R5P = r i b o s e  5-phosphate  

Ru5P = r i b u l o s e  5-phosphate  
- 

RuBP = r i b u l o s e  1 , 5 - b i s p h o s p h a t e  
- * 

& .  
a P,  = p h o s p h a t e  





+ C6H1206 + 6 RuBP + 18 ADP + 18 Pi + 12 - -  - NADP' . 

The n e t  r e a c t i o n  o f  c a r b o n  f i x a t i o n  is: \ 

6 C02 + 1 8  ATP + - 1 2  NADPH + 1 2  H+ f-12 H20 - 
- - - 1 .-4-- 

C6H1206 t 18 &KIP + 18 Pi + 12 NAUP* . 

4 - 

1 . 6  P h o t o r e s p i r a t i o n  . 

R e s p i r a t i o n  i s  a n  ATP-generat ing p r o c e s s  by which meta- 

b o l i t e s  a r e  ~ x i d i z e d  by   an i n o r g a n i c  compound, such  a s  mole- 

c u l a r  oxygen.  - In  t h e  d a r k ,  -- t h i s  - o c c u r s  - i n "  t h e  q i t o c h o n d r - i a  - o f  

p l a n t s ,  which a r e  s u b c e l l u l a r  o r g a n e l l e s .  t h a t  c o n t a i n  t h e  - 

---. 
enzymes n e c e s s a r y  t o  c a t a l y z e  t h e  o x i d a t i o n  o f  o r g a n i c  cel l  

C 

n u t r i e n t s  ( i . e .  c a r b o h y d r a t e s ) .  I n  t h e  m i t o c h o n d r i a ,  N A D H  and 

C 0 2  a r e  p roduced  by t h e  t r i c a r b o x y l i c  a c i d  c y c l e  and N A D H  i s  

t h e n  r e o x i d i z e d  by a n  enzyme i n  i h e  e l e c t r o n  t r a n s p o r t  c h a i n  

( S t r y e r ,  198:). The e l e c t r o n s  o b t a i n e d  from t h i s  o x i d a t i o n  

a r e  p a s s e d  by t h e  c h a i n  t o  r e d u c e  0 2 t o  g i v e  H Z O  The t r a n s -  . 
\ 

f e r  o f  e l e c t r o n s  from NADH t o  O2 i s  c o u p l e d  t o  t h e  phosphory-  
L - - - - -- - - -- - - - 

l a t i o n  o f  ADP t o  ATP.  Under n o r r k l  c o n d i t i o n s ,  h i t o c h o n d r  i a l  

r e s p i r a t i o n  i s  n o t  d e p e n d e n t  t o  any e x t e n t  on  0 2 b c o n c e n t r a t i o n  ) 
' 

s i n c e  i t  i s s a t u r a t e d  a t  O 2  c o n c e n t r a t i o n s  o f  2% ( F o r r e s t e r  e t  



dl., 1966; D' Aoust and Canvin, 1974). 
- 

In the light, net O2 uptake in plants and algae is super- 
7 

ceded by O2 released from the photosynthetic oxidation of H20. 
/ 

The rate of O2 e olution during photosynthesis is generally t 
huch greater t h a n k r a t e  of O2 consumption in the dark 

(Foyer, 1984). However, in some plants, the process of photo- 
h, 

respiration occurs in the light and often exceeds dark respira-. 
@ 

tion by as much as two to three times (Zelitch, 1968; Jackson 

and Volk, 1970). ' This light-dependeat respiration is associ- 

ated with glycolate biosynthesis in the chloroplast and sub- 
* 

sequent glycolate metabolism in peroxisomes-and mitochondria 

(Andrews et al., 1973; Berry et al., 1978; Tolbert, 1981). 
I 

- 

The process of photorespiration is depicted in Fig. 1.6. In 

contrast to mitochondria1 respiration, photorespiration does 

not conserve energy, but consumes it. The term photorespira- - 

tion is often used to refer to all forms of O2 uptake in the ~ 

light. Other types of O2 consumption reactions that can 

occur in the light will be discussed in Sec. 2.6. 

~hotores~iration also oxidizes metabolites, releases COZ, 

and requires ATP and NADPH., The majority of O2 consumed in 
. 

the light results from the oxygenation of RuBP via bhe oxygen- 

ase reaction of RuBP carboxylase: 

ng2+ 
O 2  + RuBP --+ 3-phosphoglycerate + 2-phosphoglycollate 1.5 



F i g .  

The p r o c e s s  o f  p h o t o r e s p i r a t j o n  i n v o l v e s  r e a c t i o n s  

t h a t  o c c u r  i n  t h e  c h l o r o p l a s t s ,  mi to t .hondr ia r  and 

pe rox i somes  (which  a r e  s u b c e l l u l a r  n t i c r o b o d i e s .  t h a t  

c o n t a i n  enzymes t o  form, u t i l i z e ,  and  b r e a k  down 
- -- - 

H202). S e v e r a l  p r o d u c t s  formed d u r ~ n ~ ~ h o t 8 r e s $ -  

r a t i o n  a r e  t r a n s f e r r e d  t h r o u g h  t h e  a q u e o u s  phase  o f  

t h e  c y t o p l a s m ,  t h e  c y t o s o l  . 
3 

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

o x y g e n a t i o n  r e a c t i o n  c a t a l y z e d *  hy RuBP 
-, 1 

c a r b o x y l a s e / o x y g e n a s e  . ~ h o s ~ h d ~ l ~ c e r a  t e  

g e n e r a t e d  by t h i s  r e a c t i o n  is o x i d i z e d  by O2 t o  \ 
C 0 2  The phof o r e s p l r a E y  c y c l e  u l  tvi!mateIy 

r e c o v e r s  Cog i n  t h e  m i t o c h o n d r i a .  
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Both C02 and O2 compete f o r  t h e  same a c t i v e  s i t e  on t h e  

membrane, and t h u s  t h e  r a t e s  o f  t h e  two . r e a c t i o n s  depend on-  

t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  C02 and 0 2 .  S ince  RuBP 

ca rboxy la se  a l s o  c a t a l y z e s  t h e  oxygena t ion  r e a c t i o n  of  RuBP, 
1 

i t  is o f t e n  r e f e r r e d  t o  a s  RuBP carboxylase /oxygenase .  

The rate o f  p h o t o r e s p i r a t i o n  depends on O 2  c o n c e n t r a t i o n -  --- 

and i s . a b s e n t  a t  low O2  c o n c e n t r a t i o n s  ( J ackson  and Volk, 

1970; DtAoust and Canvin, 1974; Cornic ,  1 9 7 4 ) .  'Photoresp i ra - .  

t i o n  is  i n i t i a t e d  when t h e  O 2  c o n c e n t r a t i o n  i n c r e a s e s  i n  t h e  '5- 
presence  of  l i g h t  s i n c e  O 2  s a. compet i t ' ive  i n h i b i t o r  of  RuBP i 

- c a r b o x y l a s e .  Oxygen is consumed d u r i n g  p h o t o r e s p i r a t i o n  and 
- J 

H 0  is formed which is metabol ized  by c a t a l a s e .  U l t ima te ly ,  2  2 

RuBP, t h e  s u b s t r a t e  f o r  RuBP ca rboxy la se ,  is  formed. These 

pathways a r e  p r e s e n t e d  i d  F i g .  1 . 6 .  f 

- - -  - - - - - - - -- - 

The p r o c e s s  o f  p h o t o s y n t h e s i s  g e n e r a t e s  a s t r o n g  ox idan t  , 
1 

and a s t r o n g  r e d u c t a n t .  The s t r o n g  r e d u c t a n t  formed i n  PS' I 
- 

c a n  reduce  bo th  O 2  and C02. I f  O2  i s  reduced,  th,e h i g h l y  - a * 

t o x i c  - - supe rox ide  a n i o n  ( 0  7 )  i s  formed which  r e a c t s  r e a d i l y  2  

wi th  c h l o r o p l a s t  components. Th i s  1 ight-oxygen t,oxic*ity 
* I 

o c c u r s  when t h e  supp ly  o f  C02 is l i m i t e d  o r  t h e r e  i s  a n  

e x c e s s  amount o f  O 2  p r e s e n t  (Asada e t  a l . ,  19T.7). The over -  I 

a l l  e f f e c t  o f  p h o t o r e s p i r a t i o n  is t o  reduce  t h e  O 2  concep t r a -  
- t p r  

t i o n  and.  t h e r e f o r e  r e l i e v e - t k e  i n ' h i b l t i o n  of  RuBP carb~ulal, 

a l l o w i n g  r e d u c t i o n  o f  C02 r a t h e r  t h a n  0 2 .  Thus, pho to re s -  

p i r a t f o n  is most l i k e l y  a p h y s i o l o g i c a l  d e f e n s e  mechanism , 

a g a i n s t  l igh t -oxygen  t o x i c i t y  (Bjcrkrnan, 1973;  sad^ e t  a l . ,  
, 



- 

1977) .  Under condd t ions  o f  l i m i t i n g  C02 o r  e x c e s s  l i g h t  

energy ,  t h e  p r o c e s s  o f  p h o t o r e s p i r a t i o n  wastes ATP and MADPH 

and t h u s  e n a b l e s  t r a n s f e r  o f  e l e c t r o n s  from t h e  PS I r e d u c t a n t  

v i a  f e r r e d o r i n  t o  NADP'. Th is  a l s o  p r e v e n t s  pho toox ida t ion  of  
- - -  -- 

c h l o r o p l a s t  components by 0 2 s  h d  o t h e r  a c t i v e  forms of  oxygen:- 
-- 

- - - - - -  , - - L p  

a 

1 . 7  S u b j e c t  of  Study 
\ / 

Many problems s t i l l  remain t o  be so lved  b e f o r e  the mole- . 

c u l a r  mechanism o f  p h o t o s y n t h e t i c  O2 e v o l u t i o n  is  f u l l y  

unders tood .  .The re  a r e  many methods a v a i l a b l e  t o  s t u d y  t h i s  

P rocess ,  i n c l u d i n g  ESR, NJR, f l u o r e s c e n c e ,  l i g h t - i n d u c e d  

absorbance  changes ,  e l e c t r o n  microscopy, mass spec t roscopy ,  
J- .. -- - -- - p- -- 

g a s  (C02 o r  0 1 exchange, b i o c h e m i c a l ~ i s o l a t i o n  o f  l i p i d  2  

a n d / o r  p r o t e i n  complexes, e t c .  'However, som d of  t h e  break-  

t h roughs  i n  t h i s  f i e l d  have come from k i n e t i c  s t u d i e s  o f  O2 
5 

e v o l u t i o n  i n  p l a n t s  and c h l o r o p l a s t s  which were i l l u m i n a t e d  by 

b r i e f ,  s a t u r a t i n g  l i g h t  f l a s h e s  (Kok e t  a l . ,  1970; Forbush e t  

a l . ,  1971; J o l i o t  e t  a l . ,  1971) .  These s t u d i e s  o f  O2 evo lu -  
W , \ 

-tiert-hawe been hampered l a r g e l y  by two problems; t h e  d i f f i -  

c u l t y  o f  s e p a r a t i n g  0 2 e v o l u t i o n  and d2 up take  components, 

and c a l i b r a t i o n  o f  t h e  e l e c t r o d e  system. - 

Two t y p e s  o f  e l e c t r o d e  sys tems  are c u r r e n t l y  used f o r  O2 
b 

exchange ( e v o l u t i o n  and /o r  u p t a k e )  measurements i n  p l a n t s  o r  

I c h l o r o p l a s t s  u s i n g  a series o f  b r i e f ,  s a t u r a t i n g  f l a s h e s .  The 
--, 



p r o v i d e s  t h e  f i r s t  d e r i v a t i v e  o f  t h e  O2 signal,-while t h e  ba re  

p la t inum e l e c t r o d e  (Chandler  and Vidaver, 1970; Swenson e t  a l . ,  

1986) p r o v i d e s  t h e  c u r r e n t  due t o  02"reduc t ion  a t  t h e  ca thode  
0 

as a f u n c t i o n  o f  t i m e .  Use o f  t h e  ba re  ~ t ' e l e c t r o d e  h a s  de- 

c r e a s e d  i n  r e c e n t  y e a r s ,  la rgely  due t o  an  i n a b i l i t y  t o  p re -  . 

c i s e l y  c a l i b r a t e  t h i s  type  of  e l e c t r o d e  system, b u t  a l s o  due 

t o  t h e  f a c t  t h a t  i t  can  provide  l i t t l e  i n fo rma t ion  on i n d i v i d -  

ua l  s t e p s  i n  t h e  p h o t o s y n t h e t i c  p r o c e s s .  However, t h e  ba re  P t  

e l e c t r o d e  i s  a v a l u a b l e  t o o l  t o  s tudy  t h e  e f f e c t  of  O 2  up- 

t a k e  which o c c u r s  i n  t h e  l i g h t  and t o  de te rmine  t h e  r e l a t i o n -  
* 

d 

s h i p  between ambient  O 2  c o n c e n t r a t i o n  and 0 e v o l u t i o n .  2 

Nei the r  of  t h e s e  two problems can be s t u d i e d  us ing  t h e  J o l i o t  

e l e c t r o d e ,  which a t temptS '  t o  d i s c r i m i n a t e  be tween a  3 a s t  1 i g h t -  

i nduced  r e s p o n s e  and--any - s lower  1 igh t - induced  respons-es . The - -- -- 
v 

J o l i o t  e Jec t rode  minimizes,  b u t  does  n o t  e l i m i n a t e ,  an  O2 up- 

t a k e  componenL 

The o b j e c t  o f  t h i i  r e s e a r c h  is t o  i n v e s t i g a t e  t h e  i n f l u -  

'ence o f  O2 c o n c e n t r a t i o n  and i n t e r n a l  O2 consumption 
* 9 _ -  

r e a c t i o n s  on  p h o t o s y n t h e t i c  O2 e v o l u t i o n .  The e l e c t r o d e  
L 

sygtein was c a l i b r a t e d ,  and a n  a t t e m p t  was made t o  s e p a r a t e  t he  

up take  and e v o l u t i o n  components o f  t h e  O2 exchange measure- 

ments .  D i f f e r e n t  gene ra  and s p e c i e s  o f  marine a l g a e  were used 
1 --- - 

as  expe r imen ta l  -s&nples as - t hey  may r e ~ e m b i e  h ighe r  p l a n t s  
\ 

wi th  r e s p e c t  t o  p h o t o s y n t h e t i c  a p p a r a t u s  and r e a c t i o n s ,  a r e  

e a s i l y  ob ta ined .  and a r e  completex systems f r. themse lves .  



I 

CHAPTER 2. THE OXYGEN EVOLVING COMPLEX 

Photosynthetic oxygen evolution is carried out in the 

oxygen-evolving complex associated with Photosystem 11. The 

components of the oxygen-evolving complex and the me~han~sm of- - 

water oxidation are discussed, beginning with the photochemi- 

cal reactions of PS 11. m. 

The primary photochemical reaction of PS I1 is an electron 
- - - - 

transfer from the excited FS I1 reaction center (P680*) to an 
- -- - -- - - - - - - - - - - -  - - -  

intermediate electron acceptor (Pheo) (Fig. 2.1). This charge 

separation (discussed in Sec. 1.4) can be written as: 

h i  - + - 
Pheo --t PGaO Pheo . 

where '~heo refers to pheophrtin (Klimov et al., 1977). Trans- 
- -  - 

dfer of an electron from the lowest excited singlet state of 

PGeO* to Pheo is believed to occur within 1 ps (Butler et al., 
- - --- - - - - pp 

1983). The secondary electron transfer step (Fig. 2.11, which 

results in charge stabilization (Eckert and Renger, 19801, can 

be Jepicted as: 



F i g .  2 . 2  Charge s e p a r a t i o n  i n  PS I1 ( a f t e r  Govindjee e t  a l . ,  

The e l e c t r o n  c a r r i e r s  of  PS I1 t h a t  undergo 

o x i d a t i o n - r e d u c t i o n  r e a c t i o n s  and cha rge  

accumula t ion  a r e  shown t o g e t h e r  wi th  t h e  
e 

1 

approximate  e l e c t r o n  t r a n s f e r  t imes .  \ 





- - 
Pheo QA + Pheo QA . 

C__-- 

The p r imary  e l e c t r a n  a c c e p t o r ,  QA,  i s  a  p l a s t o q u i n o n e  (PO) 
- 

molecu le  which is a s s o c i a t e d  w i t h  a n  i r o n  molecu le ,  and 

t i g h t l y  bound t o  t h e ' r e a c t i o n  c e n t e r  p o l y p e p t i d e ;  t h i s  i r o n -  
D 

a s s o c i a t e d  p l a s t o q u i n o n e -  is d e s i g n a t e d  QA (Renger  and - -- - -  - -- -- 

Govind jee ,  1 9 8 5 ) .  QA i s  reduced  t o ' t h e  u n p r o t o n a t e d  semi- 
- 

q u i n o n e  a n i o n ,  QA , i n  l . e s s  tharf 1 n s  ( S a t o h ,  1985 1 .  T h i s  

c h a r g e  t r a n s f e r  r e a c t i o n ,  from PGBO* t o  PA, r e s u l t s  i n  
- 

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

t h y l a k o i d  membrane ( J u n g e  and W i t t ,  1 9 6 8 ) .  

QA is  r e o x i d i z e d  by t h e  secondary  e l e c t r o n  a c c e p t o r ,  

2- QB ( F i g .  2 . 1 )  which a c c e p t s  two e l e c t r o n s  t o  form QB 

(Bouges-Bocquet,  1973; ~ e l t h u y s  and Amesz, 1974; V e l t h u y s ,  
- - --- - -- -- - - - - - - - - - - - - - - -- - -- 

1 9 8 0 ) .  While t h e  e l e c t r o n  t r a n s f e r  from Q A  t o  QB i s  s low 
- - 

(200-300 p s ) ,  t h e  e l e c t r o n  t r a n s f e r  from QA t o  QB is even 

s l o w e r  ( 0 . 6 - 0 . 8  m s )  (Cramer and C r o f t s ,  1 9 8 5 ) .  The reduced  

2- s e c o n d a r y  a c c e p t o r ,  QB , is s u b s e q u e n t l y  p r o t o n a t e d  t o  form 

a  bound p l a s t o q u i n o l  ( Q B H 2 )  which exchanges  p r o t o n s  w i t h i n  

2 m s  w i t h  a m o b i l e  p l q s t o q u i n o n e  molecu le  ( P O ) .  The s e r l e s  o f  

f r e a c t i o n s  i s  d e p i c t =  d w i t h  70% and 30% o f  t h e  PS I1 r e a c t i o n '  
1 - 

c e n t e r s  i n  e i t h e r  -OF two o x i d a t i o n  s t a t e s ,  Q Q o r  QAQB , - A B 

. r e s p e c t i v e l y ,  p r i m  t o  t h e  f i r s t ,  s h o r t  ( J J B ~  light f l a s h  

(Cramer and C r o f t s ,  1982; Govind jee  et a l . ,  1 9 8 5 ) :  



;I+ ( s t a b l e )  

hv - 
QA QB QA QB Q* Q ~ ? H + )  

/Y 

PO PQH2 
?+ H . ( s t a b l e )  

On t h e  donor s i d e  o f  PS 11, t h e  o x i d i z e d  PS I1 r e a c t i o n  
- - -  + T - p p - p - - - - - -  - - - - - - - - - 

c e n t e r  ( PsSO i s  reduced by t h e  redox component Z (Babcoek e t  

a l . :  1976) ( s e e  F i g .  2 . 1 ) .  Renger and Govindjee  (1985)  have 
- 

sugges ted  t h a t  Z is  a  s p e c i a l  p l a s t o q u i n o l  (PQH2) t h a t  func- 

t i o n s  a s  a one -e l ec t ron  carrier  between t h e  oxygen e v o l v i n g  

complex (OEC)  and P680. The r e d o r  coup le  ZO'IZ ha s  been sug- 
- + g e s t e d  t o  be PQH2 /PQH2 (Ghanotak is  e t  a l . ,  1 9 8 3 ) .  E l e c t r o n  

+ t r a n s f e r  from 2 t o  P680 is dependent  on t h e  o x i d a t i o n  s ta te  

o r  S s ta te  (Sn , n = 0,1, 2'3.4) o f  t h e  oxygen-evolving =om-' 

p l e q  (Brettel e t  a l . ,  1984; Schlcrdder e t  a l , ,  h9115). A f W  -- 
+ one l i g h t  f l a s h ,  e l e c t r o n  t r a n q f e r  from 2 t o  P680 o c c u r s  

- - 

w i t h i n  50 n s  ( v a n  Best and Hath is ,  ,1978). 



- -- -- 

E l e c t r o n  t r a n s f e r  from t h e  manganese s i t e  i n  t h e  OEC t o  2 

t a k e s  p l a c e  i n  50-800 ps  depend ing  on t h e  o x i d a t i o n  s t a t e  o f  

+ t h e  OEC (Govind tee  e t  a l . ,  1 9 8 5 ) .  Reduc t ion  o f  P680 o c c u r s  i n  

20 n s  d u r i n g  t r a n s i t i o n s .  from SO + S1 and S1 + S2 and i n  250 

t o  300 ns- dur' ing t r a n s i t , i o n s  from S2 + S3 and S3 + ( S 4 )  4 So 

' ( B r e t t e l  e t  a1 . ,1984;  Sch lodder  e t  a l . ,  1 9 8 4 ) .  , Oxygen evo lu -  
I -  - - - - - - - 

t i o n  r e s u l t s  from w a t e r - s p l i t t x n g  i n  app rox ima te ly  J m s  a f t ( e r  

t h e  OEC h a s  c y c l e d  t o  i t s  most o x i d i z e d  s t a t e  ( S 4 )  ( Junge  
, . 

and Jackson ,  1982; Govind jee  e t  a l . ,  1 9 8 5 ) .  A d e t a i l e d  d i s -  
f .  

c u s s i o n  o f  O 2  e v o l u t i o n  w i l l  be p r e s e n t e d  i n  Get. 2 . 4 .  
P 

C 

2 . 2  The oxygen e v o l v i n g  complex 
% 

\ 

2.2.-1 P o l y p e p t i d e s  p p  

The oxygen-evolving complexes  ( O E C s )  of  PS I1 a r e  

l o c a l i z e d  n e a r  t h e  i n n e r  s i d e  o f  t h e  t h y l a k o i d  membrane 

(Aker lund  e t  a l . ,  1982; L a r s s o n  e t .  a l ,  1984)  as  shown I n  
.. - 

F i g .  2 . 2  . Each OEC i n  t h e  t h y l a k o i d  membrane a c t s  indepen-  

d e n t l y  o f  t h e  o t h e r s  (Kok e t  al . . ,  1970; F o r b u s h s e t  d l . ,  

1 9 7 1 ) .  A s s o c i a t e d  w i t h  t h e  OEC are a t  l e a s t  s e v e n  polypep- 

t i d e s .  Four o f  t h e s e  p o l y p e p t i d e s  a r e  b e l i e v e d  t o  be d i r e c t l y  - 

a s s o c i a t e d  w i t h  t h e  a c t i v e  s i t e  o f  t h e  ovygen-evolving complex 

(Gov ind j ee  e t , a l . ,  1985 ) ,  l a b e l l e d  as  18, 24, 33, and 34 kD 

- - p r o t e i n s  i n  F i g .  2 . 2  . The u n i t  o f  molecu la r  we igh t  is  a 



Fig. 2.2 Model of the oxygen-evolving complex (after 

Govindjee, 1984; Govindjee et al., 1985) 
- - 

7 

M = 34 kD polypeptide containing active site for 

water-splitting 

CYT b55j =-cytochrome b559 -. 
2 = primary electron donor to PS I1 

RC = reaction center complex 

P680 = PS I1 reaction center 

PHEO = pheophytin 

QA = primary electron acceptor 
- - --- - - 

LHC = 1 ight-harvesting complex 
3 

Og = secondary electron acceptor 
h 

R = lipid molecule 





dalton-(D), where 1 kD = 1000 g/mol. The other three 

polypep,tides are labellei in Pig. 2.2 ag CYT b559, RC, and 
/ 

32kD. These p ypeptides can be summari as follows 

y 1 9 8 5  1 : (Govindjee e h l . ,  

Photosystem I1 reaction' center polypeptide (47-5l'k~) 

containing a .chlorophyll-a complex ( P6*b 1 ; pheo- 

phytin (PHEO) ,  the intermediate electron acceptor; a 
I 

- 
I L 

bound plastoquinol, the primary electron acceptor, 

(PA); and a bound plastoquinol electron donor (Z)-- 
" 

Secondary bound plas toauinol electron acceptor ( QB 1 

of 32 k D  molecular weight 

Cytochrome bSgg with 10 kD molecular weight 

Intrinsic.27-34 kD polypeptide (labelled in Fig. 2.2 
rn 1 

= 

as H; referred to in text as 34 kD) associated wfth Mn 

Peripheral, hydophil ic 33 kD polypeptide, possibly 

associated with Hn (location in Fig. 2.1 .is arbitrary) 

'k 
1 

~eci~hcyal 23-24 kD, polypeptide (Akerlund'et. al, -- 

19821, referred to in text as 24 kD) 

. . 

Peripheral 17-18 kD polpeptide (Akerlund et al., 1982) 
L - 
\ 

I 



, -  k.G - 

'. 
b 

-- - - . 31  

- 
-- 

The i n t r i n s i c  34 kD p o l y p e p t i d e  is a p p a r e n t l y  the-  most 

e s s e n t i a l  p r o t e i n  f o r  O2  e v o l u t i o n ,  s i n c e  removal  -o f  a l l  

-- 
34 kD p r o t e i n  l e a d s  t o  c o m p l e t e  i n h i b i t i o n  of O2 e v o l u t i o n  

(Murata  e t  a1 . , 1 9 8 3 ) .  : Membranes i n  which t h e  18  ' and  24 k ~  

p o l y p e p t i d e s  a r e  removed, b u t  which c o n t a i n  t h e  34 kD poly-  7 

p e p t i d e , ' c a n  s t i l l  e v o l v e  O 2  i n  t h e  p r e s e n c e  o f  ~ 1 -  and - - - 

- - - - L - - - 

2+ . Ca i o n s ,  a l b e i t  w i t h  some loss  of  O 2  e v o l v i n g  c a p a b i l i t y  
m, 

( N a k a t a n i ,  1984; G h a n o t a k i s  e t  a l . ,  1984b; Hiyao and Hura ta ,  

1 9 8 4 ) .  Oxygen e v o l u t i o n  c a n  be  r e s t o r e d  by r e i n d i n g  one o f  
--- - 
-- 

t h e  24 kD p r o t e i n s  back t o  t h e  membrane i f  t h e  34 kD p r o t e i n  is 

p r e s e n t  a t  t h e  b i n d i n g  s i t e  (Mura ta  e t  a l . ,  1983; Andersson e t  

a l . ,  1984b; L a r s s o n  e t  a l . ,  1 9 8 4 ) .  Optimal  O 2  e v o l u t i o n  is 

r e s t o r e d  o n l y  i f  one  1 8  kD p r o t e i n  is rebound t o  t h e  membrane 

. 
o r  i f  t h e  ~ 1 -  c o n c e n t r a t i o n  is e l e v a t e d  t o  a  g r e a t e r  concen-  

- 
t r a t  i o n  t h a n  i s  requrre-d--fcrnon-depleted PS IIL-membranFs 

m 

( A k a b o r i  e t  a l . ,  1984; Miyao and Murata,  1 9 8 5 ) .  There  is some 

c o n t r o v e r s y  o v e r  t h e  r a t i o  o f  18, 24, and 34 kD p o l y p e p t i d e s  

p r e s e n t  i n  t h e  OEC. Murata e t  a l .  ( 1 9 8 4 )  s u g g e s t  t h a t  t h e  18, 

24, and 34 kD p o l y p e p t i d e s  a r e  r e q u i r e d  f o r  o p t i m a l  O2  
B 

e v o l u t i o n  in r a t i o s  o f  1: l : l  %=#' pe OEC, w h i l e  Cam.marata e t  a l . ,  

(1984;  L a r s s o n  e t  a l . ,  1984)  s y g g e s t  t h a t  t h e  r a t i o  is 2:2:2 

p e r  OEC . 
The m o l e c u l a r  c o m p o s i t i o n  o f  t h e  OEC and  t h e  s p e c i f i c  

0 - - 

f u n c t i o n  o f  t h e  d i f f e r e n t  p o l y p e p t i d e s  are s t i l l  unknown, C 
however c u r r e n t  r e s e a r c h  on  the .  i s o l a t i o n  and  p u r i f i c a t i o n  o f  

t h e  p o l y p e p t i d e  components  o f  t h e  OEC may s o o n  e n a b l e  1 



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

s p e c i f i c  polypeptides. 

b 
- --- - 

Manganese i s  known t o  be , e s s e n t i a l  f o r  t h e  o x i d a t i p n  o f  

H20  t o  O2 'Cheniae,  1980; Sauer ,  1980; Ono and Inoue,  */ 

1982;' Diamukes, 1986). S t u d i e s  done w i t h  mutant  s t r a i n s  o f  

1 r .  

.. 
$he green algae Chla.vdomonas. which  have a reduced  O2 evolu-  

-- - 
tlon. show a d i r e c t  c o r r e l a t i o n  between O2 e v o l u t i o n ,  Mn con- 

t e n t ,  and t h e  abundance of  a 24 kD p o l y p e p t i d e  (Cammarata e t  

a1 . , 1 9 8 4 ) .  Using chemical  t r e a t m e n t s  t o  remove Nn from t h e  , ._ r 

membrane, fou r  Hn atoms per PS I1 r e a c t i o n  c e n t e r  were found 

, . 
, b 

atoms/PS 11 were r e l e a s e d  from t h e  mutant  s t r a i n s .  Therefore ,  
- 

4 equivalent Rn atoms may be o rgan ized  i n t o  a t e t r a n u c l e a r  

c lustorfbound t'o a 34 kO p r o t e i n  ( l a b e l l e d  as M in,  F i g .  2 . 1  - 

and a 24 kD e x t r i n s i c  p r o t e i n  (Cantntarata e t  a l . ,  1 9 8 4 ) .  
I I 

Experimental  evidence shows t h a t  i n  a v a r i e t y  of 

p h o t o s y n t h e t i c  organiebas, 4 Hn atoms are bqund t o  t h e  OEC 

( S c h a t z  and Uitt, 1984a,b; Bowes e t  &I..,- 1 9 0 & ' . ~ u v a b ~ r a  and 

Murata, 1983; C a m r a t a  e t  a l . ,  1984; Ghanotak is  e t  a l . ,  - 

- 

1984aI. PS 11 p a r t i k l e s  isolated from a red algae, 

cruentPr, show that  -50 Chl molecules and 4  Hn 

atoms are bound together p e r  r e a c t i o n  c e n t e r  ' ( ~ o h a t z  and V i t t ,  



- - - - - - - 

1984a.b) .  These p r e p a r a t i o n s  show ,an 0 2 .  e v o l u t i o n  r a t e  of 
0 -1 -1 2300 pmol O2  (mg C h l )  h (Scha' tz  and W i t t ,  1984a,b)  under 

normal c o n d i t i o n s  and wi th  s a t u r a t i n g  l i g h t  i n t e n s i t y .  I n  t h e  

many exper iments  which c o r r e l a t e  t h e  Mn contenC of  t hy l ako id  

membranes wi th  t h e  O 2  e v o l u t i o n  r a t e ,  c o n s i d e r a b l e  v a r i a t i o n s  

i n  O 2  e v o l u t i o n  r a t e s  were fouhd, bu t  a l l  ev idence  - - - i n d i c a t e s  - - - - - 

- 

t h a t  4 Mn atoms p e r  PS 11- r e a c t i o n  c e n t e r  a r e  p r e s e n t  i n  PS-11 

, membranes w i th  op t ima l  O 2  e v o l u t i o n  (Kbwabara and Murata, 

1983; Ghanotakis  e t  a l ,  1984b; Cammarata e t  a l . ,  1 9 8 4 ) .  

Lcwered O 2  e v o l u t i o n  r a t e s  have been a o r r e l a f e d  t o  a  reduced 

Mn c o n t e n t  i n  c h l o r o p l a s t s  and PS I1 p a r t i c l e s  (Cammarata e t  

a l . ,  1984 1 .  However, v a r i a t i o n s  i n  0  evolution r a t e s c o u l d  
2 

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

. s e c o n d a r y  quinone a c c e p t o r  (Q 1 (Dismukes, 1 9 8 6 ) .  
. B 

The r equ i r emen t  -o•’ 4-Mnatoms per  PS I1 r e a c t i o n  c e n t e r  

does  n o t  imply t h a t  a l l  4 atoms a r e  e s s e n t i a l  f o r  H20 oxida-  
I 

t i o n .  Of t h e  s e v e r a l  bound Mn p o a l s  i n  c h l o r o p l a s t s  (Cheniae  

and H a r t i n ,  1970; Sharp and Yokum, 1989; Khanna e t  a l . ,  
* 

1981a ,b ) ,  o n l y  one gppea r s  t o  be e s s e n t i a l  f o r  Og e v o l u t i o n ,  

Another pool o f  Hn is  "ve ry - loose ly  bound" and .non- func t iona l  

i n  ,,02 e v o l u t i o n  (Radmer and Cheniae. 1977; Yocum e t  a l . ,  
\ 

1983; Khanna e t  a l . ,  1981b) .  However, a , " loose ly  boundv pool 

a p p e a r s  t o  p l a y  a r o l e  i n  O2  e v o l u t i o n  (Radmer and Cheniae, -- 
-- 

1977; Yocum e t  a l ; ,  1981.; Khanna e t  a l .  ,, 1983) .  The f u n c t i o n  
\ 

o f  t h e  " t i g h t l y  bound" pool  o f  Hn is  n o t  c l e a r ,  b u t  i s  e s sen -  

, t i a l  f o r  O2 e v o l u t i o n  (Khanna e t  a l . ,  1 9 8 3 ) .  
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comple t e ly  r e s o l v e d .  I n  t h e  model of  Cammarata e t  a l .  (1984);  

4  Mn atoms l i e  i n 1 a  c l e f t ,  bound t o  two 34 kD p r o t e i n s  and t o  

t h e  "2" r e g i o n  o f  t h e  r e a c t i o n  c e n t e r  p r o t e i n .  T h i s  a l s o  sup- 

p o r t s  t h e  model o f  Dismukes e t  a l .  (19831, 'which s u g g e s t s  t h a t  

t h e r e  a r e  2  Mn atoms pe r  34 kD p r o t e i n  (shown i n  F i g . . 2 . 2 ) .  
- - - - -- - 

2 . 2 . 3  Ch lo r ide  i o n s  

Chlor ide  i o n s  a r e  known t o  be e s s e n t i a l  t o  t h e  f u n c t i o n  of  

t h e  OEC i n  t h a t  removal o f  ~ 1 -  r e v e r s i b l y  i n h i b i t s  t h e  O 2  

evolut io 'n  mechanism (Hind e t  a l . ,  1969; Ke l l ey  and Izawa, 

1978; Govf id jee  e t  a l . ,  1983; Izawa e t  a l . ,  1983) .  The number 
> 

of  ~ 1 -  i o n s  p e ~ - P s  I 1  reaction c e n t e r  h a s  been es t i rna tedptQ - - 

be as high as 4-8, (Izawa e t  a l . ,  1 9 8 4 ) .  C h l o r i d e  i o n s  may be 
- 

r e p l a c e d  by ~ r - ,  NO3 , o r  I -  w i th  d e c r e a s i n g  o r d e r  o f  e f f e c -  

t i v e n e s s  , ( K e l l e y  and Izawa, 1978; C r i t c h l e y  e t  a l . ,  1982)<  

Other  an ions  e i t h e r  i n h i b i t  O2  e v o l u t i o n  (F-, OH-)  o r  have no 

2- - - 
e f f e c t  (SOq , C104 , PO4 1 .  F l u o r i d e  i o n s  have been shown t o  

r e v e r s i b l y  i n h i b i t  t h e  t r a n s i t i o n s  So + S1 + S2 (Casey and 

X u ,  1984a,b) ,  whi le  d e p l e t i o n  o f  ~ 1 -  i n  t h e  d a r k  appar -  
f 

e n t l y  i n h i b i t s  t h e  S2 +.S3 t r a n s i t i o n  ( ~ h e d  e t  a l . ,  1984; 
- -  - - 

I t o h  e t  a l . ,  19841, r e s u l t i n g  i n  i n h i b i t i o n  o f  O2  e v o l u t i o n .  

S ince  o p t i m a l  O2  e v o l u t i o n  r e q u i r e s  t h e  p re sence  o f  t h e  

18 kD p r o t e i n  o r  a n  e l e v a t e d  ~ 1 -  c o n c e n t r a t i o n ,  it h a s  been 
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3. Binding of ~ 1 -  stabililizes the OEC against thermal 

damage leading to the release of Mn atoms from the 

active site and irreversible inactivation (Coleman et 

al., 1984). 

In Fig. 2.2, ~ 1 -  is shown -to be bound to the 34 kD _protein- - - --- 

in the cleft which contains 2 Hn atows and is the site of 

-P H20 oxidation and H release. 

Chloride appears to exert its effect by binding to the 

membrane in a pH dependent manner (Critchley et al., 1982; 

Theg and Homann, 1982; Govindjee et al., 1983). At pH values 

above 7.2-7.4, more ~ 1 -  is required for optimal O2 evo3xi-& 

tion (Kelley and I%aawa, 1978; Critchley et al., 1982) and 

Crilichley et al. (1984) suggest that OH- and ~ 1 -  ions compete 
/ 

- - _ - - - _ - - - - - - _- - _ - - - 

for binding sites. Experimental evidknce in inverted thyla- 
d 

koid membranes shows that irreversible inactivation of O2 
- - 

evolution is suppressed by high C1- concentration and is not 

dependent on the presence or absence of the 24 kD protein. 

Depletion of C1- ions causes the OEC to become more 

sensitive to inhibition by Tris (hydroxymethy1)aminomethane 

buffers tTris) (Izawa et al., 198.3). NH20H (Kelley and Izawa, 

19781, and heat treatment (Coleman et al., '1984). This indi-c 

cates that CI- is involved in maintaining photo ox id^^^€ 

the OEC by the react ioh center t Sandusky and Yocum, 1983). 

Two models have been described which are consistent G'ith 

- these observations. However, nebther of these two models 



completely explains all e x p e r i m F t a l p e v i d e n c e i i n g  the 

effect'of ~ 1 -  on O2 evolution. In the first model, ~ 1 -  

is assumed to bind .in one of the lower S-states (SO or S1) 

to the active site containing Mn in the OEC. In the dark, 

~ 1 -  stabilizes the S1 state against deactivaticn to S 
0 - 

and allows formation of a long-lived S2 state. The active 
-- - - 

\ - 

- - - - - - - - - 

site would then directly control binding of H20 at the M; 

atoms (Dismuke* 1986). 

- - In the sea-nd model, a single ,C1- ion binds to the Mn 
site in order to neutralize each positive charge accumulated 

in response to the differential extraction cf.protons and 

electrons in the S-state transitions. This would result in 

the proper conformation for O 2  evolution by coupling the OEC 

to the PS 1.I reaction center (Johnson e,t al., 1983; Govindjee, 

1984; Dismukes, 1986);- Thus, both-uptake of ~1-- dur-ing one - - 
9 

S~state transition, and release of C1- during a different 

s-state transition will take place. z f  charge neutrality. is 

maintained by binding ~ 1 - ,  it could be that one 

~ 1 -  is taken up on the S1 S 2  transition, and one ~ 1 -  is 

released during the S3 2 So transition (Dismukes, 1986). This 

agrees with the observed inhibition loci for F- inhibition and 

~ 1 -  depletion, respectively (Dismukes, 1986 . 



2 . 2 . 4  Calcium b ind ing  

- 

The r o l e  o f  ca2+ i n  PS I1 and b2 e v o l u t i o n  i s  st i l l  

u n c e r t a i n ,  a l t h o u g h  i t  is known t o  be e s s e n t i a l  f o r  O 2  evo lu-  

t i o n  (Dismukes, 1986) .  c a 2 +  - - c a n  r e s t o r e  O 2  e v o l u t i o n  i n  

membranes which a r e  miss ing  the- 24 kD p o l y p e p t i d e  (Miyao-and------- 
. \  

Hurata ,  1984) .  Treatment o f  PS I1 p a r t i c l e s  which r e l e a s e s  

t h e  18 and 24 kD p r o t e i n s  r e s u l t s  i n  i n h i b i t i o n  o f  O2  evo lu-  

2+ t i o n  and shows a  reduced ( 4 0 % )  C a  c o n t e n t  (Miyao and 

Murata, 1984) .  A t  p h y s i o l o g i c a l  (b v i v ~ )  s a l t  concen t r a -  

2+  t i o n s ,  Ca and t h e  18 and 24 kD p r o t e i n s  a r e  a l l  r e q u i r e d  

f o r  O2 e v o l u t i o n .  The 18 and 24 kD p r o t e i n s  p r o v i d e  h igh  

a f f i n i t y  b ind ing  s i t e s ,  f o r  c a 2 +  (Ghanotak is  e t  a l . ,  1964b) .  - 

Calcium appea r s  t o  be involved  i n  t h e  b i n d i n g  o f  e s s e n t i a l  
- - - - - - - - -- -- - - -- - - - - - - -- - - -- - - --- 

p r o t e i n  s u b u n i t s  w i t h i n  t h e  OEC o r  i n  t h e  b i n d i n g  o f  t h e  34 kD I 

po lypep t ide  t o  t h e  PS I1 r e a c t i o n  c e n t e r  p r o t e i n .  Ono and 

Inoue ? l 9 8 3 a , b )  have proposed t h a t  bo th  Hn and c a 2 +  must be - 

bound t o  t h e  t t r e s t i n g t t  OEC b e f o r e  i t  can  be p h o t o a c t i v a t e d .  

2.3 -Water o x i d a t i o n  - 

. , ., 

- i 
Water o x i d a t i o n  t o  molecu la r  oxygen i n  p h o t a d - w t h e t i c -  

sys tems may be r e p r e s e n t e d  by t h e  o v e r a l l  e q u a t i o n :  
.ZA - 



The e f f e c t i v e  pH n e a r  t h e  w a t e r - s p l i t t i n g  s i t e  i n  c h l o r o -  

p l a s t s  is  d e t e r m i n e d  t o  be  a p p r o x i m a t e l y  7  ( S a u e r ,  1 9 8 0 ) .  I n  , 

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

" e n e r g y  a v e r a g e  o f  0 . 8 1  e V  f o r  e a c h  s t e p  i n  t h e  c o u p l i n g  o f  

-- - H20 w i t h  t h e  OEC,. However, t h e  e n e r g y  r e q u i r e m e n t s  f o r  t h e  

i n d i v i d u a l '  s t e p s  a r e - v e r y  - d i f f e r e n t .  F i g u r e  2 . 3  shows t h e  - 

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

' s t e p s  f o r  w a t e r - s p l i t t i n g .  F i g u r e  2 . 4  compares o n e - e l e c t r o n  

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

s t e p s s f o r  i n t e r m e d i a t e s  a s s o c i a t e d  w i t h  a n  oxygen-evolving 

complex (Renger ,  1978; Renger and ~ c k e r t ,  1980 1 .  0 -- 

The charge-accumula t  i n g  i n t e r m e d i a t e s  which f u n c t i o n  i n  

t h e  o x i d a t i o n  o f  H20 a r e  most l i k e l y  Mn complexes (Renger ,  

1 9 7 7 ;  Govind jee  e t  a l . ,  1978; R'admer and Chen iae ,  1977; 
- - - - - -- - - -- - -  - 

Wydryzynski,  1982; Renger and Govind jee ,  1 9 8 5 ) .  The h i g h e s t  

P 
e n e r g y  b a r r i e r  i n  t h e  o x i d a t i o n  o f  H20 is t h e  f i r s t  s t e p  as 

shown- i n  F i g .  2 . 4  ( ~ e < ~ e r ,  1 9 7 8 ) .  The w a t e r - s p l  i t t i n g  'ehzyme 

( l a b e l l e d  M i n  F i g .  2 . 2 )  must f u n c t i o n  i n  l c w e r i n g  t h i s  -? 

p o t e n t i a l  b a r r i e r ,  t h u s  r e d u c i n g  t h e - e n e r g y  needed t o  undergo 
6 

t h e  f i r s t  e l e c t r o n  t r a n s f e r .  Complexes c a n  be formed w i t h  Mn 

i n  t h e  o x i d a t i o n  s t a t e s ' M n ( I I ) ,  Mn( I I I1 ,  and Mn(1V) (Harr iman 

e t  a l . ,  1978)  and  t h u s  Mn complexes  are a t t r a c t i v e  f o r  c h a r g e -  

s t o r i n g .  M A (  I I  ) cumplexcs  are g e n e r a l l y  stable, whLle-MnCI-Vl 
CJ + 

complexes  u s u a l l y  form oxygen-br idged b i m o l e c u l a r  s t r u c t u r e s  

(Har r iman  e t  a l . ,  19781'. I n  p r i n c i p l e ,  t h i s  would allow a n  

o v e r a l l  f o u r  e l e c t r o n  o x i d a t i o n  as  a  Mn(I1)  complex undergoes  
\ 



Fig .  2 . 3  Redox energy  f o r  o x i d a t i o n  o f  H20 ( a f t e r  Radmer 

' and Cheniae,  1977) 

- - - - 

- 

This  diagram-shows t h e  redox energy o f  t h e  one- - 
- 

e l e c t r o n  s t e p s  f o r  t h e  o x i d a t i o n  of  H20 t o  02. 

The s o l i d  l i n e  ( 1 i n d i c a t e s  t h e  pathway--via 

H202 a s  t h e  two-equivalent  r e d u c t i o n  s t a t e .  

The dashed l i n e  (----- 1 i n d i c a t e s  t h e  r e d u c t i o n  

pathway v i a  H20 + 0 a s  t h e  twb-equivaleht  

r e d u c t i o n  s t a g e .  The d o t t e d  l i n e  ( . . . . . I  shows othe 

pa th  of  minimum energy .  



NUMBER O F  ELECTRONS REMOVED FROM WATER 



Fig .  2 . 4  Comparison of redox e n e r g i e s  f o r  o x i d a t i o n  o f  H20 

v i a  f r e e  i n t e r m e d i a t e s  and v l a  t h e  c a t a l y t i c  

' pathway i n  p h o t o s y n t h e s i s  ( a f t e r  Renger, 1 9 7 8 ) .  
b 

E n e r g e t i c s  of t h e  fou r  s t e p  water  o x i d a t i o n  v i a :  

a .  . f r e e  i n t e r m e d i a t d  
- 

2 

v 

b .  i n t e r m e d i a t e s  bomplexed w i t h  Mn i n  the, oxygen- 

e v o l v i n g  cgmplex 

Th-e- z e r o  p o i n t s  o f  t h e  energy  s c a l e ,  H20 and 
- - - -  - - - - - - - - - - - - - - - - - - - --- 

* 
(HZO) , a r e  a r b i t r a r y  and t h e  a b s o l u t e  e n e r g i e s  

I 

* -. of  bo th  s t a t e s  do n o t  have t h e s a m e  v a l u e .  The 

- - symbol * is  used t o  deno te  a  complexed i n t e r -  

mediate,  which is  n o t  t he - same  as t h e  co r r e spond ing  * 
C 

f r e e  i n t e r m e d i a t e .  
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- 
- - - - - - 

a two e l e c t r o n  o x i d a t i o n  t o  form a b imolecu la r  Mn(IV) complex 
' ' 

(Harriman e t  a l . ,  1978) .  

8. 
The w a t e r - s p l i t t i n g  enzyme must a l s o  e n s u r e  t h a t  t h e  k 

h i g h l y  r e a c t i v e  water  o x i d a t i o n  i n t e r m e d i a t e s  a i e  s t a b i l  i z ed  

u n t i l  t h e  o x i d a t i o n  o f  H20 i s  completed.  Manganese has  a  

v a r i a b l e  c o o r d i n a t i o n  number (Cheniae ,  1970; Lawrence and - ,- -- - 

Sawyer, 1978) and t h u s  a v a r i a b l e  number o f  g roups  c a n  form 

9 bonds wit'h t h e  c e n t r a l  Mn a  om i n  t h e  Mn complex . Thus bonds 

can  be formed which s t a b i l i z e  t h e  r e a c t i v e  i n t e r m e d i p t e ~ ,  

formed du r ing  H20 o x i d a t i o n  (Renger. 1978) .  Compared t o  a l l  

t h e  o t h e r  t r a n s i t i o n  metal  i ons ,  Mn has  t h e  l a r g e s t  thermal  

e q u i l i b r i u m  c o n s t a n t  f o r  t h e  fo l lowing  r e a c t i b n  (Wells, 1965) :  

- 

T h i s  i n d i c a t e s  t h a t  H ~ ( I I I ) O H -  is ve ry  s t a b l e  i h  n e u t r a l .  

aqueous s o l u t i o n s  (wel l$ ,  1965) .  

The i n t e r a c t i o n  o f  H20 molecu les  wi th  t h e  OEC i s  s t i l l ,  

undetermined.  Based on expe r imen ta l  s t u d i e s  w i th  H20 
* 

a n a l o g s  ( i . e .  NHZOH and N H 2 N H 2 ) ,  'it was proposed t h a t  t h e  

a b i l l t y  o f  a molecule  t o  i n t e r a c t  wi th  t h e  Qq e v o l v i n g  s i t e  

c o r r e l a t e s - ' w i t h  t h e  shape o f  t h e  molecule,  r a t h e r  t h a n  i ts  

, chemical  p r o p e r t i e s  (Radmer, 1983; Radmer and ~ l l i n g e r ,  - 1983 - . 

, Radmer de te rmined  t h a t  t h e  H20 b i n d i n g  s i t e  l i e s  i n  a c l e f t  
-I ,l 

approximate ly  4  A wide and 2 . 5  A deep, wi th  two Hn atoms 

,b ind ing  two H20 molecu les  l . i 7  A a p a r t  ( t h e  l e n g t h  o f  a n  



0-N b o n d ) .  Radmer s u g g e s t s  t h a t  t h e  e x i s t e n c e o f  a c l e f t  

a round  t h e  b i n d i n g  s i t e  may h e l p  p r e v e n t  t h e  decay  o f  S  s t a t e s  
0 

k. 0 

by a l l o w i n g  H 2 0  o x i d a t i o n  i n t e r m e d i a t e s  t o  r e a c t  w i t h  o t h e r  

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

components  o u t s i d e  o f  t h e  c l e f t .  
't 

-r 

<.. 5 
L 

, 2 . 4  K i n e t i c s  o f  oxygen e v o l u t i o n  
I 

0 x y g e n 0 e v o l u t i o n  r e s u l t s  from Photosys tem I1 w a t e r -  

s p l i t t i n g  a c t i v i t y  i n  t h e  oxygen-evolving complex ( O E C ) .  T h e  ' 

c u r r e n t l y A  a c c e p t e d  mode3 o f  w a t e r - s p l  i t t i n g ,  t h e  S  s t a t e  

h y p o t h e s i s  (Kok e t  a l . ,  1970; Forbush e t  a l . ,  1971)  r e q u i r e s  

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

4 +  o x i d k z i n g  e q u i v a l e n t s  (OEC -t OEC 1 i n  i n d i v i d u a l  PS I1 reat=------- 

t i o n  c e n t e r s .  The major  e v i d e n c e  f o r  t h i s  - - model i n v o l v e s  a  

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

a  series o f  s h o r t  s a t u r a t i n g  l i g h t  f l a s h e s  (Kok e t  a l . ,  1970; 

J o l i o t  etal.;3371). Every l i g h t  f l a s h  o x i d i z e s  e a c h  r e a c -  

t i o n  c e n t e r  by r e l e a s i n g  one e l e c t r o n ,  which r e s u l t s  i n  o x i d a -  

t i o n  o f  t h e  oxygen-evo lv ing  c e n t e r s .  One e l e c t r o n  is t r a n s -  
t . )  " f e r r e d  t o  2, which i n  t u r n  t r a n s f e r s  a n  e l e c t r o n  t o  P680 , 

a n d  p r o t o n s  are r e l e a s e d .  T h i s  e v e n t  is r e f e r r e d  t b  as;> ff 

s i n g l e  A r n - o v e r  o f  t h e  OEC. The tu rn -over  t i m e  gf t h e  O@C i s '?  

t h e  t i m e  which is r e q u i r e d  f o r  t h e  OEC t o , r e c o v e r  fkom - . 
r - .  r r  

p h o t o e x c i t a t i o n .  I n  terms o f  k d n e t i c  s t u d i e s ,  , i t  is  t h e  time . . 



* - 
r r -  - - 

interval between two successive s a t ~ r a f  iaspl i g h t  f l a s k s  which . 'J 

g i v e  ha1 f df the  maxi 
n 

" " 0  

the f i r s t  f l a s h  iDincr akd Hauzerall', 1973b+. - i . "  
1 - 

The O2 y l C l d '  per light f l a s h  oscillates wi-th a a 
,- 

- 47 

p e r i o d i c i t y  o f  Lour uh'ich i s  comp t l b l e  w l t h  c$smi.cal P -- ' 
9 L 

% ,  

$ntermsdlatcs or oxygen-evolving centers  syccessf v e l y * c y c l . i n g  - - s .  -' 

a t rough five d l  f farcnt  orLdat~on s ta tes ,  SO through Sq, ,qs 
& 

' 

- shown in Fig. 2 . 5 .  The subscript a_= 0 , 1 , 2 , 3 , 4  i n d i c a t e s  t h e  + . \ i I I ,  

number o f  uxfdlzing eqyivalents s t o r e d  i n  the- system, in 

excess of t h a t  i n  S o .  Each Sn s t a t e  d i i f e r s . - f r o n  the pee- - 

- -. , 
n ,  

ccsding state ,  SnW1. by the  loss f bne e l d b t r o h .  ~ h e h  the 
- P 

released i n  t h e  final s t e p  as  Sd returns ta SO i n  the d a r k .  , 

Each S s t d t e  transition .occ~+ in"- two stages, i.e. Sn + .  

- 1 

created i m d i a t s l  y after 1 i g h t  absorption i n  t h e  reaction .. 
a -  L 

center  PGaQ.  .The transition from Sn8 -+ Sn+l is a dark" 

rsa8tion during which cine p o s i t i v e  charge e q u i v a l e n t  i s  
* .  

sccumul a t e d .  pne e lec t ron  1s transferred to the p h o t o o x i d i z e d  P 

"4 + P S  I I  'rta&tion cent&- ( PgsO 1 and transferred* ( 1  . thyough the 

_ elqctron transport c b l z  while the s t a t e  ad&ncss. The ~k , 
sta te .  yhich  has accunulatcd tour ox ld lq lng  aqulvalents. is a 

h i g h l y  unstablb, and rapidly regenerates  - - - Sg+ by evolving -- - - 

.- 
02. t h e  s ta te  advancement reactions are rats-limited by the 

@ - 
rcox idation of the ~ r i l p r y  acceptor Qk . "except f o i  s>' ; 

F 



g .  2 . 5  The S-states o f  khe oxygen-evolving complex ( a f t e r  
\ L 

T h i s  s c h e m a t i c  aiagram r e p r e s e n t s  t h e  model o f  O2 
t \ * -  b - s  - - - - - - - -- - - 

e'vd1u"Con pr4posed.  by Kok e t  a 1  . ( 1970 . Each OEC .-- 

under-gaes t h e a c y c l i c  series o f  r e a c t i o n s  which a r e  
> 

< 6 d e p i c t e d  i n  thA3 f i g u r e .  The S - s t a t e s  d e n o t e  t h e  
Y r '! 

o x i d z i t i o n  s t p t e - o f  t h e  OEC and  a r e  i n d i c a t e d  by t h e  - I ' % , 6  

p h o t o t r a n s i t i o n s  and t h e  subsequen t ,  d a r k  r e l a x a t i o n s  
F 

.+ *'4 . . . %* 

a r e  t h e  - s t e p s  S,.' + Sn+l .  ,. The approx.imqte t i m e  

c o n s t a n t s  f o r  t h e b . S - s t a t e  t r a n s i t i o n s  , .  a r e  i n d i c a t e d  

f o r  e a c h  t r a n s i t i o n .  --The? d e a c i t i v a t i o n  r e a c t i o n s  - 
L 

1 which o c c u r  are  r e p r e d e n t e d  by  dashed  l i n e s  ,( ----- . .  

and  l a b e l l e d  wi th '  t h e  c o r r e s p o n d i n g  r a t e  c o n s t a n t s .  





--  - --- 

tHe r e l e a s e d o f  O2 (Dekker e t  a l . ,  1 9 8 4 ~ ) .  - 
+ The S  s t a t e  t r a n s i t i o n s ,  t h e  H r e l e a s e  p a t t e r n ,  and t h e  

t ime c o n s t a n t s  f o r  e l e c t r o n  t r a n s f e r  t o  t h e  primary a c c e p t o r  Z 

may be l i s t e d  as  f o l l o w s  ( Junge  and Jackson,  1982) :  

Each of t h e  t r a n s i t i o n s  So + S1,- S1 + S2, S2 /" -' S3, and 

S + S  + S c o n ~ ~ i t u t e  on+-step i n  t h e  o x i d a t i o n  o f H  3 4  0 2 

The s t e p  p a t t e r n  f o r  H+ r e l e a s e  i n  i a rk -adap ted  t h y l a k b i d s *  

is  1 , 0 , 1 , 2  ( W i l l e  and Lavergne, 1982) f o r  t h e  s e q u e n t i a l  S 

t s t a t e  t r a n s i t i o n s  "with t h e  cor responding  H r e l e a s e  t i m e s ,  

( F z r s t e r  e t  a l . ,  1 9 8 1 ) .  The Z r e d u c t i o n  t imes  were determined . 
, , 

by Babcock e t  a l .  ( 1 9 7 6 ) .  Recent ly  Brudvig ef a l .  (1984)  have 

shown t h a t  t h e  OEC e x i s t s  i n  two d i f f e r e n t  s tgtes ,  r e s t i n g  

( fo l lowing  long  d a r k - a d a p t a t i o n )  and a c t i v e .  Thus, t h e  H t  

r e l e a s e  p a t t e r n  may a c t u a l l y  be d i f f e r e n t  f o r  a n  a c t i v e  OEC. 
-- 

, I n  da rk  adap ted  c h l o r o p l a s t s ,  t h e  on ly  S s ta tes  p r e s e n t  

a r e  SO and S1 

. S1 w i t h i n  5 s 

1 

. S2 and S3 d e a c t i v a t e  i n  t h e  da rk  t o  

i n  c h l o r o p l a s t s  and w i t h i n  60 s i n  i s o l a t e d  



t hy  1 a ko i ds I 30 1 io t and  KoX , 1 ~ ~ - - U a r K a ~ d - a ~ ~ a ~ f ~ o ~ ~ o ~ p 1 ~ n t - s ,  

a l g a e ,  and c h l o r o p l a s t s  e s s e n t i a l l y  synchron izes  t h e  oxygen- 

e v o l v i n g  c e n t e r s ,  i n  t h a t  o n l y  SO and S1 are p r e s e n t  a f t e r  a 

few minutes .  Shor t , -  s a t u r a t i n g  l i g h t '  f l a s h e s  w i th  a f requency 

- o f  approximate ly  1 t o  4 Hz w i l l  r e s u l t  i n  s i n g l e  t u rn -ove r s  o f  
r 

a 

each  oxygen-evolving complex. D e a c t i v a t i o n  o f  S2 and S3 i n  
- - - C L f p L  

A - 

PS I1 membranes a t  room t empera tu re  has  been de te rmined  t o  be 
f 

T1/2 = 20 s and 100 s, r e s p e c t i v e l y  (Beck e t  a l . ,  1985) .  The 

d e a c t i v a t i o n  o f  S s t a t e s  is dependent  a n  t h e  redox s t a t e  o f  
- - - - 

t h e  e l e c t r o n  a c c e p t o r  s i d e  o f  PS I1 ( R u t h e r f o r d  e t  a l . ,  1984; 

Vermaas e t  a k . ,  1984; Govindjee e t % a l . ,  1985 1 .  Decay of  S2 
- 

c e n t e r s  t o  t h e  S1 s t a t e  a s s o c i a t e d  wi th  QB had a h a l f t i &  o f  . 
r 

/ 

20-30 5 ,  while  t h o s e  a s s o c i a t e d  wi th  QB had a ' h a l f t i m e  o f  
/ 

-150 s (Ru the r fo rd  e t  a l . ,  1984) .  The decay o f  S3 + S2 was de- 

a ' t e rmined? to  be r e l a t i v e l y  indepe d e n t  o f  t h e  redox s t a t e  o f  - 

t h e  PQ pool (Vermaas e-t a1 . , 1984 1.  

The d i s t r i b u t i o n  o f  S .  s ta tes  i n  da rk  adap ted  c h l o r o p l a s t s  

. h a s  been sugges t ed  t o  range  from 100% So (Bader,  1984)  t o  

100% S1 (Vermaas &t a l . ,  1984) .  The most pcobable  i n i t i a l  

' S - s t a t e  d i s t r i b u t i o n  i n  dark-adapted  c h l o r o p l a s t s  is 
i 

S :S :S :S = 0.25:0.75:0:0 ( ~ e l t h ; ~ s  and Kok, 1978; 0 1 2 3  - - - - 
Lavergne, 1 9 8 6 ) .  However, Vermaas e t  a l .  (1984)  showed t h a t ,  

i n  long-t ime d a r k  adap ted  t h y l a k o i d s ,  t h e  d i s t r i b u t i o n  is 100% '-4 

4 
,- --- -- 

S1, wi th  a  f r a c t i o n  o f  t h e  c e n t e r s  (15-25%) p o s s e s s i n g  a 
t 

one -e l ec t ron  donor c a p a b l e  of .  r educ ing  S2 o r  S j  y i t h  f a s t  . 

k i n e t i c s    his' is e q u i v a l e n t  t o  a n  



i n i t i a l  S  s t a t e  d i s t r i b u t i o n  o f  75-85% S1 and 15-25% SO. 

The O2 f l a s h  y i e l d  s e q u e n ~ e  produced by a  series o t  
- 

s i n g l e  turn-over  s a t u r a t i n g  f l a s h e s  shows a  p e r i o d i c i t y  of 

f o u r  which i s  e v e n t u a l l y  damped t o  a  s t e a d y - s t a t e ' v a l u e .  

Maximum O2 y i e l d  i n  most p h o t o s y n t h e t i c  systems o c c u r s  on 

-- - --- t h e  t h i r d  f l a s h ,  wi th  suci%&sive maxima on t h e  s even th ,  - -  

e l e v e n t h ,  e t c .  f l a s h e s ,  A f t e r  20-30 f l a s h e s ,  t h e  O2 y i e l d  

has  reached i t s  s t e a d y - s t a t e  va lue  ( Y i ) .  The g e n e r a l  

behavior  o f  t h e  O2 f l a s h  y i e l d  sequence- i n d i c a t e s + t h a t  a l l  

PS I1 r e a c t i o n  c e n t e r s  a c t  i ndependen t ly .  The p e r i o d i c i t y  of  

X- f o u r  is g e n e r a l l y  c o n s i s t e n t  w i t h  exper imenta l  r e s u l t s  and . 

: w i t h  t h e  S - s t a t e  model, b u t  t h e  damping t o  a  s t e a d y - s t a t e  

v a l u e  . a f t e r  a  number o f  f l a s h e s  i s  s t i l l  t h e  sub , ec t  of  deba t e  
- 

(Forbush e t  a l . ,  19713 T h i b a u l t ,  1978; Lavore l ,  1978; 
- - - -- - - - -- - - - - - - - 

J u r s i n i c ,  3981;  D e l r i e u ,  1983) .  > 
The damping t o  a  s t e a d y - s t a t e  va lue  was e x p l a i n e d  by 

- 

Forbush e t  a l .  (1971)  a s  a phase  l o s s  due t o  double  h i t s  o r  

misses a t  t h e  PS I1 r e a c t i o n  c e n t e ~ r .  "Misses" a r e  randomly 
- 

d i s t r i b u t e d  f a i l u r e s  o f  S - s t a t e  transitions o r  quantum absorp-  

t i o n .  ffDouble h i t s "  occur  when t h e r e  are two s u c c e s s i v e  
-- - - - 

4 

S - s t a t e  t r a n s i t i o n s  w i t h i n  a  s i n g l e  i i g h t  f l a s h ,  i . e . -  when two 

photons  are absorbed  by t h e  same PsS0 r e a c t i o n  c e n t e r .  Thus, 

misses  r e t a r d  t h e  phase  o f  t h e  c y c l e ,  whi le  &oub-le h k t s  - -- 

advance i t ,  and bo th  c o n t r i b u t e  t o  t h e  phase l o s s .    ow ever, 
t h e  d a m ~ i n g  can  also p a r t l y  be_erp la incd  b; a l i gh t - induead  - 
endogenous O2 uptake  which o c c u r s  in green plants and a l g a e  

- C 



d u r i n g  a s e r i e s  o f  s c t u r ' a t i n g  fl=sf'ies and may i n f l u e n c e  s i n g l e  
* 

f l a s h  y i e l d s  t o  t h e  e x t e n t  t h a t  measured y i e l d s  a r e  n o t  equiv-  

a l e n t  t o  a c t u a l  water-spl  i t t i n g  y i e l d s .  
i 

2 . 5  The r o l e  o f  oxygen- up take  
- 

Green p l a n t s  and a l g a e  sh0w.a l i gh t -dependen t  O 2  uptake 

(Hoch e t  al., 1963; Vidaver and French, 1965; R i d ,  1968; 

Jackson  and Volk, 1970; Sa rgen t  and Taylor ,  1972; Radmer and #I 

Kok, 1976; Radmer e t  a l ,  19_28rl;erbaud and Andre, 1979; Canvin 

et a l . ,  1980; Watanabe e t  a l . ,  1980; Fock e t  a l . ,  1 9 8 1 ) .  

Oxygen up take  i n  t h e  l i g h t  mhy occur  by d i r e c t  pho to reduc t ion  

o f  02 ,  r e f e r r e d  t o  a s  t h e  Mehler r e a c t i o n  (Mehler,  1951a.b; 

- Radmer and K o k , ~  -1976; R a d m e r  e t  a1. , 1978 1, t h e  oxygenase 
- 

r e a c t i o n  of RuBP carboxylase-oxygenase and t h e  subsequent  
- 

p h o t o r e s M r a t o r y  metabolism o f  g l y c o l a t e  ( s e e , S e c .  1 . 6 )  

-(Andrews e t  a l . ,  1971; Bowes e t  a l . ,  1971; Badger and Andrews, 

1974; Berry e t  a l . ,  19781, mi tochondr ia1  r e s p i r a t i o n  ( J ackson  

and Volk, 19701, and p o s s i b l y  c h l o r o r e s p i r a t i o n  (Bennoun, 

1 9 8 2 ) .  

Light- induced O 2  up take  h a s  been s t u d i e d  i n  many \ photo- 

synthetic organisms .  I n  t h e  g r e e n  a l g a ,  = , l a ,  t h i s  o2 
+ = - - 

uptake  was shown t o  be wavelength dependent;  a n  i n c r e a s e  i n  
- 

O2 consumption o c c u r r e d  wi th  s h o r t  wavelength l i g h t  (maxima 

,at' 370 nm and 460 nm) . (Miyachi , e t  a l . ,  1 9 8 e  P i c k e t t  and 



-- - - 

- - - - 

F ~ e n c h ,  1967; Ried,  1968; S a r g e n t  and - T a y l o r ,  1971 w h i l e  r e d  

l i g h t  (maximum a t  -680 nm) c a u s e d  a  d e c r e a s e  i n  t h e  r a t e  o f  

O2 u p t a k e  (Ried ,  1968; S a r g e n t  and T a y l o r ,  1 9 7 2 ) .  The i n -  . . 
c r e a s e  i n  O 2  consumpt ion  h a s  been  a s s o c i a t e d  w i t h  a  b l u e  

l i g h t  enhancement  o f  d a r k  r e s p i r a t i o n  d u r i n g  p h o t o s y n t h e s i s .  

M i t o c h a n d r i a l  r e s p i r a t i o l l  h a s  been shown t o  b e - b o t h  -- - - 

i n h i b i t e d  (Hoch e t  a l . ,  1961)  and  u n i n h i b i t e d  ( P e l t i e r  and 

T h i b a u l t ,  1985b)  by l i g h t .  I n  c y a n o b a c t e r i a ,  which have two 

f u n c t i o n i n g  photosystems. ,  b u t  no membrane-bound o r g a n e l l e s  -- - 

- 
( i . e .  c h l o r o p l a s t s  o r  m i t o c h o n d r i a i ,  p l a s t o q u i n o n e  h a s  been 

d e t e r m i n e d  t o  be a  common l i n k  between t h e  r e s p i r a t o r y  and 

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  c h a i n s  ( H i r a n o  e t  a l . ,  

1 9 8 0 ) .  ' I n  t h e  c y a n o % a c t e r i a  Bnd p h o t o s y n t h e t i c  b = c t e r i a ,  

i n h i b i t i o n  o f  d a r k  r e s p i r a t i o n  is s u g g e s t e d  t o  be  due  t o  a n  
-- - 

i n t e r a c t i o n  between p h o t o s y n t h e t i c  and r e s p i r a t o r y  c h a i n s -  

which a r e  p r e s e n t  i n  t h e  same membrane (Sandmann and Malkin, 
\ "OJ 

1984; Vermeglio and C a r r i e r ,  1 9 8 4 ) .  However, i n  g r e e n  a l g a e ,  
\ 

t h e  p h b t o s y n t h e t i c  and r e s p i r a t o r y  a p p a r a t u s  a r e  found i n  
\ 

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

Chondr ia ,  r e s p e c t i v e l y .  Thus any i n t e r a c t i o n  between the two 

pathways  mus t -  be  v i a  m e t a b o l i c  s h u t t l e s  (Evans  and Garr, 
a 

I 1 9 7 9 ) .  

- L i g h t - d e ~ e n d e n t  O2  u p t a k e  which is s e n s i t i v e  t o  CO concen- 
T -2 

i - t r a t i o n  was fbund t o  be due  t o  t h e  p h o t o r e s p i r a t o r y  g l y c o l a t e  
1 : "'s 

pathway ( S e c .  1 . 6 )  (Canv in  e t  a l . ,  1980; ~ e r b a u d  and Andre, 

1979; P e l t i e r  and  T h i b a u l t ,  1 9 8 5 a ) .  With s a t u r a t i n g  C02 
< 



oxyg=nase shou ld  be  comple t e ly  i n h i b i t e d  i n  t h e  l i g h t ,  b u t  

O2 uptake s t i l l  o c c u r s  (Canvin e t  a l . ,  1980; Gerbaud and 

Andre, 1980; P e l t i e r  and T h i b a u l t ,  1985a) .  However, t h e '  

mechanism o f  t h i s  up take  is s t i l l J  unknown. I n  g r e e n  a l g a e ,  
# 

under c c ? d i t i o n s  i n  which p h o t o r e s p i r a t i o n  has  been shown t o  
- - - - - - - - - - - - 

be a b s e n t  ( i . e :  0.8% C02, 8% 0  1,  no l i g h t  i n h i b i t i o n  o f  2  ' P 

O2 up take  was found (Brown, 1953; P e a t i e r  altd T h i b a u l t ,  
- 

1985b) .  P e l t i e r  and Thibaul  t ( 1985b)' have sugges t ed  t h a t  i n  
- 

t h e  g reen  a l g a ,  w o r n o n a s  reinhardii, Mehler r e a c t i o n s  

( d i r e c t  pho to reduc t ion  o f  0 2 )  do n o t  occur  d u r i n g  C02 f i x a -  

t i o n ,  and t h a t  t h i s  O2  up take  is due t o  mi tochondr ia1  r e s p i r a -  

t i o n .  

Radmer dnd Kok (1976)  have repor ted- ' that  i l l u m i n a t e d  a l g a e  

r educe  O2 a t  a  highrate-"hen t h e  C02 c o n c e n t r a t i o n  i s  n g t  - -- -- 

l i m i t i n g ,  and when C02 f i x a t i o n  does  n o t  occu r  ( i . e .  d u r i n g  

t h e  l a g  i n  C02 r e d u c t i o n  fo l lowing  a  d a r k - l t g h t  t r a n s i t i d n  

o r  i n d u c t i o n  p h a s e ) .  During t h e  f i r s t  20 s o f  con t inuous  il- 

lumina t ion  o f  dark-adapated Scenedesaus. no n e t  O2  e v o l u t i o n  
r 

o r  C02 uptake was d e t e c t e d  u s i n g  a mass s p e c t r o m e t e r  ( w i t h  

r e sponse  t i m e  o f  2-3 s). However, O 2  e v o l u t i o n  d u r i n g  t h i s  

i n t e r v a l  was normal, and t h u s  was comple te ly  compensated f o r  

by t h e  O2 up take .  b 

I n  t h e  p re sence  o f  i n h i b i t o r s  of  C02 f i x a t i o n ,  O2  evo lu-  

t i o n  was maximal, b u t  a h igh  r a t e  of  O2 up take  was a l s o  ob- 

s e r v e d .  I n  t h e  p re sence  of  cyanide ,  a  p o t e n t  i n h i b i t o r  o f  



-- - 

' ~ ~ x y g e n a s e  and ca rboxy la se  a c t i v i t y  o f  RvBP carboxy- 

l a s e /  oxygenase (Lorimer e t  a l . ,  1973a ,b) ,  0, up take  was 

i n f e r r e d  t o  be due t o  t h e  pho to reduc t ion  b e  0, i n  p l a c e  of  

C 0 2 .  Radmer and Kok (1976 sugges t ed  t h a t  a  s p e c i a l  high' 

c a p a c i t y  ox idase ,  d i s t i n c t  from RuBP ox idase ,  e x i s t s  i n  whole 

cells,  and t h a t  C0, and 0, d i r e c t l y  compete viapMehler-  
-- - 

r e a c t i o n s  f o r  t h e  l i g h t - g e n e r a t e d  r educ ing  power of  PS I .  

This  ox idase  may be a s s o c i a t e d  wi th  f e r r e d o x i n ,  which is known 

t o  mediate  O 2  r e d u c t i o n  by i l l u m i n a t e d  c h l o r o p l a s t s  (Arnon 

e t  a l . ,  1967) .  During t h e  i n d u c t i o n  phase and when C02 

r e d u c t i o n  does  n o t  keep pace wi th  O 2  evolutLon,  O 2  is  t h e  main' 
O '  

e l e c t r o n  a c c e p t o r  (Radmer and Kok, 1976; R.admer e t  a l . ,  1978) .  
I 

--h T h i s  O 2  uptake was observed  i n  s e v e r a l  d i f f e r e n t  p l a  t s ' a n d  

a l g a e  (Ozbun e t  a l . ,  1964; Lex e t  a l . ,  1972; Volk and Jackson,  
- - - 

1972 1, s u g g e s t i n g p - f i a t  r a p i d  d i r e c t  pho to reduc t ion  o f  -c2 Ts - p p  

0 

common t o  a l l  p h o t o s y n t h e t i c  o rgan isms .  

The O 2  up take  by i s o l a t e d ,  i l l u r i n a t e d  c h l o r o p l a s t s  i n  
h 

t h e - a b s e n c e  o f  added e l e c t r o n  a c c e p t o r s  o c c u r s  v i a  a  Mehler 

r e a c t i o n  (Mehler,  1951 1 .  E l e c t r o n s  which a r e  t r a n s f e r r e d  from 
1 

t h e  wate r - sp l  i t t i n g .  sys tem ( O E C )  t h r o  gh thAe , e l e c t r o n  t r a n s -  :: 8 .  

p o r t  c h a i n  o f  PS I1 and PS I may be a  a i l a b l e  f o r  r e d u c t i o n  of  

a s u i t a b l e  med ia to r .  A t  some p o i n t  n  t h e  e l e c t r o n  t r ans fea r  
3 

c h a i n ,  t h e  e l e c t r o n s  are t r a n s f e r r e  from t h e  a u t o o x i d i z a b l e  1 - ppp -p 

mediator  t o  0,. Th i s  may proceed y t h r e e  d i f f e r e n t  mecha- 

nisms, d e p i c t e d  i n  F i g . - 2 . 6 .  The p h o t o s y n t h e t i c  r e d u c t i o n  of  

0  r e s u l t s  i n  a n e t  consumption o f  O2 s i n c e  H20Z is u s u a l l y  2 
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t h e  product ,  r a t h e r  t h a n  H20  CKeTiie=,-T9bla,E; Gooa and H i l l .  . 
1955) .  . - 

Reduct ion o f  0 2 ' b y  e l e c t r o n  a c c e p t o r s  d a s s o c i a t e d  wi th  PS I 

(Asada e t  a l . ,  1974; Harbour and Boltbn,  1975; J u r s i n i c ,  1 9  - 

T - 
y i e l d s  t h e  supe rox ide  f r e e  r a d i c a l ,  O 2  . The r a t e  o f  0 2 *  

- 

produc t ion  has  been e s t i m a t e d  from t h e  supe rox ide  d i smutase  
- - - - - -- 

i n h i b i t i o n  r a t e . o f  cytochrome c r e d u c t i o n  i n  s p i n a c h  ch lo ro -  
. -1 -1 p l a s t s  t o  be -15 pmol (mg Ch l )  h r  (Asada e t  a l . ,  1974) .  

This  r a t e  co r r e sponds  t o  -5-10% o f  t h e  t o t a l  e l e c t r o n  flow 

, u s u a l l y  observed i n  ch lo rc rp l a s t s  (Asada e t  a l . ,  1 9 7 7 ) .  Addi- 

t i o n  of  f e r r e d o x i n  i n c r e a s e s  t h e  r a t e  o f  O2 up t ake  s i n c e  f e r r e -  

dox in  is r a b i d l y  reduced by PS I and reduced • ’ e r r  dox in  r e a c t s  B 
- 

q u i c k l y  wi th  O 2  (A l l en ,  ,1975 1 .  Genera l ly ,  reduced b r r e d o x i n  

+ 
w i l l  dona te  a n  e l e c t r o n  t o  NADP , g e n e r a t i n g  NADPH. However, 

- 
u n d e r c o n d i t i o n s  o f  1 imi t ing -C02  c o n c e n t r a t i o n ,  more Q-l-is - . 

- --.- . - L 2 
g e n e r a t e d  (Radmer and Kok, 1976; Marsho e t  a l . ,  1979; Egneus - 

e t  a l . ,  1975) .  This  r a d i c a l  is h i g h l y  t o x i c  and i t s . c o n v e r -  

Y s i o n  t o  O 2  and H202 is c a t a l y z e d  by a f a m i l y  o f  enzymes: 
. , 

'.+- - -' . * 

t h e  superoxide  d i smutases .  Superoxide d i smutase ,  p r e s e n t  i n  
&- 

c h l o r o p l a s t s ,  c a t a l y z e s  t h e  r e a c t i o n : "  r . 
, a 

k 
P 

1 -  - 

i - ** 
-- - 

i n  o r d e r  to '  p reventhhonvers ion  o f  O 2  * i n t o  more r e a c t i v i  , 

s p e c i e s ,  such ag ;h= hydroxyl  r a d i c a l   OH^ ( F i i d o v i c h ,  1978: 
" 

\ 0 

H a l l i w e l l ,  1978). Hydrogen pe rox ide  may d i f f u s e  t o  t h e  



7perox i somes  where i t  is scavenged  by 

c h l o r o p l a s t s  may have  a n o t h e r  enzyme 

, 
la ta . lk i* th&gh t h e  

p resen$  t o  b r e a k  down 
. .  

H202 (Asada a l . ,  1977; Halliwell e t  a l . ,  19.81). . Ascorba te  
' -  . , 

(Foyer  and iwell, 19761 a n d  g l y o x y l s t e  ( ~ l s t ' n e r  e t  ' a l . ,  , - ,  

19751 have  b e e n  p roposed  a s  s c a v e n g e r s  o f  H202 i n  c h l o r o b l m  

The s u p e r o x i d e  a n i o n *  fs a l s o  s c a v e n g e d  by i n t e r a c t i o n  w i t h  

a3k " o t h e r  c h l o r o p l a s t  components ,  s u c h  '.as cytochrome f (Fe . -+ - + , B 
I 

+ . 2 t '  3 t  ' ' F e 2 + ) ,  p l a s t o c y a n i n  ( c u 2 +  + CU . I ,  f e r r e d o x i n  (Fe. . *+ F e L  1 ,  , = 
s r- 

2 t  3+ a s c o r b a t e ,  r e d u c e d  g l u t a t h i o n e ,  and Mn (I4n2+ + Hn 1 .  Super-  - 
; - 

* 5  - 
o x i d e  is c o n v e r t e d  t o  i n a c t i v e  m d e c u l a r  okygen o n l y  when Oi k 

I )  

o x i d i z e s  r e d u c e d  f e r r e d o x i n ,  p l a s t o c y a n i n ,  ,and c y t o c h r o k  ti 
i 

a .  

(Asada e t  a l . ,  1 9 7 7 ) .  

4- Edlr Oxggen u p t a k e  h a s  been  o b s e r v e d a d u r i n g  f l a s h  i l l u m i n a t i o n  *. 
3 

of a l g a e  and c h l o r o p l a s t s  (Weiss and S a u e r ,  1970;  ~ u r k i n i c ,  

1978; Schmid and T h i b a u l t ,  1979; o J u r s i n i ~ ,  l 9 8 Q 3 ,  b u t  t h e  - - -  --- 

1 = 

s i t e s  o f  t h i s  u p t a k e  a r e  s t i l l  u n c e r t a i n .  ' ~ i t o ~ h o n d r i a l ~ r e s -  - 
p i r a t i o h ,  i n  t h e  l i g h t  d o e s  n o t  v a r y  o n  a time s c h l e  o f  se 

( J a c k s o n  and  Volk, 19701, and  f o r  t h i s  r e a s o n ,  i t  most l i k e l y  q 

d b e s  n o t  c o n t r i b u t e  t o  a  f l a s h - i n d u c e d  O 2  u p t a b e .  * . 

'Schmid and  T h i b a u l t  ( 1 9 7 9 )  have  shown t h a t  ip t o b a c c o  

~ K l o r o p l a s t s ,  a PS I O2  u p t a k e  a f f e c t s  t h e  O 2  y i e l d  i n . a  
+" 

' sequence o f  s h o r t  ( 5  ps) s a t u r a t i n g  f l a s h e s .  T h i s  0, u p t a k e  

i n -  c h l o r d p l + a s t s  was g r e a t l y  enhanced by t h e  p r e s e n c e  o f  a n  + 

exogenous  e l e c t r o n  a c c e p t o r  s u c h  as  p-benzoquinonq or"  f e r r i -  

c y a n i d e  b u t e i t s  o r d e r  o f  magni tude  was n o t  d e t e r m i n e d .  . Thb 

O2 u p t a k e  was e v i d e n t  on  t h e  f i r s t  two f l a s h e s .  b u t  was 



, ihhibltor 3 t  3,P-dichlorophsnyl)-l,~-di1sathylixea- (DCWUI, the . . 
.U2 uptake was present when sn exugtnous. electraq accep to. 

w a s  added, Lndlcstlng t h a t  this was a PS I-mediated O2 up- 
. 

take.  Using mu t i n t * -  topacco 'chlcaroplasts (with an exogenou5 

e lec t ron  accspkor 1 c x h l b i t l n g  o n l y  PS I phbtofcactions, t h e  

steady-state O2 uptake  was dhoun to b e  dependent on f l a s h  

Recent ly ,  B e c k  et a l . ,  (1985)  have shown t h a t  a biphasic 

Q cansumgtlsn occurs i n  untreated PS L I  membranes a f t e r  2 

cont ircuows i i  luminatlon., The f a s t  phased o f  O2 consumption 

was hlghly v a r i a b l e - . a n d  dependent on t h e  i n t e n s i t y  and l e n g t h  
I$ 

of t h e  i l l u m i n a t i o n  period and l a s t e d  apprbximately 2 mln. 
- -- - - - - 

This  List O 2  uptake was soggested to be due to  d i s s i p a t i o n  

sloG phase of O2 cor)&mptlon l a s t e d  about 1 h,  was dependent 

,on t h e  anount of  PS % I  OEC in t h e  saslpla graphration and was . 

inhibited by the electron transport i'rahlbltor.-DCHC. The 

~ . x l m u i  rat8 of O Z  consuaption in t h e  %lor phass was propor- 

> 

itluainarlon.. The autbsrs- suggest: that.  t h e  s l ~ <  p h s m  say be 



g - - - -- - 

57 

- I  

- - - - - - -- - 

the. slow consumption of O2 catalyzed 
- 

Oxygen consumption was found4 tboo.Loccur in both PS I and 
\ 

PS 11 of photosynthetic organisms through several difrcrent 
9 18 

processes an,d is an integral component o•’, photosynthesis 

(Hehler, 1951a,b; Vidaver and French, 1965; Jackson and Volk, 
i 

- - 

1970; ~lideu'ell and Raven, 1975; ~adnfer et al'., b78; Schmid 

and Thibault. 1979; Peltier and Thibault 1985a.b; Beck &t al., , 
d 

1985). Oxygen  consumption appears to play a- role in the dissi- 

pation of excess reducfrig power i n  PS I and may occur at the 

level of the transport chain via a 

Hehler metabolism. In the 
1 

/ 
-light. the PS 11 OEC is apprarently in an active state which is I 
able to catalyze the redu'ction of 0 (Beck et al, 1985). 

b 2 

During dark-adaptation - of PS I 1  particles, a structural change 
- - - - - - - - - 

-m 

in the Mn site hf the OEC accars, changing the electron trans- 

port properties of the d o n w  side of PS I1 and causing a con- 

version from thd active state to a resting stdte which does I 
{ 

not consume OZ (Brudvig, 1984; Brudvig et al., 1984). 

P 



CHAPTER 3. MATERIALS AND METHODS 

3 .1-  Marine a l g a e  

- - - --- 

D i f f e r e n t  gene ra  o f  m u l t i c e l l u l a r  marine a l g a e  from t h r e e  

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

o f  O2 exchange i n  p h o t o s y n t h e s i s .  Green a l g a e  (Ch lo rophy ta )  
I 

c o n t a i n  c h l o r o p l a s t s  and a r e  s i m i l a r  t o  h i g h e r  p l a n t s  i n  t h e i ~  1 
p h o t o s y n t h e t i c  a p p a r a t u s  and f u n c t i o n .  Brown a l g a e  

(Phaeophyta 1 a l s o  c o n t a i n  c h l o r o p l a s t s ,  b u t  have  d i f f e r e n t  

t h y l a k o i d  a r rangements  and p igmen t /p ro t e in  complexes and 

sl i g h t l y  d i f f e r e n t  phot:osynl:hetic mechanisms ' than green  a lgae  

and h ighe r  p l a n t s .  Red a l g a e  (Rhodophyta) a r e  e u k a r y o t i c ,  but 
- - - - - -- - - - - - - -  

L 

have a p h o t o s y n t h e t i c  s t r u c t u r e  similar t o  t h e  p r o k a r y o t i c  

c y a n o b a c t e r i a .  The c h a r a c t e r i s t i c s  of  the t h r e e  d i v i s i o ~ s  

measurements for v a r i o u s  gene ra  w i t h i n  t h e  d i v i s i o n s .  
* 

One genera of g r e e n  a l g a e ,  Ulva, was used predominsn t iy  
i -I 

for p h o t o s y n t h e t i c  O2 exchange m d s u r e m e n t s  due  to  its l o c a l  

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

apparatus t o  higher plants. .  

- 3 ;  1.1 Sample p r e p a r a t i o n  

0 

.The a lga l  gene ra  used f o r  t h i s  research were subject to 



l o c a l  a v a i l a b i l i t y .  Red a l g a e  Csuch a s  u-g. and , 
'\ 

Pornhvra a. ) were predominant ly  c o l l e c t e d  d u r i n g .  t h e  win te r  
~ 

\ 
'\ 

. \ 

and e a r l y  s p r i n g  ( Janua ry  through A p r i l ) ,  whi le  g r e e n * a l g a e  
% 

( s u c h  as y l v a  a. and Q - & ~ L - o ~ Q I : D ~  a. were c o l l e c t e d '  du r ing  

t h e . l a t e  s p r i n g  and summer months ( A p r i l  through September ) .  

Brown a l g a e  (Laminaria and A l a r i a  were c o l l e c t e d  a t  v a r i o u s  ' 
- - - - - - - - - 

times throughout  t h e  y e a r .  

Marine a l g a e  were c o l l e c t e d  from s p e c i f i c  s i t e s  i n  o rde r  

d t o  minimite sample v a r i a b i l i t y .  Y1va gg. was found 1m low 

i n t e r t i d a l  zon6s a t  Brockton P o i n t  i n  StanLey Park,  Vancouver, 
r 

B . C .  Enteromor~ha a. and PorDhvra sanjuanensis were found i n  

h igh  i n t e r t i d a l  zones  i n  Ambleside Park i n  West Vancouver, 

B . C .  and B e l c a r r a  Park i n  Pokt Moody, B . C .  pori- 

were c o l l e c t e d  fr-om-Broakton P o i n t  i n  Vancouver, B.c. and - -  - -  - -  

Barnet  Marine Park i n  Burnaby, B . C .  Whenever p o s s i b l e ,  e n t i r e  

l i v i n g  p l a n t s  were c o l l e c t e d ,  however, i n  some c a s e s ,  Living 

a l g a e  which were cast up on t h e  beach were used .  

Algae were main ta ined  i n  M i l l i p o r e  f i l t e r e d  ( 0 . 2 2  pm) 

seawater  i n  a e r a t e d  c o n t a i n e r s  i n  a P e r c i v a l  (model 1.35LL) 

i n c u b a t o r  a t  1 0  t 1% f o r  p e r i o d s  up t o  a  week. A 1 4  h  

pho tcpe r iod  was prov ided  by cool -whl te  f l u o r e s c e n t  t ubes  wi th  - 

2 a n  i n t e n s i t y  o f  0 . 3 - 0 . 4  mU/cm . Genera l ly ,  most exper iments  
- -- 

were performed w i t h i n  1-3 days  a f t e r  c o l l e c t i n g  a l g a e .  A 

r e d u c t i o n  i n  o v e r a l l  O2 exchange was n o t i c e d  i n  a l g a e  which . 

had been main ta ined  i n  a'n a r t i f i c i a l  environment f o r  5-7- d a y s .  



3 . 1 . 2  Dete rmina t ion  o f  c h l o r o p h y l l  c o n t e n t  - 

The t a t a l  c h l o r o p h y l l  c o n t e n t  i n  g r e e n  a l g a e  was measured 

us ing  t h e  method o f '  ~ r n o n  ( 1 9 4 9 ) .  Twenty samples o f  a l g a e  

were c u t  w i t h  a 6 mm d iameter  co rk  borer  and t h e n  p l aced  i n t o  " .  
a mor ta r .  ' A f t e r  t h e  a d d i t i o n  o f ' f i n e  sand p a r t i c l e s  aria a--few - --- - 

t 

m l  of  ace tone  t o  t h e  mor ta r ,  t h e  a l g a e  d i s k s  were f i n e l y  

grbund.  Two t o  t h r e e  more m l  o f  ace tone  were added. t o  t h e  ' 

rnorta'i and t h e  c h l o r o p h y l l / a c p t o n e  s o l u t i o n  was poured i n t o  a 
- 

flask. The mortar  was c o n t i n u a l l y  r i n s e d  with  a c e t o n e  u n t i l  

a l l  t h e  c h l o r p h y l l  was e x t r a c t e d .  The flask was f i l l e d  t o  

p rov ide  10  mi o f  s o l u t i o n  wh ich  was c e n t r i f u g e d  f o r  5-10 m i q .  

a t  6000-7000 rpm. Sand, l i p i d s ,  p r o t e i n s  and exgraneous 

m a t e r i a l  p r e c i p i t a t e d  o u t  o f  s o l u t i o n ,  whi le  t h e  - t r a c t i o n  

l a y e r  c o n t a i n e d  c h l o r o p h y l l  and a c e t o n e .  F ive  ml of  t h e  

e x t r a c t  w a s ' p i p e t t e d  binto 25  m l  a ce tone ,  r e s u l t i n g  i n  a 1 : 6  

d i l u t i o n  f o r  t h e  ch Io rophy l1  absorbance  measurements. 
, % ,  \ 

The absorbance  ( i n  yg ch lo rophy l l /ml  s o l u t i o n )  was 

measured i n - a  Beckman spec t ropho tome te r  and 'de t e rmined  by t b e p  

f  l l owing  e q u a t i o n  (Arnon, 1949) :  9 4 

where A-645 and A663 a r e  t h e  absorbances  of c h l o r o p h y l l ,  a t  

645 nrn . and 663 nm, r e s p e c t i v e l y .  S ince  10  m1 o f  s o l u t i o n  

( a l g a e  i n  a c e t o n e )  was used, t h e  t o t a l  c h l o r o p h y l l  c o n t e n t  
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Fig. 3.1 aiagram of the platinum and silver electrode holder 
d 1 

a. The platinum and silver electrodes are indicated in 

- this exploded perspective view of the electrode - -- 

6 

, 
holder (after Chandler and Vidaver, 1971). The 

bottom of the sample holder is not shown. 

b. The relationship of the Pt and Ag electrodes to the. 
- 

algae sample, dialysis membrane and electrolyte 

solution is depicted (not drawn to scale). 





-- 
- -pp 

avo id  v o l t a g e  f l u c t u a t i o n s  due t o  t h e  p o l a r i z a t i o n .  The corn- d 
0 

ponenfs  and chemical  r e a c t i o n s  o f  t h e  e l e c t r o d e  system w i l l  be' 

d i s c u s s e d  i n  t h e  fo l lowing  s e c t i o n s .  

3 . 2 . 1  Membranes and e l e c t r o l y t e  s o l u t i o n s  I 

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

s o l u t i o n  from t h e  su r round ing  environment p r o v i d e s  a f i n i t e  

d i f f u s i o n  - layer o f  c o n t r s l l e d  t h i c k n e s s  a t  t h e  e l e c t r o d e .  
\ 

The membrane is t h e  l a r g e s t  b a r r i e r  t o  d i f f u s i o n  o f  t h e  O2 

molecules  t o  t h e  P t  ca thode  (Hitchman, 1978). 

When t h e  P t  e l e c t r o d e  is b i a s e d  a t  -0 .7  V v s  Ag1AgC1, O2 
0 

is reduced a t  t h e  ca thode .  Th i s  ~ e s u l t s  i n  a  lowered O2 con- 

c e n t r a t i o n  a t  t h e  P t e l e c t r o d e ;  an3  thus  O2 i n  t h e  s a m p l e - -  -- - -  

ho lde r  d i f f u s e s  Ghrough t h e  membrane and i n t o  t h e  t h i n  l a y e r  - 

o0•’ e l e c t r o l y t e  s o l u t i o n  a t  a f a s t e r  r a t e  t h a n  i n  t h e  pbsence 

o f  t h e  a p p l i e d  p o t e n t i a l .  Approximately 15-20 min were 

r e q u i r e d  f o r  e q u i l i b r a t i o n -  o f  t h e  s y ~ t e m .  

The c r i t e r i a  f o r  a  s u i t a b l e  membrane f o r  p o l a r o g r a p h i c  

O2 d e t e c t o r s  is adequa te  p h y s i c a l  s t r e n g t h ,  p e r m e a b i l i t y  . 

c h a r a c t e r i s t i c s  whfch do n o t  va fy  wi th  time, h igh  p e r m e a b i l i t y  

t o  02,  and a v a i l a b i l i t y  i n  t h i n  s h e e t s  (Hitchman, 1978). Many 

d i f f e r e n t  mernb;anes have been used f o r  p o l a r o g r a p h i c  O2 d e t e c -  

t o r s ,  such a s  f l u o r i n a t e d  p l a s t i c s ,  po lye thy lene ,  s i l i c o n e  

rubber ,  n a t u r a l  rubber ,  po lyv iny l  c h l o r i d e ,  c e l l o p h a n e ,  mylar, 



and  t e f l o n  , ( H o a r e ,  1968; Hitchman, 1 9 7 8 ) .  The t h i c k n e s s  o f  

t h e  most commonly used  membranes is 10-25 pm (Hitchman,  1 9 7 8 ) .  
I 

For t h e s e  e x p e r i m e n t s ,  a  d i a l y s i s  membrane was used,  which 

c o n s i s t s  p r e d o m i n a n t l y  o f  c e l l u l o s e ,  and  h a s ' a  h i g h  pe rmeab i l -  

i t y  t o  0 2 .  The d i a l y s i s  membrqne was soaked  i n  . s e a w a t e r  and 

h e l d  t i g h t l y  i n  p l a c e  'on t o p  o f  t h e  e l e c t r o d e s - w i t h  arr '0-r  ing, 

Both t h e  t h i c k n e s s  o f  t h e  d i a l y s i s  membrane and t h e  r e s u l t a n t  

shape  o f  t h e  O 2  exchange c u r v e  depend on how t i g h t l y  t h e  

membrane is s t r e t c h e d  o v e r  t h e  e l e c t r o d e s .  

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

c ~ o n t a c t  be tween t h e  anode and c a t h o d e  and must c o n t a i n  t h e  

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

a n o d e .  S e a w a t e r ,  t h e  n a t u r a l  h a b i t a t  of mar ine  a l g a e ,  pro-  

v i d e s  t h e  b e s t  c h o i c e  f o r  t h e  e l e c t r o l y t e  s o l u t i o n  s i n c e  i t  
-- -- - -  - - - -- 

c o n t a i n s  a  h i g h  c o n c e n t r a t i o n  o f  ~ 1 -  i o n s .  The e n v i r o n m e n t a l  

c o n c e n t r a t i o n  o f  ~ 1 -  i o n s  i n  t h e  s e a w a t e r  v a r i e d  o v e r  t h e  . 

p e r i o d  o f  t h i s  r e s e a r c h ' f r o m  18 .8 -22 .9  g  ~ l - / l  s e a w a t e r .  



3 . 2 . 2  The Pla t inum Cathode 

Oxygen produce& by t h e  a l g a e  _ m$ d i f f u s e  th rough  t h e  
4 

d i a l y s i s  membrane i n t o  t h e  ambient  atmosphere and i t  may 

d i f f u s e  t o  t h e  P t  e l e c t r o d e  where i t  is reduced .  A P t  ca thode  

p o t e n t i a l  of  -0'7 V wi th  r e s p e c t  t o  Ag/AgC1 p r o v i d e s  four  

e l e c t r o n s  i n  t o t a l  f o r  t h e  r e d u c t i o n  of  e a c h  O 2  molecule  t o  

OH- a c c ~ r d i n g  t o  t h e  e q u a t i o n s :  C B 

* 
1 

i f  a l l  t h e  hydrogen 

H202 d i s s o c i a t e s  t o  

pe rox ide  is reduced ( D a v i e s  e t  a$, 1 9 6 2 ) .  
>. - 

t h e  perox.ide a n i o n  by: v 

Equat ion 3 .4  ~ n d i c a t e s  - t h a t  i n  t h e  v i c i n i t y  o f  t h e  P t  
, - 

e l e c t r o d e ,  the e l e c t r o l y t e  s o l u t i o n  is a l k a l i n e  a s  indkated 
a=,'- 

by t h e  pink-red c o l d r  o f  p h e n o l p h t h a l e i n  added t o  t h e  e l e c t r o -  
\ 

l y t e  (seawater); t h e  pH a t  t h e  P t  has  beep  de te rmined  t o  be 

approximate ly  1 2 . 3  (Hitchman, 1978) .  The proposed r e s c t i o n  
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where No r e p r e s e n t s  the .  numbel- 'of moles. of O2 reduced at t h e  
e 

cathode  per u n i t  a r e a  per e n i t  time, n is t h e  number -of-  elec: - - - 

t r o n s  t r a n s f e r r e d  from one O2 molecu le , , j  is t h e  c u r r e n t  

2 d e n s i t y  (amps/m 1 ,  F is Faraday 's' cons tan t ,  IOZ lei. and - 

[ O H - I e 1  are Che c o n c e n t r a t i o n s  of tb two species a t  the' 

s u r f a c e  of the  e l e c t r o d e ,  and. Hl..and K~ a r e -  r a t e  c o n s t a n t s  

f o r .  t he  forward and backward r e a c t i o n s  of  eqn ,  3 . 7 ,  i . e .  
7 O2 

r educ t ion  and OH- ox ida t ion ,  e s p e c t  i l ~ e l y ,  r\ , <  

3.2.3 The s i l v e r  e l e c t r o d e  Y' 

I 

T h e  s i l v e r  e l e c t r q d e  s e r v e s  two func t ions :  i t  acts a s  
-Y 

both counter  and r e f e r e n c e  e l e c t r o d e .  The r e f e r e n c e  e l e c t r o d e  

i n  W i s  s y s t e m  is the  redox couple  Ag/AgCl ( 0 . 2 2 2  V vs .  N H E  a t  
-q-. 

. 25 oC), uhich is* prepared by o p e r a t i n g  t h e  anode i n  seawater. 

The Ag o x i d i z a t i o n  i n  the  presence of  ~ 1 -  ions  i n  t h e  e l e c t r o -  

l y t e  r o l u t i o 2 + i s  g iven  by: 1 . .  

-.. 
, %$ 

Deplet ibn of  ~ 1 -  ions  i n  t h e  e l e c t r o l y t e  s o l u t i o n  w i l l  occur  



f 
over a p e r i o d  o f  t ime s i n c e  el- is requited-y b o t h  t h a  

* 9 

e l e c t r o d e  system and f o r  p a r t i c i p a t i o n  i n  t h e  process o f  

w a t e r - s p l i t t i n g  i n  t h e  a l g a e . , .  Howe:sr, - i n  a l l  
i tDI 

of  t h e  exper iments  ber  formed, t h e  d u r a t i o h  o<_the  exp'ef~wents 

was s h o r t  enough ,  t o  minimize t h e  d e p l e t i o n  d f  ~ 1 -  ioris and 

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

I 
-- - - -  - 1 

L 

.)I] - I 

F 

- 3 . 3  Exper imental  methods a p p a r a t u s  

. a 

3 . 3 . 1  Exper imental  methods 
i 

!4 

Samples were cut f r o r  a l g a e  wi th  a 6 . 0  mm diameter cork 3 

b o r e r  and t i g h t l y  he ld  on t h e  b a r e  P t  e l e c t r o d ;  by  a t h i n  " 
- r) 

d i a l y s i s  membrane I cell 'ulose 1 -  soaked i n  seawater. - The - - - - 

membrane was s t r e t c h e d  t o  cove t  t h e  Ag/AgCl electrode and 

secu red  wi th  an  O-r ing.  For  a11 measurements, t h e * P t  

B e l e c t r o d e  was b i a s e d  a t  - 0 . 7 0 0  2 0.001 V v s  Ag/Ag$l, and uau 

mainta ined  c o n s t a n t  p o t e n t i a l  by t h e  c i r c u i t s  shown.ln 
U. 

F i g .  3.2 c B 

P 
I ( 

e$iments , -  t 3 e  v o l t a g e  was agp2 ied across t h e  

e l e c t r o d e s  a f t e r -  t h e  s h p l e  had dark-adapted Lor approximately 
0 

10 min. ApproStimately- 20-30 min was r e q u i r e d  t o  o b t a i n  a 
i f  * * 

s t a b l e  basel ine  . . - 
s 'I 

A l l  expe r imen t s  'w'ere &epeated two t o  t h r e e  <times a t  room 
\ 

t empera tu re  pslng disks ' c u t  %om the  same algal thallus. I f  - 



'*. 

F i g .  M e a s u r i n g  c i r c u i t  f o r  t h e  d a t a  a c q u i s i t i o n  s y s t e m  , 

-- - 
The c i r c u i t  u s e d  f o r  p r e l i m i n a r y  0 e x c h a n g e  

2 
'b 

measu remen t s  is  d 
D 

- 
The power s u p p l y  - f o r  t h e  . m e a s u r i n g  c i r c u i t s  - - - -  

I 

shown i n  c a n d  d replaced t h e  1 . 5  V b a t t e r y  * 
- 

u s e d  i n  p a r t  a .  

I 
- - 

The O 2  r e d u c t i o n  c u r r e n t  a t  t h e  c a t h o d e  is  meas- 

u r e d  a c r o s s  a l o a d  res i s to ' r ,  R%L ( 1  o r  1 0  k n ) .  

IL 

* 
T h e  O 2  r e d u c t i o n  c u r r e n t  a t  t h e  c a t h o d e  is meas- 

ured across a d e c a d e  box r e s i s t o r ,  ( R L  can be 
- -  - -  - - - - - - - -- - - --- - 

v a r i e d  f rom 1 fi to 9 9 . 9 9 9  kn) . 

a l l  t h r e e a m e a s u r i n g  c i r ' c u i t s ,  t h e  v o l t a g e  across 
a .  - 

was i n p u t  to" th2i' T r k c o r  N o r t h e r n  s i g n a l  ave rag -  
k 

e r .  The P t  e l e c t r o d e  was m a i n t a i n e d - a t  - 0 . 7 0  t 0 . 0 5  

e 4 J  
v s  Ag/AgC1 i n  c i r c u i t  a ,  a n d  - 0 . 7 0 0  V w i t h  r e s p e c t  

t o  Ag/AgC1 i n  c i r c u i t s ' c  and d .  The symbol 

r e p r e s e n t s  s h i e l d e d  c a b l e .  





6 

e - - -- - - - -- -- 
s a m p l e s  were u s e d  f o r  a  s e c ~ n ~ e x ~ e r i m e n t ,  t h e y  were d a r k -  

a d a p t e d  f o r  te"n minu tes ,  which was s u f f i c i e n t  f o r  r e p r o -  

d u c i b i l i t y .  Most e x p e r i m e n t s  were r e p e a t e d  up t o  t e n  times 

u s i n g  a l g a e  c o l l e c t e d  o v e r  t h e  growing s e a s o n ,  u s i n g  2-3 

s a m p l e s  from e a c h  * t h a l l u s ,  yielh?y 20-30 e r p e r  imen t s  f o r  e a c h  - 
spec ies .  T h i s  was n e c e s s a r y  - t o  c3bensate f o r  d i u r n a l  -- - and - - - 

s e a s o n a l  v a r i a t i o n s .  Much v a P i a b i l  i t y  was found among a 

s p e c i e s ,  t h u s  a n  e s t i m a t i o n  of  e r r o r  i n  t h e  measurements  is  - 

d i f f i c u l t  t o  a c h i e v e .  Data  which is  p r e s e n t e d  i n  t h i s  t h e s i s  . 
- 

r e p r e s e n t s  i n d i v i d u a l  e x p e r i m e n t s  which a r e  r e p r e s e n t a t i v e  o f  

t h e  a v e r a g e  r e s p o n s e  f o r  a  g i v e n  s p e c i e s .  To compensate f o r  

s e a s o n a l  v a r i a t i o n s ,  o n l y  O 2  exchange measurements  which 

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

The p h y s i o l o g i c a l  s t a t e  o f  t h e  a l g a e  a t  t h e  t ime  o f  t h e  

0 exchange measurements-i-s-of-paramount ~ m p o r t a n c e ~  C ~ n t r o - ~ - -  - 2 

0 exchange c u r v e s  were t a k e n  p r i o r  t o  e a c h  e x p e r i m e n t .  I f  2 

t h e  c o n t r o l  c u r v e  d i d  n o t  f a l l  w i t h i n  t h e  expe 'c ted  r a n g e  of  

OP2 exchange v a l u e s ,  t h e  e x p e r i m e n t  was r e p e a t e d  u n t i l  h h i s  

o c c u r r e d .  I n  some cases, o p t i m i z a t i o n  o f  t h e  sample  p lacement  - 
w i t h i n  t h e  e l e c t r o d e  was s u f f i c i e n t ,  i n  o t h e r  c a s e s ,  a  new 

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

E s t a b l i s h i n g  - .  c o n t r o l  O2 exchange c u r v e s  f o r  d i f f e r e n t  
Y 

g e n e r a  o f  m a r i n e  a l g a e  was e s s e n t i a l  t o  i n t e r p r e t a t i o n  .of  t h e  
- - - 

d a t a .  Long-term c o n t r o l  O2 exchange measurements ,  encompas- 

s i n g  s e a s o n a l  v a r i a t i o n s ,  were done &r s e v e r a l  doif f e r e n t  

g e n e r a  o f  m a r i n e  a l g a e  and a r e  p r e s e n t e d  iq C h a p t e r  4 .  
d - 
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F i g .  3 . 3  Apparatus f o r  oxygen exchange measurements wi th  

f l a s h  i l l u m i n a t i o n  

The l i g h t  was channe led  t o  t h e  sample-  h o l d e r  by a - -  - -  

l i g h t  p i p e  from t h e  xenon f l a s h  lamp o r  r e f l e c t e d  
- 

____I_ __--- 
by m i r r o r s  from t h e  excimer-pumped dye  l a s e r .  

Early  e x p e r i m e n t s  were recorded on  a c h a r t  

r e c o r d e r ;  l a t e r  exper iments  were - i n p u t  t o  a 

microcomputer,  
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measurements F i g .  3 . 4  Apparatus f o r  oxygen exchange under 

low O2 c o n c e n t r a t i o n s .  

- - 

The data  a c q u i s i t i o n  system 

- 

shown i s  the  same a s  

F i g .  3 . 2 .  The mixing tanks a l low any ambient 
- 

0 2 / N 2  r a t i c t b b e  ob ta ineo .  To o b t a i n  an 

anaeraobVic environment, N2 i s  f lushed  through the  

s y s  tern. 
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- - - - - - - - - -- -- -- 

3 . 3 . 4  Oxygen exchange measurements under low oxygen 

p a r t i a l  p r e s s u r e s  o r  under a n a e r o b i c  c o n d i t i o n s  
. " 

\ 
Oxygen exchange measurements were made under c o n d i t i o n s  o f  

low m ~ i e n t  0 c o n c e n t r a t i o n s  and under a n a e r o b i c  c o n d i t i o n s .  -$ 

2 

Two d i f f e r e n t  sys tems  were wsed f o r  t h e s e  measurements. I n  L 

o r d e r  t o  measure O 2  exchange under low O 2  p a r t i a l  p r e s s u r e s  

o r  under a n a e r o b i c  c o n d i t i o n s ,  t h e  sample ho lder  was connected . 
t o  O 2  and lo r  N 2  t a n k s .  The 0  and N 2  'were s u p p l i e d  t o  t h e  2  - - 
sample ce l l  by two h igh  p r e s s u r e  Linde s p e c i a l t y  g a s  mix ture  

( 
t a n k s ,  one c o n t a i n i n g  0  wi th  280 p1 C02 pe r  l i t e r ,  and t h e  - 2 

o t h e r  c o n t a i n i n g  N 2  w i t h  285 p1 C02 per  l i t e r .  A 1 . 5  1 s t a i n -  

l e s s  s t e e l  chamber was a r r anged  i n  p a r a l l e l  wi th  t h e  sample 

cel l  t o  a l l ow mixing o f  t h e  O 2  and N 2  t o  any d e s i r e d  p a r t i a l  
- - - -- - - - - - -- - - - - - -- - - - - -- 

p r e s s u r e  ( F i g .  3 . 4  1 .  

An a n a e r o b i c  environment was a l s o  o b t a i n e d  by connec t ing  
- -- 

t h e  sample h o l d e r  w i t h  p l a s t i c  t ub ing  t o  a  smal l  P i t tman  a i r  

pump a s  shown i n  F i g .  3 . 5 .  A i r  was c i r c u l a t e d  th rough  a  f l a s k  

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

5 pystem a t  a  f low r a t e  o f  app rox ima te ly  100 c m  /min u n t i l  t h e  
i 

0 i n  t h e  system was removed. The p y r o g a l l o l  s o l u t i o n  was . .IL 

2 J 

prepa red  by a d d i n g o 2 . 8  g  p y r o g a l l i c  a c i d  i n  U-gl d i s t i l l e d  

water  t o  5 g KOH i n  10 m l  d i s t i l l e d  water  (Gabb and Latchem, - -- 

1 9 6 7 ) .  Gene ra l ly ,  two t o  t h r e e  hours  were r e q u i r e d  t o  o b t a i n  

a comple t e ly  a n a e r o b i c  environment .  I n  o r d e r  t o  e n s u r e  t h a t  

t h e  a l g a e  d i d  n o t  become d e s s i c c a t e d  by t h e  c i r c u l a t i n g  a i r ,  . 
-- - 

\ 



F i g .  3 . 5  Appara tus  f o r  oxygen 'exchange 

a n a e r o b i c  c o n d i t i o n s .  

- -- 

Cont inuous  i l l u m i n a t i o n  

e r p e r & m c n t s .  Algae was 

measurements  under  

was used.  f o r  t h i s  series o f  

p l a c e d  i n  t h e  sample  h o l d e r  

and t h e  s y s t e m  c l o s e d  t o  t h e  a t m o s p h e r e .  The g a s  

i n  t h e  s y s t e m  was pumped t h r o u g h  p y r o g a l l o l  t o  

remove 02. 
-- 

same a s  f o r  

The d a t a  a c q u i s t i o n  s y s t e m  is  

f l a s h i n g  1 i g b t  e x p e r i m e n t s .  

t h e  
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a f l a s k  of  .water was connected i n  s e r i e s  wi th  t h e  f l a s k  of  

p y r o g a l l o l  s o l y t i o n .  

3.3T5 L igh t  s o u r c e s  

Both pu l sed  and con t inuous  l i g h t  were' used t o  i l l u m i n a t e  

t h e  sample, depending on t h e  t y p e , o f  exper iment  performed. 

Continuous i l l u m i n a t i o n  was provided by a Q u a r t z l i n e  EGH lamp 

(Canadian General  Ebectric, 120V, 3OOW 1 o p e r a t e d  a t  v o l t a g e s  
* 

up t o  1 1 0  V .  L i g h t  was passed  through a  4 .7  c m  t h i c k  l a y e r  o f  

water t o  a b s o r b  t h e  i n f r a r e d  p o r t i o n  o f  t h e  spec t rum.  Pulsed  

l i g h t  was o b t a i n e d  by a  xenon f l a s h  ( 4  or 5 ps bul- 

excimer-pumped dye laser wi th  f l a s h  d u r a t i o n  less t h a n  1 0  n s .  
* - - - - - - - - - - - - 

~ o t k e n o n  f l a s h  and con t inuous  e x c i t a t i o n  l i g h t  were led 
2 

t h e  sample th rough  f i b e r  o p t i c  bund le s .  M i r r o r s  were used t o  

r e f l e c t  t h e  laser l i g h t  i n t o  t h e  sample h o l d e r .  

For t h e  f i r s t  series o f  f l a s h  i l l u m i n a t i o n  O2 exchange 

exper iments ,  a n  E G f G  FX 224 xenon f l a s h  lamp o p e r a t e d  a t  

1 . 0  kV with'a 10  pF d i s c h a r g e  c a p a c i t o r  produced a p u l s e  width 

(FUHH) of  4 p s .  For l a t e r  exper iments ,  a n  EG&G FX 249 xenon 

f l a s h  lamp o p e r a t e d  a t  1 . 0  kV wi th  a 10 JJF d i s c h a r g e  c a q a c i t o r  . 
.- \ 

r e s G l t e d  i n  a p u l s e  w idESof  5 p s .  Each puls-Cmust be i -ntense  - - 

-- - - -- 

and s u f f i c i e n t l y  l ong  t o  p rov ide  a t  l e a s t  'dne turn--over  o f  

each oxygen-evolving complex IOEC) f o r  a low p r o b a b i l i t y  of  

misses ,  b u t  must be s h o r t  enough t o  minimize doub le  h i t s  i n  

- 

-- 



- > - - - - .  
, q  - , , 

8 
L. - 

6 8 . > 

- F -- - - 77  
r - 

C . . V 

0 d 
- - - -- -- - - 

t h e  r e a c t l o r \  c e n t e r s  [,two t u r n - o v e r s  of  t h e  OEC).;. - The ' l i g h t  
0 ,  

c -  . % 
' I 

was i n c r e a s e d  u n t i l .  t h e  maximum n e t  O2 e v o l u t i b n  w a s  ~ a c h i e v e d ;  .' 
f~ 

However, iC is d i f f i c u l t  t o  s a t ~ r a t e  t h e  S2 + S j . t r a d s i g i o n :  B 

1 

V 

C 

, (Del-r ieu,  19801, and t h u s  t h e r e  s t i l l  may have been a t h i g h  . . 
p r o p o r t i o n  o f  misses f o r  OECs i n  t h e  S2 S t a t e  prior. 'ko a .  

a 

l i g h t  Elash.  
- *. - - -  A -  - --J- 

' P . l  

* f ' 0 

The f l a s h  f r e q u e  was set by a  Hewlett  Packard 33018 
- 

f u n c t i o n  g e n e r a t o r .  which  a l s o  t r i g g e r e d  t h e  signs< avk iage r  
6 

s i m u l t a n ~ o u s l y  w i t h  t h e  f i r s t  f l a s h .  The f l a s h  f requency f o r  - 

a l l  1 expe r imen t s  was s e t  t o  3 . 3  Hz, w h i c h  k e p t  t h &  time 

i n t e r v a l  between f l a s h e s  s h o c t  enough t o  minimize d e a c t i v a - t i o h -  

of  t h e  S - s t a t e s  o f  t h e  OEC ( J o l i o t  e t  a l . ,  1971; Kok e t  a l ,  . 0 - 
1971) .  b u t  l ong  enough t o  allow' t h e  S - s t a t e  t r a n s i t i d n s - t o  D 

o'ccur . 
The energy o u t p u t  per  p u l s e  of  t he  ( 1  k V )  xenon f1as.h a t  7 

8 i- 

3 . 3  Hz was de te rmined  t o  be 3 .0  t 0 . 3  rnJ us ing  a ~ c i e n t e c h  3 6 1  t .  

* 
- - 

power meter w i t h  . d e t e c t o r  'model VPH-2 (Newpqrt Research - 
C o r p o r a t i o n ) .  Using 450 nm as t h e  average  wavelength of t h e  

xenon lamp ' ( r e f e r e n c e ) .  t h e  emis s ion  was c a l c u l a t e d  t o  be 
% 

-2 r 1 0 1 5  photons  pe r  • ’ l a t h .  f 3 -  
ped dye laser was used t o  p rov ide  f l a s h  , 

a, s h o r t  p u l s e b o f  a  s p e c i f i c  wavelengtn was 
" - 

r red l i g h t  was o b t a i n e d  by usiag-arazine~715~ - A 

. .  
p e r c h l o r a t e  d i s s o l v e d  in 'me thano l  as t h e  l a s e r  c e ,  which h a s  

maximal f l u o r g s c e n c e  a t  approximate ly  720 nn.  Red l i g h t  was 
> 

o b t a i n e d  by u s i n g  DCM d i s s o l v e d  i n  methanol, which has  a  ;, 



3 

r - 
fluorescence m a x i ~ u m  a t  650 nm. 

a 

Yhite light from a Quartzfine EGH lamp, operated a t  
0 - 

voltages up to 110 V, uas used to provide illumination times 

-= of up to 2.in. A simple mecha~lcml, shut ter  controlled t h e  
- - 

durat ion of illumination. The light intensity was measured 
' 8  - C 

with a Tektrunix J 1 6  photodetector vith 5 6 5 0 2  irradiancc 
- - - -- -- 

probe.  
1 

- 
L 

3.3.6 Data scquisitian system 

The current produced by O2 ~eductlon a t  the PC cathode was 
. -. 

I -  ' 
measured across a load resistor. RL (which ranged from 1 t o  

1 

4 0  kn), #and input to a Tracor Northern Xudel TU 1710  signal 

kverager. T h r e e  m e & a ~ t ~ s ~ - c A ~ ~ r t r i t s  'were used during this - - 

re search .  Pref  islnary maasureacngs vcrc par formed u s i n g  t h e  
-+ 

ciicui t depicted i n  Fig: 3 . 2 a .  b t c r  rmteasuremehts used t h e  
Y 

9 

ciscult shown gn Pig. 3.2c, while the f i n a l  c i r c u i t  i s  shown 

in Fig. 3.26. Figure 3 . 2  b d e p i c t s ,  t h e  paver supply used for 
-. 

circuits 3 . 2 ~  and d .  

k l y  experiments  were rccarded on a Hoseley 70ql AR X-Y  
c 

recorder .  For later crpariments;thc sLgha1,avcrag~r was . 
- - 

interfaced t o  a sicrocomputer and output to a - H e u l a t t  Packarc3 
-- - - - 



4 

To correct for the pile-up of pulses, the - data were fitted 

with the Simplex algorithm (Nedier and llead, 1965; Caceci and - 
Cacheris, 1985) on an I= PC.' The data were read into t h e  PC 

i 

by means of a ~oeston Instruments HIPAD digitizer to a maximum f 

- - - --- - - 
of 1000 equidistant horizontal and vertical data points. 

Curve fitting-as a function of the total number of data points 

(Nl showed that the number of data points in the curve did not 
L) 

- 
affect the values of the parameters used to f i t  the curve. -- - - 

The 0 exchange curve w* generated by adding pulses 2 

uith the same shape as the third pulse (the reference re- 

sponse), shifted along the time axis with the appropriate time 

interval between pulses. The amp1 itude of each pulse was 

determined to give the-best - - - -  fit to -- the experimental - -- curve -- - -  for - - - 

the total0O2 exchange. This f ittlng' procedure assumes that 

the time course of the O2 current from a single flash deliv- 

ered at different times changes in scale, but not shape. This. 

is a reasonable assumption since €I2 is always produced at the _ ' 
same locations within the algae, the evolution of Q 2  follows 

four-step kinetics which only change. in magnitude as a func- 

- tion of flash number (Kgk et al., 19701, and the half-time for 
, 

O2 evolutioh is indepeqdent of flaih number (Joliot et al., 
. 

1966; ~ t k k e r  et al., l984b). 

The error function for the algorithm computed the sum of 

the squares of the distances from the experimental curve to 





L . 
--- 

L 
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CHAPTER 4 .  OXYGEN E X C H A N G E  M E A S U R E M E N T S  I N  MARINE ALGAE - . 
i 

'3 - Much of  , t h e  e a r l y  work on  O 2  exchange ( e v o l u t i o n  a n  
&. 

\ 

u p t a k e )  and l i g h t - i n d u c e d  O2 u p t a k e  was f i r s t  measured i n  
v 

. a l g a e  (Brown and  Weiss, 1959; Hoch C t  a l . ,  1963;  Vidav,er and 
\ 

- -- - - - -- - 

French ,  1 9 6 5 ) .  e l g a e ,  i n  g e n e r a l ,  r e p r e s e n t  v e r y  dLverse -  - - - 
- g r o u p s ,  b u t  t h e  p r o c e s s e s  o f  0 e v o l u t i o n  and u p t a k e  i n  ' 

2 
- - 

d j f f e r e n t  a l g a l  d i v i s i o n s  have  many s i m i l a r i t i e s  t o  e a c h  o t h e r  

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

. L 

An a n a l y s i s  o f  O 2  exchange c u r v e s  is  d i f f i c u l t  because  

o f  t h e  i n t e r - r e l a t  i o n s h i p  be tween p r o d u c t i o n  and consurnp't i o n  

cf O2 b y  t.he a l g a e  and i t s  d e t e c t i O n  by t h e  e l e c t r o d e  ., 
\. -- s y s t e m .  Thus, a d i s c u s s i o n  o f  p h o t o s y n t h e t i c  O 2  exchange ' 

c a n n o t  be c o m p l e t e  w i t h o y t  c o n s i d e r i n g  t h e  mechanism o f  0 
- - - - - - - - - - * - - -- 2 ,  -- - - --- 

r e d u c t i o n  a t  t h e  P t  e l e c t r o d e  and  how i t  a f f e c t s  t h e  measured 

0 exchange i n  t h e  a l g a e .  However, i n  o r d e r  t o i n v e s t i g a t e  2  

k i n e t i c s  o f  O 2  exchang'e, b o t h  !n ' a lgae  and i n  h i g h e r  p l a n t s ,  
-- -- 

i t  ~ i s  e s s e n t i a l  t o  d e t e r m i n e  t h e  "normal" ( c o n t r o l )  0  e x -  - 2 1  

c h a n g e .  C o n t r o l  O2 exchange c u r v e s  r e p r e s e n t  9 exchange 2  
- 

i n  u n t r e a t e d ,  f r e s h l y  c o l l e c t e d  a l g a e ,  d a r k - a d a p t e d  f o r  1 0  min 

i n  a i r  p r i o r  t o  3 . 3  + 0 . 1  Hz f l a s h  i l l u m i n a t i o n .  

For f l a s h  i l l u m i n a t i o n ,  r e l a t i v e l y  1 i t t l e  i n f o r m a t i o n  

e x i s t s  i n  the l i t e r a t u r e  on  O2 exchange i5easurements-usi~g -- 

t h e  b a r e  P t  

c u r v e s  were 

e l e c t r o d e ;  f o r  t h i s  r e a s o n ,  c o n t r o l  O2  exchange 
- 

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



e i o d - o f  t h i s  r e s e a r c h  i n  o r d e r  t o  e s t a b l i s h  t h e  con- 
the Y - 
t r o l s .  Genera i n  t h r e e  d i v i s i o n s  were s t u d i e d ,  Rhodophyk 

( r e d  a l g a e ) ,  Phaeophyta (brown a l g a e ) ,  and Chlorophyta  ( g r e e n  

k g a e ) .  , A d e t a i l e d  d i s c u s s i o n  o f  t h e  d i f  f e r e n r  k i n e t i c s  +or 

t h e  genera  s t u d i e d  is beyond t h e  scope o f  t h i s  t h e s i s .  

4 .  f The Red A 1  gae  (Rhodophyta 

Rhodophyta c a n  be d i s t i n g u i s h e d  from o t h e r  g roups  of  

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

'.absence of agg rega t ed  t h y l a k o i d s  and t h e  p re sence  o f  c e r t a i n  

" acces so ry  phohosyn the t i c  pigments,  t h e  p h y c o b i l i n s  (Bold and,  

Wynne, 1985 1 .  Phycoe ry th r in  i s  g e n e r a l l y  t h e  p r e d o m i n a n t x ~ -  - 

i 

c e s s o r y  pigment and impar t s  t h e  r e d  c o l o r a t i o n  t o  many Rhodo- 

phyta ,  t h u s  g i v i n g  t h i ~ ~ g e n e r a  t h e  common name, r e d  a l g a e .  

However, manymred a l g a e  do n o t  appear  r e d d i s h ,  and i n  f a c t  a  

f u l l  range of  c o l o r a t i o n .  is found (Bol&.and Wynne, 1 9 8 5 ) .  

The l i g h t - h a r v e s t i n g  complex i n  t h e  r e d  a l g a e  c o n s i s t s  

l a r g e l y + o f  agg rega t ed  p h y c o b i l i p r o t e i n s  which are found on t S e  

e x t e r n a l .  s u r f a c e  o f  t h e  t h y l a k o i d s .  These a r e  r e f e r r e d  t o  a s  

phycobi l isomes ( s e e  F i g .  1 . 3  X .  - 
The c o n t r o l  O2  exchange c u r v e s  f o r  dark-adapted.  P- 

p e r f o r a t a  and J r i d a e a  a. are shown i n  F i g .  4 . l a  and F i g .  4 .2 ,  

r e s p e c t i v e l y .  The v a r i a t i o n  between t h e  two O 2  exchange 



F i g .  4 . 1  Oxygen e x c h a n g e  i n  Rgrahvra 

The O2 e x c h a n g e  c u r v e  f o r  d a r k - a d a p t e d  

a t  3 . 2 - H z  f l a s h  

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

? 
a t  t = 0. Oxygen i s ' p r o d u c e d  o n  t h e  t h i r d  

f l a s h .  

The same s a m p l e  m h u  per fora ta  u s e d  i n  

F i g .  4.la was dark-adap ' ted  f o r  30 rnin i n  5T O2 

p r i o r  t o  i l l u m i n a t i o n .  T h i s  shows more d i s t i n c t  

c u r r e n t  p u l s e s  t h a n  F i g .  4.la. 
- - p- --- 





F i g .  4 . 2  Oxygen e x c h a n g e  i n  Jx idaea  

The 0 e x c h a n g e  c u r v e  f o r  da rk -adap tec  2 

3 . 2  Hz f l a s h  f r e q u e n c y  is shown. E l e v e n  l i g h t  
- - - -  - -- - -- - - - A -- 

f l a s h e s  were g i v e n  t o  t h e  s ample ,  w i t h  t h e  f i r s t  

f l a s h  a t  t = 0 ,  a n d  t h e  l a s t  f l a s h  a t  t = 3 . 2  s .  ' 
\ 





c u r v e s  s u g g e s t s  - t h a t  t h e  rnechanlsms-oe q w ~ T v t i o n  an&/- 

u p t a k e  may be q u i t e  d i f f e r e n t  be tween t h e  two r e d  a l g a l  gen-  

era .  The mechanisms o f  O 2  exchange i n  r e d  a l g a e  is unknown, % 

however, t h e r e  is no e-vidence t o  i n d i c a t e  t h a t  t h e  p r o c e s s  o f  

O 2  e v o l u t i o n  is d i f f e r e n t  i n  r e d  a l g a e  t h a n  i n  t h e  g r e e n  

a l g a e .  B r e c h i g n a c  and  Andrcf ( 1 9 8 4 )  found t h a t  i n  t h e . r e d  
- - -- -- -- - - - -- - - - - 

a l g a ,  C h r o n u  ~ r i s ~ u s ,  p h o t o r e s p i r a t i o n  is a b s e n t  and t h u s  i s  

n o t  r e s p o n s i b ~ f o r  a l i g h t - i n d u c e d  O 2  u p t a k e .  Pho to reduc-  
w 

t i o n  o f  O 2  h a s  b e e n  found i n  'a41 p h o t o s y n t h e t i c  , organ i sms  
cg  -- 

b,' 
examined ( B u n t  and  Heeb, 4 9 7 1 ;  F l i d e w e l l  and Raven, 1975; 

Radmer and Kok, 1976; Radmer and O l l i n g e r ,  1980; S h e l p  and . 

Canvin,  1980; Fock e t  a l . ,  1981; Behrens  e t  a l . ,  1982; Furbank 

e t  a l . ,  1983)  and t h u s  i t  l i k e l y  o c c u r s  i n  r e d  a l g a e .  

The O2 exchange c u r v e  f o r  P o r o h v r a  i n  a i r  ( F i g .  4 . l a )  d o e s  ' 

n o t  f i t  t h e  S s t a t e - m o d e l - d e p i c t e d  b y  Kok e t  a l .  (-1970) . T h e  - -- 

l a c k  o f  a f o u r  s t e p  p a t t e r n  o f  O 2  exchange i n  P o r ~ h v r a  under 

normal c o n d i t i o n s  may be due  t o  d i f f e r e n c e s  i n  O2 u p t a k e  o r  

O2 e v o l u t i o n  o r  b o t h .  The s t r u c t u r e  a n d / o r  f u n c t i o n  o f  t h e  

oxygen-evolvincj  complex i n  g o r ~ h v r g  may be d i f f e r e n t  t h a n  o t h e r  

r e d  a l g a l - g e n e r a  ( e .  g  Jridaeg) . The p o s s i b i l i t y  t h a t  P o r ~ h -  is 

p h o t o i n h i b i t e d  under  lower  l i g h t  i n t e n s i t i e s  t h a n  o t h e r  r e d  a l g a l  

g e n e r a  s h o u l d  be  i n v e s t i g a t e d .  I n  o r d e r  t o  d e t e r m i n e  i f  t h e  

v a r i a t i o n  i n  O 2  exchange is due  t o  d i f f e r e n t  O2 u p t a k e  p roc -  

esses, ( s a m p l e s  o f  Po rdhvra  were d a r k - a d a p t e d  i n  59  O 2  f o r  

30 r!tn p r i o r  t o  i l l u m i n a t i o n .  With a  r educed  ambien t  O2 con- ' 

c e n t r a t i o n ,  O2 consumpt ion  p r o c e s s e s  which o c c u r  i n  P o r ~ m  I, 

1 

4 



w i l l  be d e c r e a s c b ;  - The O2 exchange---a i r r  5% 

O2 ( F i g .  4.lb) does  show fou r  s t e p  O 2  exchange k i n e t i c s .  The 

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

d e c r e a s e  i n  ambient  O 2  c o n c e n t r a t i o n  w i l l  p robably  i n h i b i t  t h e  

p r o c e s s  of  O2  e v o l u t i o n  as w e l l  a s  d e c r e a s e  O 2  consumption 

p r d c e s s e s .  However, s i n c e  a four  s t e p  O2  exchange p a t t e r n  i s  
- - - - -  - - 

e v i d e n t  from F i g .  4,lb, t h i s  i n d i c a t e s  t h a t  t h e  s t r u c t u r e  and 

f u n c t i o n  of t h e  OEC is P o r ~ u  canno t  be r a d i c a l l y  d i f f e r e n t  

from o t h e r  marine a l g a e  w h i c h  show a - i o u r  s t e p  O2 exchange 

p a t t e r n  under normal c o n d i t i o n s .  

4 . 2   he Brown Algae (Phaeophyta  1 

The d i v i s i o n  Phaeophyta c o n s i s t s  o f  d i v e r s e  organisms 

7 
which  range i n  s i z e  f rom-microscopic  t o  t h e  l a r g e s t  o f  marine 

- 

p l a n t s  ( b a c r o c v s t i & ) .  O'ne common f a c t o r  among brown a l g a e  is 

t h e i r  unique t h y l a k o i d  a r rangement .  _The t h y I a k o i d s  occur  i n  

g roups  o f  t h r e e  w i t h  some i n t e r .  o n n e c t i o n s  between t h e  lamel-  

l a e  (Bold and Wynne, 1985). The browi c o l o r a t i o n  o f  many m e m -  

b e r s  of  Phaeophyta is due p r i m a r i l y  t o  t h e  pigment fucoxan th in ,  

S t u d i e s  on p h o t o s y n t h e t i c  w a t e r - s p l i t t i n g  i n  t h e  brown 

a l g a e  have i n d i c a t e d  t h a t  bo th  copper  and manganese p l ay  a  

r o l e  i n  t h e  OEC (Holdsworth and Arshad, 19771, however t h i s  

has  n o t  y e t  been c o n c l u s i v e l y  proven.  

Oxygen exchange curves f o r  f l a s h  i l l u m i n a t i o n  ~f two 

gene ra  o f  brown a l g a e  a r e  shown i n  F ig .  4 . 3  f o r  Alaria and 



- 

F i g .  4 . 3  Oxygen e x c h a n g e  i n  Alaria 

a .  The O2 e x c h a n g e  c u r v e  f o r  d a r k - a d a p t e d  Alaria 

a t  3.-2 Hz f l a s h  f r e q u e n c y  is s i m i l a r  t o  t h a t  o f  
- - - - -- - 

ylva, but i s  l o w e r  i n  m a g n i t u d e .  T h i s  may be 

d u e  t o  t h e  t h i c k n e s s  o f  t h e  a l g a e .  T h e r e  is no 

e v i d e n c e  t o  i n d i c a t e  t h a t  t h e  O 2  e x c h a n g e  

mechanisms  i n  b l a r i a  are  d i f f e r e n t  t h a n  i n  t h e  

g r e e n  a l g a e .  

- 

b .  T h r e e  l i g h t  f l a s h e s  g i v e n  t o  t h e  sample.  ( w i t h  

t h e  f i r s t  f l a s h  a t  t = 0) p r o d u c e  O 2  o n  t h e  
- 0 

t h i r d  f l a s h ,  w h d c h  r e p r e s e n t s  t h e  c h a r a c t e r  ist ic 
1 

r e s p o n s e  o f  t h e  s y s t e m  t o  0 p r o d u c t i o n  by  2 





- - , F i g .  4 . 4  a n d  9.5 f o r  m. D i f f e r e n t  s a m p l e s  of 
* 

showed< two d i s t i n c t  O2 e x c h a n g e  c u r v e s ;  the 
I 
I 

v a r i a t i o n  may be d u e  t o  two d i f f e r e n t  s p e c i e s  o r  t o  sehssnal 
0 4. 

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

4 . 3  The G r e e n  Algae  - ( ~ h l o r o p h y t a )  

- Oxygen exchahge h a s  b e e n  w i d e l y  s t u d i e d  i n  t h e  green algae 

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

t o  h i g h e r  p l a n t s .  Two g e n e r a  o f  g r e e n  a l g a e  were s t u d i e d ,  * 
Y l v a  a n d  m t e r @ o r ~ h *  which b o t h  b e l o n g  t o  t h e  same f a m i l y ,  

AT. 

U l v a c e a e .  F i g u r e  4 . 6  shows t h e  O2 e x c h a n g e  c u r v e  f o r  

En te rmorpha ,  which  is s imilar  t o ' t h e  O 2  e x c h a n g e  cl!rve shown 

f o r  y l v a  i n  F i g .  4 . 7 .  

, Oxygen e x c h a n g e  c u r v e s  b r  Y ~ V Q  were o b t a b d  f o r  a large  

number o f  s a m p l e s ;  a  r e p r e s e n t a t i v e  O 2  e x c h a n g e  c u r v e  is 
v 

d e p i c t e d  i n  F i g .  4 . 7 .  The O2 e x c h a n g e  c u r v e  of F i g .  4.7,. 
, 

t a k e n  f o r  d a r k - a d a p t e d  y l v ~ ,  shows O2 was r e l e a s e d  on  t h g  
- 

s e c o n d  f l a s h .  T h i s .  is c o n s i s t e n t  w i t h  t h e  f i n d i n g s  o f  

J u r s i n i c  (19781, who o b s e r v e d  t h a t  O 2  was r e l e a s e d  on  t h e  

s e c o n d  f l a s h  f o r  p h y s i o l o g i c a l l y  f r e s h  s a m p l e s .  T h i s  . 

i n d i c a t e s  t h a t  a c e r t a i n  number A o f  OECs underga dauble t u rn -  

o v e r s  o f  some o f  t h e  PS I 1  r e a c t i o n  c e n t e r s  o n  e i t h e r  t h e  
I - 

f i r s t  o r  s e c o n d  f l a s h .  

T h e 5 0 Z  e x c h a n g e  curve f o r  ylva i l l u m i n a t e d  w i t h  680 nm 



B 

The U2 exchange curve tor dark-adapted- 
i C 

q~ 

a t  3 . 1  l l z f l a r h  f requency  shous distinct Q2 pulses - .  - - - 

'and includes both D2 uptake  and evolution 

components as observed i n  u. T h i r t e e n  light 

Eleskcs were g t y e n  to t h e  sample. The f i r s t  f l a s h  
93 

occurred a t  t 0, and the last  f l a s h  occurred a t  





P 

Fig. 4 . 5  Oxygen exchange i n  Lamlnarla 

a .  The O2  exchange c u r v e  ' f o r  da rk -adap ted  

Laminaria a t  3 . 3  Hz f l a s h  f r e q u e n c y  is' q u i t e  -- - - --- -- 

d i f f e r e n t  from t h a t  o f  F i g .  4 . 4  f o r  a  d i f f e r e n t  

sample  o f  m, b u t  is  s i m i l a r  t o  t h a t  o f  
-a - Alaria i n  F i g .  4 . 3 .  The " d i p "  i n  t h e  

o s c i l l a t i o n  a t  t h e  s i x t h  and e l e v e n t h  f i a s h e s  i n  

, - F i g .  4 . 4  i s  n o t  e v i d e n t  i n  t h i s  f i g u r e .    he 

O2 c u r r e n t  p u l s e  a t  t h e  second f l a s h  i n d i c a t e s  

t h e  number o f  d o u b l e  t u r n o v e r s  o f  t h e  OEC d u r i n g  

e i t h e r  t h e  f i r s t  o r  second  f l a s h .  T h i s  is 
- - - - - - - - -- - - - - - - - - - - 

common i n  f r e s h l y  c o l l e c t e d  a l g a e  ( J u r s i n i c ,  

b, Three  s h o r t  l i g h t  f l a s h e s  ( w i t h  t h e  f i r s t  f l a s h  

. a t  t = 0 1 g i v e n  t o  d e p i c t  t h e  r e f e r e n c e  r e s p o n s e  

f o r  -. 
1' 

I 
2 





. F i g .  4 . 6  Oxygen exchange 

The O 2  e x c h a n g e  - at 

- 

c u r v e  f o r  dark-adapted 

3 . 0  Hz flash frequency 
- 

that f o r  y1v.a i n  F i g .  4 . 7 .  
-- 

.6' 

is similar 





Fig. 4 . 7 ,  Oxygen exchange i n  y l v a  

The O2 exchange c u r v e  f o r  d a r k - a d a p t e d  Ulva a t  

3 . 3  Hz f l a s h  f r e q u e n c y  - - is s i m i l a r  t o  t h a t  f o r  - - - - - - - - 

.- - 
a r u  i n  F i g .  4 . 4 .  The f i r s t  f l a s h  o c c u r s  a t  

t =O. The p r e s e n c e  o f  a n  O2 s i g n a l  f o r  t h e  second  

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

second f l a s h .  





l i g h t  is shown i n  F i g .  4 . 8 . .  The r a t i o  o f  Y 3 / Y q  ( Y n  is  t h e  
0 

n e t  O2  y i e l d  on  t h e  n t h  f l a s h )  i s  l a r g e r  f o r  w h i t e  l i g h t  

i l l u m i n a t i o n  ( F i g .  4 . 7 )  t h a n  f o r  680 nm i l l u m i n a t i o n .  Dark- 

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

l e n g t h s ,  r a n g i n g  from 602 t o  680 nm. The f l a s h  y i e l d  se- 
b 

quences  f o r  t h e s e  02-exchange  c u r v e s  are shown i n - F i g .  4.-9. - - 

B r i t z  ( 1 9 7 6 )  h a s  r e p o r t e d  t h a t  Ylva undergoes  a c i r c a d i a n  

rhythm o f  c h l o r o p l a s t  movement. T h i s  would a l m o s t  c e r t a i n l y  

a l t e r  O 2  exchange measurements .  I n  fact, Ulva h a s  been  found 

t o  undergo l a r g e  d i u r n a l  v a r i a t i o n s  o f  l i g h t - s a t u r a t e d  photo-  

s y n t h e t i c  c a p a c i t y  sit%, which i s  m a n i f e s t  by minima and 
- - 

/ 

maxima i n  t h e  r a t e  o f  n e t  O 2  e v o l u t i o n  (Mishk ind  e t  a l . ,  1976; 

Mishkind and M a u z e r a l l ,  1 9 7 7 ) .  F r e s h l y  c o l l e c t e d  s a m p l e s  had 

tmax imum n e t  O 2  e v o l u t i o n  u n d e r 7 & t u r a t i n g  l i g h t  a t  noon, and  
- - - -- - - -- - - - - - - - 

a  minimum a t  m i d n i g h t  (Mishkind e t  a l . ,  1 9 7 6 ) .  A t  low l i g h t  

i n t e n s i t i e s ,  however,  t h e  r a t e  o f  n e t  O 2  e v o l u t i o n  remained  

c o n s t a n t .  Mishkind e t  a l .  ( 1 9 7 6 )  found t h a t  . f r e s h l y  c o l l e c t e d  

2  L 

y l v a ,  k e p t  under  c o n t i n u o u s  i l l u m i n a t i o n  ( 2  m W / c m -  1, main- 

t a i n e d  t h e s e  o s c i l l a t i o n s  f o r  up  t o  36 h .  These v a r i a t i o n s  i n  

O 2  exchange f o r  one  sample  g i v e  a n  i n d i c a t i o n  o f  t6e d i f f i -  
, 

c u l t y  i n h e r e n t  i n  o b t a i n i n g  c o n t r o l  O 2  exchange c u r v e s .  For  

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

ented i n  this c h a p t e r  w a s  n o t  a t t e m p t e d .  , - 

The e x p e r i m e n t a l  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  r e p r e s -  

e n t  l lnormaltf  O2 exchange f o r  t h r e e  d i v i s i o n s  o f  a l g a e .  A 
r 

c o m p a r i s o n  o f  O2 y i e l d  p e r  f l a s h  f o r  t h e  d i f f e r e n t  a l g a e  is  



F i g .  4 . 8  Oxygen exchange i n  Ylvb . i l l u m i n a t e d  w i t h  680 nm 

1 i g h t  

- - - - - - -- - 

The O 2  exchange c u r v e  f o r  da rk -adap ted  Ylva 
C 

i l l u m i n a t e d  w i t h  680 nm l i g h t  a t  3 . 2  Hz f l a s k  - -- 

f r e q u e n c y  is d i f f e r e n t  from t h a t  i n  F i g .  4 . 7  f o r  

w h i t e  l i g h t  i l l u m i n a t i o n .  The a b s e n c e  o f  O 2  on 

t h e  second  f l a s h ' ( i n d i c a t e d  by f )  i n d i c a t e s  t h a t  t h e  

d u r a t i o n  o f  t h e  nanosecond l a s e r  f l a s h  was s h o r t  

enough t o  minimize  d o u b l e  t u r n - o v e r s  o f  t h e  OECs. 
i 





I ^ 

F i g .  4 . 9  Oxygen exchange f l a s h  y i e l d  sequences for ylva 

i l luminated  a t  different wavelengths 





" d e p i c t e d  i n  F i g .  .4.10. T h i s  f i g u r e  s u g g e s t s  t h a t  some o f  t h e  

mechanisms o f  u p t a k e  and e v o l u t i o n  may be q u i t e  d i f f e r e n t  

- between t h e  d i v i s i o n s .  The d i f f e r e n c e  i n . t h a l l u s  t h i c k n e s s  o f  , 

t h e  d i f f e r e n t  a l g a l  geneora s h o u l d  be  c o n s i d e r e d ,  a s  well a s  

t h e  l o c a t i o n  o f  c h l o r o p l a s t s  w i t h i n  t h e  c e l l .  
- e 

-- 
I n  o r d e r  t o  b e g i n  t o  i n t e r p r e t  t h e  k i n e t i c s  o f  0 -- -- - 

2 '  

exchange i n  m a r i n e  a l g a e ,  one  g e n u s  o f  a l g a e ,  w, was 
- 

s t u d i e d .  The a n a l y s i s  p r e s e n t e d  i n  Chap te r  5 .  f o r  t h e  g reen  
*I 

algae, y l v a ,  can be a d a p t e d  t o  a n a l y z e  O2 exchange k i n e t i c s  
i 

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



F i g .  1 .10  Coapar l s o n  of oxygen exchange  f l a s h  yiel&quences 

far  the different qencra of algae 





- - - - - - - 

- 

CHAPTER 5. RESULTS AND DISCUSSION 

OXYGEN EXCHANGE MEASUREMENTS IN YJbVA 

The bare Pt electrode system described in Chapter 3 re- 
* 

cords the current due to O2 reduction at the cathode as a- - --- 

f nction of time and is linear over a wide range of ambient Y 
0 concentrations during steady-state measurements, Dynamic 2 

measurements of O2 evolution and/or uptake in bi?lo@cal - - - - 

systems can be made with the bare platinum electrode, however, 

these measurements are limited by the response time of the 

electrode system. 

The bare Pt electrode has been used extensively for 
--- - -  

research on O2 exchange i n  marine algae under continuous 
-- - --- -- - = -- - 

illumination (French et al., 1961; Fork, 1963; Vidaver and 

French, 1965; Chakdler and Vidaver, 1970; Chandler and' 

Vidaver, 1'971). However, little or no research has been done 

using this electrode system for O2 exchange measurements 

with short, saturating light flashes. In the past 15 years, 

research has focussed on elucidating the molecular components, 

and the mechanism of photosynthetic water-splitting and 

concomitant O2 evolution. The Joliot electrode (Joliot and 

Joliot, 1968) has heen used predominantly for Elasking l @ h t  

studies since it minimizes the O2 uptake component. 

However, both the mechanism of O2 evolution and the 

sites of light-induced O2 uptake in photosynthesis are still 



- 
- - - - - - - 

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

induced  O Z , c o n s u m p t i o n  i n  p h o t o s y n t h e s i s  and i t s  e f f e c t  on O2 

e v o l u t i o n ,  - - b u t  no one h a s  y e t  been  q b l e  t o  s e p a r a t e  t h e  O 2  

e v o l u t i o n  and  u p t a k e  components  i n  t h e  k i n e t i c  measur 

I n  o r d e r  t o  d e t e r m i n e  t h e  mechanism and k i n e t i c s  o f  0 

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

u p t a k e  must be s e p a r a t e d  from 0 e v o l u t i o n  and n o t  j u s t  
2 

' minimized o r  n e g l e c t e d .  I n  f a c t ,  V i d a v e r , e t  a l .  (1984) have 

s u g g e s t e d  t h a t  the '  "in yivo - f u n c t i o n i n g "  o f  t h e  w a t e r - s p l i t -  
- 

t i n g  s y s t e m  d e p e n d s  on  t h e  p r e s e n c e  o f  p a r t l a l  O 2  p r e  s u r e s  R 
( < O . O l a a t m ) .  Brudv ig  ( 1 9 8 4 )  h a s  shown t h a t  t h y l a k o i d s  w i t h  a n  

a c t i v e  OEC take,up O2 a t  t h e  r a t e  o f  1 -2  pmol 02/mg C h l / h .  

Govind jee  e t  a l .  (1985) proposed  t h a t  a n  a c c e p t a b l e  model o f  
Bb 

0 e v o l u t i o n  must i n c l u d e  t h e  g o s s i b i l i t y  t h a t  O E C s  may be 
2 

- -L- -- - - - - -  -- -- - - - --- - 
c a p a b l e  of c o n v e r t i n g  O& + H 2 0 ,  i . e .  " r u n  i n  r e v e r s e " .  This 

s u g g e s t s  t h e  i n c o f p o r a t i o n  o f  a n  O 2  u p t a k e  component i n  t h e  . . 

. S s t a t e  model o f  p h o t o s y n t h e t i c  w a t e r - s p l j t t i n g .  , 

I n  t h i s  r e s e a r c h ,  t h e  b a r e  P t  e l e c t r o d e  s y s t e m  was used i n  

o r d e r  t o  s t u d y  b o t h  O 2  e v o l u t i o n  and O 2  u p t a k e ,  s i n c e  b o t h  

components  are p r o v i d e d  i n  t h e  O2 exchange measurements .  The 

magni tude  o f  t h e  compet ing  p r o c e s s e s  d e t e r m i n e s  whether  t h e  

n e t  c u r r e n t  r e s p o n s e  w i l l  be p o s i t i y e  o r  negative. Thus any 

t r a n s i e n t  O2 consumpt ion  o c c u r r i n g  i n  t h e  a l g a e  i n  r e s p o n s e  

t o  a l i g h t  f l a s h  w i l l  9e s b p i r i m p o s e d  on  a n  O2 e v o l u t i o n ,  

component a n d  measured as 0 cxchange .  -. 
a 2 -- t 

S i n c e  t h e  b a r e  P t  e l e ~ t r o d e  s y s t e m  d e p i c t e d  i n  F i g .  3 . 1  



has  no t  been used p r e v i o u s l y  topsTu~yy02 'exchange under 

f l a s h  i l l u m i n a t i o n ,  i t  was e s z r . n t i a 1  t o  de t e rmine  t h e  b e s t  

method t o  ana lyze  O 2  exchange ( e v o l u t i o n  and u p t a k e )  

mea_su_rements, i n c l u d i n g  d e t e r m h a t i o n  o f  system l i n e a r i t y , .  how 

t o  i n t e r p r e t  and c a l i b r a t e  t h e  O2 r e d u c t i o n  c u r v e s ,  
- 

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

s e p a r a t e  O2 uptake  and e v o l u t i o n  components from t h e  

exchange measurements. A l a r g e  p a r t  o f  t h i s  t h e s i s  r e s e a r c h  ' 

focussed  on s e t t i n g  u p y t h e  system, o p t i m i z i n g  and c a l i b r a t i n g  
- -  - 

i t  (Chapter  51, and d e t e r m i n a t i o n  o f  c o n t r o l  r e s p o n s e s  i n  

d i f f e r e n t  genera  o f  marine , a l g a e  (Chapter  4 1 .  

5 . 1  I n t e r p r e t a t i o n  of  oxygen exchange c u r v e s  f o r  Ylva 

p r o c e s s e s  l e a d i n g  to t h e  p r o d u c t i o n  and consumption o f  O2 i n  
- 

t h e  a l g a e  a s  wel l  as t h e  d i f f u s i o n  of  O2 o u t  o f  t h e  a l g a l  

t h a l l u s  and r e d u c t i o n  o f  O 2  a t  t h e  P t  e l e c t r o d e .  Oxygen 

produced by t h e  a l g a e  - - i n  t h e  sample h o l d e r  c a n  d i f f u s e  through 

t h e  d i a ly s i s .membrane  i n t o  t h e  environment i n  t h e  sample - h o l -  -- - 
d e r  and d i f f u s e  toward t h e  P t  e l e c t r o d e  where i t , i s  reduced. '  

\ 
- 

The recorded  O2 exchange c u r v e s  w i l l  r e f l e c t  t h e  r a t e -  
- - -- -- 

l i m i t i n g  s t e p s  which occur  d u r i n g  any o f  t h e s e  p r o c e s s e s .  - 
Some o f  t h e  e a r l i e s t  O2 f l a s h  y i e l d - s t u d i e s  by J o l i o t  

and co-workers i n d i c a t e d  t h a t  t h e  two p r i n c i p a l  l i m i t i n g  



c h l o r o p l a s t s  and  O2  r e d u c t i o n  a t  t h e  c a t h o d e  are a f i r s t  

o r d e r  t h e r m a l  r e a c t i o n  which o c c u r s  a f t e r  t h e  p r imary  photo-  

c h e m i s t r y ,  b u t  p r i o r  t o  O2 e v o l u t i o n  ( w i t h  a  r a t e  c o n s t a n t  

o f  800 s-' a t  20OC) and d i f f u s i o n  o f  O 2  from t h e  a l g a e  t o  t h e  
- - 

P t  c a t h o d e  ( J o l i o t  e t  a l . ,  1 9 6 6 ) .  T h i s  r a t e - l i m i t i n g  p r o c e s s  
- - -- -- 

p r i o r  t o  t h e  p r o d u c t i o n  o f  O 2  i n  t h e  a l g a e  ( i .  & .  t h e  $ 3  + 

( S 4 )  + So t r a n s i t i o n )  h a s  been d e t e r m i n e d  b y  means o f  

f l a s h - i n d u c e d  UV a b s o r b a n c e  s p e c t r o s c o p y  (Dekker e t  a l . ;  

1984a)  t o  have  a  h a l f - t i m e  o f  1300 ps, which i s  comparable  t o  

2 t h e  t ime  c o n s t a n t  o f  1.24 m s  d e t e r m i n e  by J o l i o t  e t  a l .  

( 1 9 6 6 ) .  Thus, 0 e v o l u t  o n  o c c u r s  on t ime  s c a l e  which is 
- - * 

2 

much l o n g e r  t h a n  t h e  d u r a t i o n  o f  a  microsecond f l a s h , - a n d  

w i t h i n  a few m s  a f t e r  t h a  o n s e t  o f  t h e  f l a s h ,  no more O 2  i g  

An e s t i m a t e  o f  t h e  d d f s s i o n  t ime  o f  O 2  from t h e  a l g a e  t o  

t h e  c a t h o d e  may b e  d e t e r m i n k d  by c o n s i d e r i n g  d i f f u s i o n  a c r b s s  

a  u n i f o r m  sample  o f  t h i c k n e s s  d,  where t h e  t L m e  c o n s t a n t  is  

2 2  
g i v e p  by T - 4d /x D (Rubinow, 1975; Crank,  1975). Thickness  

o f  t h e  Uva s a m p l e s  was d e t e r m i n e d  t o  be  -10 pm by wei'ghing 

s a m p l e s  o f  known a r e a  on  a Mettler HZ0 b a l a n c e ,  and assuming 

t h a t  a l g a e  h a s  t h e  same d e n s i t y  as  w a t e r .  E s t i m a t i n g  t h e  

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

a p p r o x i m a t e  c a l c u l a t i o n ,  t h e  e l e c t r o l y t e  l a y e r  is  a s s u K d - t o  

be less t h a n  t h e  t h i c k n e s s  o f  t h e  a l g a e ,  i . e .  -5 pm. The 

d i f f u s i o n  c o n s t a n t  D f o r  O2 i n  b i o l o g i c a l  m a t e r i a l s  is  

-- 



water  D 2 1.8  x m 2 / s  (Boynton and ~ r a t t a i n ,  1929) .  Using 

a n  average  va lue  o f  D t o  i nc lude  d i f f u s i o n  th rough  bo th  t h e  
- - 

a l g a e  and e l e c t r o l y t e ,  t h e  d i f f u s i o n  time is c a l c u l a t e d  t o  be 

7 - 30 m s .  Th is  d i f f u s i o n  t ime i s  m a n i f e s t e d ' i n  t h e  r i s e  t ime 
b 

of  t h e  O 2  c u r r e n t  p u l s e  f o r  eech f l a s h .  
- -- - - - -- 

The O 2  p u l s e  f o r  each  f l a s h  i n d i c a t q s  t h e  r a t e  a t  which 
6 

O 2  is reduced a t  t h e  P t  ca thode  from t h e  o n s e t  o f  a f l a s h  t o  

t h e  beginning o f  t h e  nex t  f l a s h .  P roduc t ion  o f  O 2  by t h e  

a l g a e  i n c r e a s e s  t h e  r a t e  o f  O2  r e d u c t i o n  a t  t h e  ca thode ,  

whi le  uptake of  O 2  by t h e  a l g a e  removes O 2  from t h e  sys -  
'i - 

tem, w h i c h  r e s u l t s  i n  a  d e c r e a s e  i n  t h e  r a t e  o f  O2  ! r e d u c t i o n  

a t  t h e  P t  e l e c t r o d e .  This  c a t h o d i c  O 2  r e a c t i o n  depends on 

t h e  ambient  O2  c o n c e n t r a t i o n  i n  t h e  sample h o l d e r  ( d i s c u s s e d  

i n  Sec .  5.3); A-seFies o f  thr-ee s h o r t  ( 4  p s )  l i g h t  f l a s h e s  - 

g iven  t o  an  a l g a l  t h a l l u s  produces  t h e  c h a r a c t e r i s t i c  response  

o f  t h e  system, w i th  O 2  produced 6 n  t h e  t h i r d  f l a s h ,  a s  shown 

i n  F i g .  5 . 1 .  The O2  c u r r e n t  p u l s e  w i l l  decay back t o  t h e  

o r i g i n a l  b a s e l i n e ,  i f  no s u c c e s s i v e  f l a s h  is g i v e n .  The 
4 

i n t e g r a t e d  cu rve  is a  measure of  t h e  O 2  produced by t h e  

a l g a e  due t o  one_complete c y c l e  o f  t h e  oxygen-evolving complex 

(i.e. S s t a t e  t r a n s i t i o n s  from S1 + S2 + Sg + ( S 4 )  + S O ) ,  w i t h  

0, evolved on t h e  Sj + ( S 4 )  + SO t r a n s i t i o n .  
CI 

- - - - - - -  



f o r  ' F i g .  R e f e r e n c e  

- - 

c u r v e  

The O 2  r e d u c t i o n  c u r r e n t  p u l s e  d u e  t o  t h e  t h i r d  

4 p s  l i g h t  f l a s h  a t  3 . 3  Hz f l a s h  f r e q u e n c y  ( t h e  
Ih 

r e p r e s e n t s  t h e  c h a r a c t e r i s t i c  r e f e r e n c e  c u r v e  1 

r e s p o n s e  o f  t h e  e l e c t r o d e  s y s t e m ,  The d e c a y  o f '  t h e  

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

t o  O2 p r o d u c e d  by y1va by  t h e  t h i r d  f l a s h .  The 

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

o f  O 2  e v o l v e d  a s  a  r e s u l t  o f - t h r e e  l i g h t  f l a s h e s .  





I 

5 . 1 . 1  V a r i a t i o n  o f  f l a sh - f rTqCeTcyp-  

F l a s h  f r e q u e n c i e s ,  v a r y i n g  from 1-3 .3  Hz f o r  o p t i m a l  

r e s p o n s e ,  have  keen  used  by d i f f e r e n t  r e s e a r c h  g r o u p s  (Kok e t  

a l . ,  1970; Forbush  e t  a l . ,  1971; J o l i o t  e t  a l . ,  1971; Diner ,  
d 

1 9 7 5 ) .  A s e r i e s  o f  e x p e r i m e n t s  was performed w i t h  t o  
- - - - - - - - - 

I 

d e t e r m i n e  t h e  ' f l a s h  f r e q u e n c y  f o r  optimum 0 exchange .  
2 The 

- 
r e s u l t  o f  v a r y i n g  t h e  f l a s h  f r e q u e n c y  f o r  U l v a  is  shown i n  

F i g .  5 . 2 .  The same sample  was used f o r  each '  o f  t h e  f o u r  f l a s h  

f r e q u e n c i e s  i n  o r d e r  t o  minimize  sample  v a r i a b i l i t y .  Between 

e a c h  s e r i e s  o f  f l a s h e s ,  t h ~ ?  samples  were da rk -adap ted  f o r  

10 min. A v a r i a t i o n  i n  f l a s h  f r e q u e n c y  s i g n i f i c a n t l y  a l t e r e d  

t h e  O 2  e x c h a n g e . p a t t e r n .  P a r t  o f  t h i s  change is due  t o  t h e  

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

d u r i n g  t h e  same t ime- - in te rva2 .  T h e  s m a l l  s p i k e s  on t+e c u r v e s p -  --- - b 

are due  t o  t h e  r e s p o n s e  o f  t h e  e l e c t r o d e  t o  t h e  l i g h t  p u l s e  

and a r e  c o n s t a n t  i n  s i z e  i n  a l l  e x p e r i m e n t s  u s i n g  t h e  same 

f l a s h  i n t e n s i t y .  

The O 2  exchange c u r v e  a t  1 . 6 5  Hz f l a s h  f r e q u e n c y  showed 

no O2  p roduced  o n  t h e  f'irst p u l s e ,  a  small arnounf, on t h e  

s e c o n d  (which  c a n  be a t t r i b u t e d  t o  d o u b l e  t u r n o v e r s  o f  t h e  

OECs o n  e i t h e r  t h e  f i r s t  o r  second  f l a s l ~ ) ,  and t h e  l a r g e s t  

amount o f  O2  o n  t h e  t h i r d  p u l s e .  A t  6 . 6  Hz. t h e  i n d i v i d u a l  a 

- - - - - 

0 2 - p u l s e s  a r e  a b s e n t ,  b u t  a d i p  i n  t h e  O2  exchange c u r v e  is 

o b s e r v e d  a p p r o x i m a t e l y  1 . 3  s after  t h e  f i r s t  p u l s e .  The 

i n i t i a l  s l o p e  o f  t h e  O2 c u r r e n t  p u l s e  r e s u l t i n g  from O2 



F i g .  5 . 2  Oxygen exdhange curves for Ylva a t  var ious  f l a s h  

frequencies  

O2 exchange measurements i n  a i r  a s  a funct ion  o f  
- - 

t i m e  -for 10 min dark-adapted are g i v e n  for  

f l a s h  frequencies  o f .  1.65, 3.3, 6.6, and 13.2 Hz. 





- --- - -- - 

exchange i n  t h e  a l g a e  caused by t h e  t h i r d  s a t u r a t i n g  f l a s h  a t  

a l l  f l a s h  f r e q u e n c i e s . i s  approximate ly  t h e  same, t h i s  ' i nd i -  

c a t e s  t h a t  t h e  r i s e  o f  t h e  pul.se is p r o p o r t i o n a l  t o  thk amount 
- 

of  O2 produced by t h e  a l g a e .  The maximum s l o p e  o f  t h e  r i s i n g  
# 

O2 s i g n a l  f o r  each  f l a s h  is t h u s  a  measure o f  t h e  change i n  

O 2  exchange by--the a l g a .  P l o t t i n g  t h e  s l o p e s  o f  t h e  - r i s i n g  - - - 

0  curve  f o r  each  p u l s e  as a  f u n c t i o n  o f  f l a s h  number w i l l  2 

g i v e  t h q  n e t  O2  y i e l d  pe r  f l a s h  ( t h e  f l a s h  y i e l d  s e q u e n c e ) .  

A - A t  3 . 3  Hz, t h e  i n d i v i d u a l  p u l s e s  i n  t h e  O 2  exchange 
- 

0 

p a t t e r n  were d i s t i n c t ,  and t h e  dark  i n t e r v a l  between f l a s  
- 

was s h o r t  enough t o  minimize d e a c t i v a t i o h  o f  t h e  S s t a t e s  

This  f l a s h  f requency  is compqrable t o  t h a t  used most o f t e  

o t h e r  r e s e a r c h e r s  ( J o l i o t  e t  a l . ,  1971; ~ e i s s '  e t  a l . ,  197 

hes  

Diner,  1975; Ze ina lov  and L i t v i n ,  1979; Schmid and .  Thibaul  t, 
- 

19793. For t h e s e  reasons,-3-3 Hz was used as ,_ thg  con t ro l ;  
- 

a 5 . 1 . 2  E x t r a p o l a t i o n  o f  decay c u r v e s  

Oxygen exchange ( e v o l u t i o n  and u p t a k e )  i n  as a func- 

t i o n  o f  f l a s h  number a t '  3 . 3  Hz f l a s h  f r e q u e n ~ y  is shown i n  
- 

F i g .  5 . 3 .  A t  a 4 l a s h  f requency  o f  3 . 3  Hz, t h e  r a t e  o f  O 2  

r e d u c t i o n  a t  t h e  ca thode  does  n o t  -- s t a b i l i z e  a f t e r  each  f l a s h  - - 

and t h e  b a s e l i n e  s t e a d i l y  i n c r e a s e s  due t o  a "p i le -up"  o f  i n d i -  

- 
v i d u a l  O2 p u l s e s .  T h i s  o c c u r s  because t h e  r e l a x a t i o n  time 

of t h e  system t o  a s t e a d y - s t a t e  vq lue  is much l o n g e r  t h a n  t h e  



- 

F i g .  5 . 3  
6 

Hz f l a s h  Oxygen e x c h a n g e  f o r  i n  a i r  w i t h  

f r e q u e n c y  

O 2  e x c h a n g e  f o r  5 min d a r k - a d a p t e d  a- i n  - 
seawater u n d e r  a t m o s p h e r i c  c o n d i r t i o n s  d u r  iny ,4 ps 

s a t u r a t i n g  l i g h t  f l a s h e s  a t  3 . 3  Hz ( 3 0 0  m s  be tween  

f l a s h e s ) .  The l e t t e r s  A ,  B, C, -and D a r e  u s e d  t o  

c a l s u i a t e  the f l a s h  y i e l d s  a s  d i s c u s s e d  i n  . - t h e  

l a b e l l e d  t e x t .  The b e g i n n i n g  o f  e a c h  4 p s  f l a s h  is 

Q n  t h e  h o r i z o n t a l  a x i s .  





time b e t w e e n  f l a s h e s .  The plfe:Kp o f  U 2 ' p u l s e s  a t  t h e  b a r e  

P t  e l e c t r o d e  is d i f f i c u l t  t o  a v o i d  d u r i n g  O2 e x c h a n g e  
- 

measuremen t s  u s i n g  l i g h t - f l a s h e s  s i n c e  t h e  f l a s h  f r e q u e n c y  

mus t  b e  h i g h  enough  ( > I  Hz) t o  m i n i m i z e  d e c a y  o f  t h e  S a n d  
2  

S 3  s t a t e s  d u r i n g  t h e  d a r k  i n t e r v a l  be tween  f l a s h e s  (Kok e t  
- - 

a l ,  1970;  J o l i o t  e t  a l ,  1 9 7 1 ) .  To e l i m i n a t e  t h e  e f f e c t  o f  t h e  
- - -  - - - - - - 

p i l e - u p  o f  p u l s e s ,  e a c h  O 2  p u l s e  i s  c o r r e c t e d  f o r  t h e  O 2  

e v o l v e d  • ’ r o d  t h e  p r e v i o u s  f l a s h .  However, t h i s  c o r r e c t i o n  

d o e s  n o t  a c c o u n t  t o r  0 e v o l v e d  by t h e  p l a n t  which  is  2 
/ 

- 1 - 
consumed i n  a PS I o r  PS I 1  r e a c t i o n  w i t h o u t ~ d i f f u s i n g  t o  t h e  

P t   cathode. 

The l i n e a r -  f o u r - s t e p  f l a s h  y i e l d  s equenck  o f  0 e v o l u -  
' I 2 

t i o n  ( e x c h a n g e )  may b e  d e d u c e d  by p l o t t i n g  t h e  c h a n g e  i n  0 
2 

c u r r e n t  due  t o  e a c h  l i g h t  p u l s e .  For  example ,  i n  F i g .  5 . 3 ,  - p o i n t - C - d e n o t e s  t h e  r a t e  u f - 0  b e i n g  r e d u c e d  a t -  t h e  c a t h o d e  -- -- 

@ 2  
a t  t h e  b e g i n n i n g  o f  t h e  f o u r t h  f l a s h ,  w h e r e a s  p o i n t  D d e n o t e s  

t h e  maximum ra te  o f  0 r e d u c t i o n  a t  t h e  c a t h o d e  f o r  t h i s  
2 

f l a s h .  The d i f f e r e n c e  D - C = 0 . 4 9  pA is t h e  c h a n g e  i n  O 2  

c u r r e n t  d u e  t o  O2 ' exchange  o n  t h e  f o u r t h  f l a s h .  However, i t  

is p r e f e r a b l e  t o  e x t r a p o l a t e  t h e  ac tua l  maximum r a t e  o f l  
. 

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

0 . 
the d e c a y  o f  t h e  O2  s i g n a l  d u e  t o  t h e  p r e c e d i n g  f l a s h .  For 

e x a m p l e ,  i n  F i g .  5 .3 ,  t h e  d e c a y  of t h e  O2 s i g n a l  a f t e r  t h e  

t h i r d  f l a s h  is a p p r o x i m a t e d  by  t h e  line CE, where p o i n t  E is 

t h e  e x t r a p o l a t e d  v a l u e  o f  t h e  r e s i d u a l  O2 from t h e  t h i r d  

flash a t  t h e  time of  t h e  maximum O2 s igna l  from t h e  f o u r t h  



The d l f  fere%%'r-E,which i s  0 . 6 9  pA . i n  

F i g .  5 .3 ,  i s  t h e  O2 s i g n a l  from t h e  f o u r t h  f l a s h  a f t e r  

a c c o u n t i n g  f o r  t h e  r e s i d u a l  O2 from t h e  t h i r d f f l a s h .  T h i s  
- - 

d i f f e r e n c e  was c a l c u l a t e d  f o r  e a c h  f l a s h  i n  t h e  s e q u e n c e  and 

p l o t t e d  a s  a f u n c t i o n  o f  f l a s h  number. The expanded O2 ex- 

change c u r v e  o f  F i g .  5 . 3  is  shown i n  F i g .  5 . 4 a ,  and  t h e  f l a s h  
- - - 

y i e l d  sequence  f o r  t h i s  c u r v e  i s  shown i n  F i g .  5 . 4 b .  A c t u a l  
--7 

decay c u r v e s  were t a k e n  f o r  e a c h  f l a s h  i n  t h e  s e q u e n c e  ( a s  

shown i n  F i g .  5 . 1  i o r  t h e  t h i r d  f l a s h )  and i n  a l l  c a s e s ,  t h e  

l i n e a r l y  e x t r a p o l a t e d  decay  f o r  a g i v e n  p u l s e  ( e . g .  l i n e  CE) 

i s  t h d  'same t o  w i t h i n  0 . 5 %  as t h e  measured d e c a y  t o  t h e  p o i n t  

i n d i c a t i n g  r e s i d u a l  O2 f o r  t h e  f o l l o w i n g  f l a s h  (e.g'. p o i n t  E l .  

I f  t h e  s l o p e s  o f  t h e  l i n e a r  . p a r t  o f  e a c h  r i s i n g  O2 s i g n a l  a r e  

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

a  s i m i l a r  f o u r  s t e p - p a t t e r n a s  shown i n  Fig.- 7;4b i s  obtained.----- 
I 

I 

]The i n t e g r a t e o  i n d i i i d u a l  O2 c u r r e n t  p u l s e s  p l o t t e d  a s  a  

f u n c t i o n  o f  f l a s h  number a l s o  g i v e  t h e  same r e s u l t .  These 

, f l a s h  y 4 e l d  sequences .  however, r e p r e s e n t  O2 exchange  o r  n e t  

0 e v o l u t i o n ,  r a t h e r  t h a n  a c t u a l  O2 e v o l u t i o n .  2 

To f a c i l i t a t e  compar i son  between o u r  r e s u l t s  a n d  t h o s e  o f  

o t h e r  r e s e a r c h e r s ,  a l l  v a l u e s  o f  O2 p e r  f l a s h  were n o r m a l i z e d  
- - .  - - 

t o .  t h e  d i f f e r e n c e  B - A = 0 . 9 0  pA f o r  t h e  t h i r d  f l a s h  i n  

F i g .  5 . 3 .  F l a s h  y i e l d  s e q u e n c e s  o b t a i n e d  w i t h  i n t a c t  a l g a e  
- - - - - - - -- 

have  been found t o  be  n o t a b l y  more damped t h a n  t h o s e  w i t h  - 
c h l o r o p l a s t s  ( L a v o r e l ,  19781, however, as c a n  b e  s e e n  i n  

F i g .  5.5, t h e  O 2  exchange d a t a  f o r  show good agreement  
- - 



- 

t h e  s e q u e n c e  F i g .  5 . 4  Oxygen e x c h a n g e  
- 

c u r v e  a n d  f - l ' asb .  y i e l d  

Hz f o r  d a r k - a d a p t e d  

The O 2  e x c h a n g e  c u r v e  o f  F i g .  5 . 3  is 

t o  show the p i l e - u p  of p u l s e s .  

damped ' 

t h e  t h i r d ,  

The n e t  O 2  y i e l d  p e r  f l a s h  s h o w s  

o s c i l l a t o r y  p a k t e r n  w i t h  maxima a t  

e i g h t h ,  t w e l f t h ,  e tc .  f l a s h e s .  T h i s  t y p e -  of  

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

(Kok e t  a l . ,  
- -- - 

O 2  e v o l u t i o n  
- - - -  

s t e p  model  



FLASH NO. . 

.( 

4- 



y i e l d  s e q u e n c e s  f o r  
- -  - 

F i g .  5 . 5  Comparison o f  oxygen 

d a r k - a d a p t e d  s a m p l e s  

f l a s h  

under  a t m o s p h e r i c  c o n d i t i o n s  

a  r e s u l t  o f  s a t u r a t i n g  l i g h t  f l a s h e s :  - 
- - 

Our data from ~ i g .  5 . 3  f o r  Ulva a. u s i n g  4 JJS 

( el. 
0 

f l a s h e s  a t  3 3  Hz 

- - 

Data  o f  J o l i o t  e t  a 1  . ( 1971 1 f o r  c h l o r - p l a s t s  

320 m s  a p a r t  ( 8. - .8). u s i n g  2  ps p u l s e s  

Data  o f  Forbush e t  a l .  ( 1 9 7 1 )  f o r  i s o l a t e d  

sp inach '  c h l o r o p l a s t s  w i t h  1 s between f l a s h e s  

- 

C h l o r e l l a -  c e l l s  u s i n g  - - 

4 JJS p u l s e s  3 2 0  m s  a p a r t  



l l l b  



f o r  c h l o r o p l a s t s ,  b u t  a r e  lower  i n  c o m p a r i s i o n  t o  t h a t  of  

Diner  ( 1975 f o r  C h l o r e l b ,  a  U n . i c e l l u p - F - - x e e n  a l g a e .  The 
n\- k 

f l a s h  y i e l d  s e q u e n c e  o f  Forbush e t  a l .  ( 1 9 7 1 )  f o r  s p i n a c h  

c h l o r o p l a s t s  was o b t a i n e d  by u s i n g  a  f l a s h  f r e q u e n c y  o f  1 Hz, 

w h i l e  t h e  o t h e r s  used 3 . 1  Hz. 
- - - -- - - - - - - - 

A s i m i l a r ,  damped f o u r - s t e p  o s c i l l a t i o n  was o b s e r t e d  by 

Dekker e t  a l .  ( 1 9 8 4 b )  by measur ing  UY f l a s h - i n d u c e d  a b s o r b a n c e  

c h a n g e s  i n  d a r k - a d a p t e d  PS I1 membranes. T h i s  o s c i l l a t i o n  h a s  c 

- 

been a t t r i b u t e d  t o  t h e  r e d u c t i o n  o f  Mn(1V) i o n s  i n  t h e  

oxygen-evo lv ing  complex (OEC) t o  H n ( 1 I I M u r i n g  t h e  1 m s  

S 3  + ( S 4 )  + SO t r a n s i t i o n .  The o s c i l l a t i o n  i n  a b s o r b a n c e  

c h a n g e s  i n  Mn is i n d e p e n d e n t  o f  e l e s t r o d e / 0 2  measurements  

and t h u s  may r e f l e c t  t h e  a c t u a l  O 2  e v o l u t i o n  p a t t e r n  (Dekker 

e t  a 1  . , 1 9 8 4 b ) .  However, t h i s  method s t i l l  d o e s  n o t  s e p a r a t e  - . -- 
. %  

t h e  p r o c e s s e s  o f  O 2  u i t a k e  and O 2  e v o l u t i o n .  Beck e t  a l .  

( 1 9 8 4 )  r e p o r t e d  t h a t  t h e  OEC t a k e s  up O 2  and t h i s - m a y  have 

some b e a r c n g  on  t h e  Mn o x i d a t i o n  s t a t e s .  T h i s  a b s o r b a n c e  

change sequence  g i v e s  a f i t  t o  t h e  Kok model w i t h  i n i t i a l  

d i s t r i b u t i o n  o f  So = 25%. S1 = 75%. and w i t h  9% misses and 

9% d o u b l e  h i t s  on  a l l  t r a n s i t i o n s  (Dekker e t  a l . ,  1984b) .  



I f  th-e b a r e  platin-um e l e c t r o d e  i s  assul.aqed t g .  b e ~ ~ a  l i n e a r "  - .  I \ . %  ". 
system, t hen  t h e  t o t a l  o u t p u t  f u n c t i p n  due t o .  a seriis o f .  . , 

1 
I 

* A  ,' * -.\ + . 
e x c i t a t i o c s  i=s s imply  t h e  .sum o f '  a i l  i n d i v i d u a l *  . 0 2 -  " c d r ; ~ n t  :. . 

- -  - e- - - -  

r ea sonab le  a s b u i p t i o n  s i n c e  t h e  O2 d i f f u s i o n  t i m e  .fromo .thq A. 

, . i I [ '  ; 
b 

p l a n t  t o  t h e  e l e c t r o d e  is s h o r t  compared t o  t h e  decay t i m e  o f  l L  

t h e  O2 reduc t6on  c u r r e n t  (-50 m s  compared t o  1.,512.0 s ) ,  and - .  - 
. ' - .  . - 

t h e  o2 r e d u c t i o n  r a t e  a t  t h e  c a t h o d e  is most l i k e - l y  l i n e a r f y  . 
p r o p o r t i o n a l  t o  0, concenpra t ion .  Therefore ,  i t  - shpuld  be 

b * d '  

* .  ' .  
p o s s i b l e  t o  d e s c r i b e  t h e  waveform .of t h e  e ,n t i re -  f l a s h  sequenc&< 

a s  a s u p e r p o s i t i o n  o'f t h e  O2 s i g n a l s  from each  f l a s h ' i n ~ t h e  
- * - 

sequence.  C 

oxygen c u r r e n t  p u l s e  for. t h e  r e f e r e n c e  ch rve  ( a s  shbwn i d - .  . 
F i g .  5 . 1 ) .  were t ime-axis  s h i f t e d  ahd added together o g i v e  .. - .  

I ', 
t h e  b e s t  f i t  t o  exper  i q e n t a l  ' oxygen exchange 'measurements.  . - - - .  -* 
The c h a r a c t e r i s t i c  e l e c t r o d e  7re;ponse '( tQe c e f e r e n o e  c m v e ,  

*\ d - 4 ,  

I /  

shown i n  F i g .  5.1) $as de-termined b; g i v i n g  F h r e e  5 q ~ s ' -  r?i 

s. 0 d 
. J  

- s a t u r a t i n g  f l a s h e s  t o  s a m p l e s ~ o f  dark-adapted Ulva.  .No 0, , ' 

1. 

was prMuced  Qn t h e  f i r s t  and second f l a s h e s  by t h e  dark-  , 
* I * 

adapted  uq. The O2 s i g n a l  due t -w- the .  t h i r d  s h o r t ,  s a t u -  ' 

*- - 

r a t i n g  f l a s h  was r eco rded  u n t i b  t h e  s i g n a l  had decayed b z k t t o  . 
' \ 

t h e  . o r i g i n a l  b a s e l i n e  .as s e e n  i n  F ig .  ' 5 . 1  .' P u l s e s p  having ' the  
- 

. same shape & s  t h i s  reTerence  curve ,  b u t  s h i f t e d  along t h e  t i m e  
r 



7 

a x i s  by t h e  t ime  between F ~ a - ~ h h e s ; - ~ k f e r ~ ~ t o g e t ~ ~ b -  - 
t g i n  tbe b e s t  f i t  t o  t h e  e x p e r i m e n t a l  0 exchange s e q u e n c e .  

2 

A compar i son  o f  t h e  e x p e r i m e n t a l  O 2  exchange sequence ,  t h i  

-bes t -  compcter  f i t ,  and t h e  r e f e r e n c e  c u r v e  are shown i n  v 

r 
F i g .  5 . 6 . .  

- The c o n t r o l  O 2  exchange c u r v e  i n  F i g .  5 .6  shows t h a t  
-. - - - - - - - -- -- 

s i m i l a r  amounts  o f  02, a r e  produced on b o t h  ' t h e  

f o u r t h  f l a s h e s .  T h i s  c o n t r o l  c u r v e  is d i f f e r e n t  fkom t h e  
e, - - 

I -  c o n t r o l  c u r v e  shown i n  F i g .  5 . 3 ,  which shows a  l a r g e r  amount 
- - - 

o f  0; produced  o n  t h e  t h i r d  f l a s h  t h a n  o n  t h e -  f o u r t h  f l a s h  

( ~ i g ' .  5 . 3 ) .  T h e s e  d i f f e r e n t  c o n t r o l  cur-ves  may be due t o  
, 

s e a s o n a l  v a r i a t i o n s  w i t h i n  t h e  same s p e c i e s ;  ok t o  two d i f -  

f e r e n t  s p e c i e s  o f  u. The c o n t r o l  c u r v e  i n  F i g .  5 . 6  may .. 
i n d i c a t e  a  h i g h  number o f  misses f o r  t h e  S3 + S4 t r a n s i t i o n  i n  

J J l v b  which r e s u l t s  -in a ;dec rease  i n  t h e  O 2  y-ield -for-- t h e  - - 

t h i r d  f l a s h  ( Y g )  and a n  i n c r e a s e  i n  0  y i e l d  f o r  ;he f o u r t h  . '  2 

f l a s h  (Y< 1 .  
- - 

: c 

The computer  f i t  u s e s  t h e  Simplex a l g o r i t h m ,  ' thus  i t  is 

d i f f i c u l t  t o  u s e  s t a t i s t i c a l  t h e o r i e s  t o  compute t h e  e r r o r  -- 
(C-aceci and C a c h e r i s ,  1984). For  t h i s  r e a s o n ,  t h e  s u m . ~ • ’  

s q u a r e s  o f  t h e  v e r t i c a l  d i s t a n c e s  ( i n  number o f  p o i n t s )  f o r  

one  h o r i z o n t a l  p o i n t  i n  ten was used  t o  d e t e r m i n e  maximum 
* 

b 

e r r o r  ( d i s c u s s e d  i n  S e c .  3 . 4 ) .  A s  c a n  be s e e n  from Table 5.1, 
- 

t h e  l a r g e s t  e r r o r  f o r  f i t t i n g  a n y  o f  t h e . p u l s e s  was 7 .25% f o r  

t h e  f i f t h  p u l s e .  Most e r r o r  v a l u e s  were i n  t h e  r a n g e  o f  3-5%. 

The computer  f i t  d e t e r m i n e s  t h e  maximum r a t e  o f  oxygen 



Oxygen exchange  curve  Fig.. 5 . 6  f o r  and f i t  

O2 exchange  i n  Vlva (upper t r a c e  ' i s ing  a 

- -- - - - - 

bare P t  e l e c t r o d e  is shown t o  be sum o f  m u l t i p l e s  

o f  t h e  r e f e r e n c e  x r v e  ( l o w e r  ' t race  1 .  The n 
f i t t e d  c u r v e  is g i v e n  by t h e  dashed l i n e  (----- ) .  





--- 

T a b l e ' 5 . 1  R e l a t i v e  A m p l i t r x d e , P o s i t I o K  and Maximum E r r o r  f o r '  

e a c h  F l a s h  Determined by Computer F i t t i n g  o f  t h e  

- E x p e r i m e n t a l  Oxygen Exchange Curve  
0 

P 

/ 

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

t h e  maximum e r r o r  is g i v e n  f o r  e a c h  O2  p u l s e  i n  t h e  f l a s h  
- - - - -  -- * 

= s e q u e n c e .  N e t  O2 produced per p u l s e  c a n  be o b t a i n e d  by 

mui t ipl ing t h e  amount o f  - 0 2  produced d u r i n g  t h e  r e f e r e n c e  

r e s p o n s e  by t h e  r e l a t i v e  a m p l i t u d e  o f  e a c h  p u l s e .  

FLASH NO. ELAPSED RELATIVE ERROR 
TIME ( s l  AMPLITUDE ( % I  



r e d u c t i o n  a t  t h e  c a t h o d e  f o r  eack fzash; - r & t a t z l v e h e  r e f e r  - 

ence c u r v e ,  a n d  i s  a l s o  shown i n  T a b l e  5 . 1 .  P l o % t i n g  t h e  r e l a -  

j i v e  a m p l i t u d e s  ( T a b l e  5 . 1 )  as a f u n c t i o n  o f  f l a s h  n u m e r  

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

g e n  e x c h a n g e  c u r v e .  F i g u r e  5 . 7  compares  t h e  a m p l i t u d e s  o f  t h e  

compu te r -gene ra t - ed  c u r v e  t o  t h e  f l a s h  y i e l d  s e q u e n c e  o b t a i n e d  

by p i o t t i n g  t h e  change '  i n  t 0 r e d u c t i o n  r a t e  f o r  e a c h  ow 
f l a s h  a n d  e x t r a p o l a t i n g  ( i . e .  t o  p o i n t  E i n  F i g .  5 . 3  f o r  t h e  

f o u r t h  f l a s h )  t o  a c c o u n t  f o r  r e s i d u a l  O 2  f rom t h e  p r e v i o u s  

f l a s h  as  d i s c u s s e d  i n  S e c .  5 . 1 . 1 .  

The c o m p u t e r - g e n e r a t e d  f l a s h  y i e l d  s e q u e n c e  ( F i g .  5 . 7 )  

shows e s s e n t i a l l y  no  d i f f e r e n c e ,  w i t h i n  t h e  f i t t i n g  e r r o r ,  i n  

t h e  amount  o f  o x y g e n  p r o d u c e d  d u r m  t h e  t h i r d  a n d  f o u r t h  

f l a s h e s .  The r a t i o  o f  O2 y i e l d s  f o r  t h e  t h i r d  a n d  f o u r t h  
i 

'& 

f l a s h e s  CY3 a n d  Y 4 ,  s p e c t i v e 1 y ) J g i v e s  a v a l u e - o f  - - -  - -  

Y 3 / Y 4  = 0 . 9 9 2 0 .  E x t r a p o l a t i n g  t h e  d e c a y  o f  t h e  O2 c u r r e n t  
r - 

p u l s e  t o  a c c o u n t  f o r  r e s i d u a l  O2*shows. o n l y  s l i g h t l y  more 0 2  

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

Y 3 / Y h  = 1 . 0 5 3 .  The v a r i a t i o n  b e t w e e n  t h e  v a l u e s  o f  Y 3 / Y 4  f o r  

b o t h  me thods  o f  d e t e r m i n i n g  the O2  y i e l d  is  w i t h i n  e x p e r i m e n -  

t a l  e r r o r .  Thus Y3/Y4 i s  -1 f o r  t h i s  c o n t r o l  O 2  e x c h a n g e  

c u r v e  . -- 
The f i r s t  two o s c i l l a t i o n s  i n  y i e l d  . , ,  are s imilar  f o r  b o t h  

I S  

' f l a s h  y i e l d  s e q u e n c e s  i n  F i g .  5  However, t h e  t h T r d  o s t i l l a -  

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

t h a n  was p r e v i o u s l y  o b t a i n e d  by  e x t r a p o l a t i n g  t h e  d e c a y  o f  t h q  



F i g .  5 . 7  Oxygen eqchange  and e v o l u t i o n  f l a s h  y i e l d  sequences 

Using the two methods of determining the n e t  O2 

yield, the O2 yield as a function of flash number 

is  p l o t t e d  for the O2 exchange curve -6f Fig. 5 . 6 :  

o------a extrapolating the decay of the p r e v i o u s  

pulse 31 the intersection sf a vertical 

--line w i t h  t h e  maximum reduction rate fo r  

- +----- r the computer - fit 





t h e  f i t t i n g  a t  t h e  minima and maxima o f  t h e  O 2  exchange cu rve  

a f t e r  t h e  t w e l f t h  f l a s h  ( t  > 3 .2  s )  a s  c a n  be s e e n  i n  F i g .  5 . 6  

o r  may i n d i c a t e  t h a t  t h e  O2  y i e l d  f o r  Ylva may n o t  be damped 

t o  a . s t e a d y - s t a t e  va lue  a s  q u i c k l y  a s  was de te rmined  p r e v i o u s l y .  

The n e t  amount of  O2 evolved pe r  f l a s h  can  be c a l c u l a t e d  
- - - - - -- - 

from t h e  r e l a t i v e  ampl i tudes  determined dur-ing t h e  computer 

f i t t i n g  if  t h e  amount o f  O2  produced by t e t h i r d  f l a s h  can  be 9 L 

c a l c u l a t e d .  The O2  y i e l d  due t o  t h e  t h i r d  f l a s h  ( t h e  r e f e r -  
-- 

ence  c u r v e )  was i n t e g r a t e d  t o  g i v e  t h e  n e t  cha rge  produced  by 
- - 

O 2  r e d u c t i o n  a t  t h e  ca thode .  This c a l c u l a t i o n  does  n o t  
i_-- 

accoun t  f o r  a  f l ash- induced  O2 uptake which h a s  been shown t o  

occur  (Weiss and Sauer ,  1970; Schmid and T h i b a u l t ,  1979; 

J u r s i n i c ,  19'80; Swenson e t  a 1 . , ' 1 9 8 6 ) ,  b u t  w i l l  o n l y  e n a b l e  

d e t e r m i n a t i p n  of  @.02 produced p,er f l a s h .  I n t e g r a t i o n  o • ’  

t h e  r e f e r e n c e  c u r v e  ( F i g .  5 , - i )  g i v e s  a n e t  cha rge  o f  

4 .15  x Coulombs. 

Using 4 a s  t h e  number of  e l e c t r o n s  which r e s u l t  from t h e  
- - 

r e d u c t i o n  o f  O2 a t  t h e  ca thode  ( a s  d i s c u s s e d  i n  Sec.  3.2-.2), 

t h e  amount o f  O2 produced by d u r i n g  t h e  r e f e r e n c e  re 

sponse ( t h e  t h i r d  f l a s h ) ,  is then ,  c a l c u l a t e d  t o  be 1 .1  x 10 -12 

moles. The n e t  amount o f  O2  produced p e r  f l a s h  c a n  t h ~ n  be 
- 

dete rmined  by  m u l t i p l y i n g  t h h  va lue  by t h e  r e l a t i v e  ampli -  
-- - - - 

t u d e s  g i v e n  i n  Table  5 .1 .  Th i s  method of  q u a n t i f y i n g  t h e  O2 

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

i n t o  accoun t  t h e  p i l e - u p  of p u l s e s  which occu r  d u r i n g  O 2  



. exchange measurements  u&sLng a  b a r e  P t  e l e c t r o d e .  '. 
T h i s  i n f o r m a t i o n  c a n  a l s o  be used t o  d e t e r m i n e  ' t h e  p h c t o -  

s y n t h e t i c  u n i t -  (PSU) s i z e  f o r  u. The c h l o r o p h y l l  c o n t e n t  
7 

o f  t h e  sample  was d e t e r m i n e d  t o  be 4 . 2  pg c h l ,  o r  2 . 8  x 10 15 

c h l o r o p h y l l  m o l e c u l e s  ( 5  x loe9 .  m o l e ) .  From  able 5 . 1 ,  t h e  

r e l a t i v e  a m p l i t u d e s  f o r  O 2  produked on t h e  f i r s t  f o u r  

- - - - - - - 

f l a s h e s  a r e  0.0031660,  0.0062441,  0 .98370,  and (3.99156. Mul- 

t i p l y i n g  t h e s e  a m p l i t u d e s  by t h e  amount o f  O 2  produced d u r -  

i n g  t h e  r e f e r e n c e  r e s p o n s e  (1 .1  x 10-'2 moles )  g i v e s  t h e  

- 

number o f  moles ( m o I e c u l e s )  -of O 2  produced by a  comple te  

c y c l e  o f  t h e  OEC (which  inc ludesaOECs  i n  b o t h  t h e  SO o r  S1 

s t a t e s  p r i o r  t o  t h e  s e r i e s  o f  l i g h t  f l a s h e s ) .  Adding t h e  . 

amounts  o f  O 2  produced d u r i n g  t h e  f i r s t  f o u r  l i g h t  f l a s h e s  

-12 g i v e s  a v a l u e  o f  2 . 2  x 1 0  mole, o r  1 . 3  H m o l e c u l e s .  

Thus. 2.8 x 1 0 1 5  c h l o r - o p h y l l m o l e c u l e s  c o o p e r s t e  t'o produce-- - a-p----p 

( 1 . 3  x lo1' 0  m o l e c u l e s .  T h i s  is e q u i v a l e n t  t o  a  PSU s i z e  2  
1 

o f  2290 2 150 c h l o r o p h y l l ' m o l e c u l e s ,  c l o s e  t o  t h e  v a l u e  o f  
a 

2360 t 160 c h l / 0 2  c a l c u l a t e d  f o r  Ulv* by Mishkind 

and  Mauzera l l  ( 1 9 7 7 ) .  
i 



5 . 2  S e p a r a t i o n  o f  Oxygen Uptake and E v o l u t i o n  Components 

5 . 2 . 1  F l a s h  I l l u m i n a t i o n  

.. 
The magni tude  o f  t h e  u p t a k e  component o f  O 2  exchange was 

d e t e r m i n e d  by i n h i b i t i n g - p h o t o s y n t h e t i c  wa te r - sp l i t t - ing+by  - - - - --- 

- DCHU, which p r e v e n t s  t h e  o x i d a t i o n  o f  PA ( t h e  f i r s t  s t a b l e  

e l e c t r o n  a c c e p t o r  i n  -PS 11) by e l e c t r o n  transpo* A d d i t i o n  

o f  DCMU produced a l a g e  Q2 u p t a k e  a s  shown i n  Fig. 5 . 8  f o r  - - 

v a r y i n g  f l a s h  f r e q u e n c i e s .  The O 2  u p t a k e  o c c u r s  e i t h e r  d u r i n g  

t h e  ps f l a s h  o r  i n  t h e  s u b s g q u e n t  d a r k  i n t e r v a l  and  was l a r g e r  

f o r  h i g h e r  f l a s b  f r e q u e n c i e s .  As s e e n  i n  F i g .  5 . 8 ,  a  f l a s h  

f r e q u e n c y  o f  6 . 6  Hz r e s u l t e d  i n  a ' s h i f t  i n  t h e  o n s e t  o f  O 2  
R 

I u p t a k e  t o  e a r l i e r  times and a l s o  produced a  l a r g e r  u p t a k e  t h a n  
-- - - - - - - - -- - - - - - - - 

-- g - - - - - - - - - - -- - - - - - - 

a t  lower  f l a s h  f r e q u e n c i e s .  The u p t a k e  a t  3 . 3  and  6 . 6  Hz 

r e a c h e d  i t s  maximum ra te  i n  less t h a n  2  s a f t e r  t h e  f i r s t  
-- 

f l a s h ,  which c o i n c i d e s  w i t h  t h e  p o s i t i o n s  o f  t h e  f i f t h  \ 
s i x t h  f l a s h e s  a t  3 . 3  Hz, and- t h e  n i n t h  and  t e n t h  f l a s h e s  a t  1 
6 . 6  Hz. S i n c e  t h e  a m p l i t u d e  o i  t h e  u p t a k e  is a p p r o x i m a t e 1  d 
i n v e r s e l y ~ p r o p o r t i o n a l  t o  f l a s h  f r e q u e n c y ,  and t h u s  p r o p o r -  

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

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

most 1 i-kely p l a s t o q u - i n o l s  and  o t h e r  i a t e r s y s t e m  c a r r i e r s ,  JXF 

PS I .  

Ant imycin  A was - added  t o  s e a w a t e r - w i t h  s a m p l e s  o f  ylu& t o  

i n h i b i t  t h e  m i t o c h o n d r i a 1  r e s p i r a t o r y  c h a i n  and d e t e r m i n e  i f  



Ulva w i t h  Fig. 5.8 Oxygen u p t a k e  

v a r y i n g  f l a s h  

i n  a i r  for DCMU-treated 

f r e q u e n c i e s  

<+\-- 

- The DCMU-mediated y l v a  a p p e a r s  

t o t a l  1 i g h t  i n t e n s i t y  s i n c e  

h i g h e r  f l a s h  f r e q u e n c i e s .  

t h e  

i s  l a r g e r  a t  





- -- 
t h i s  up tak& c o u l d  be d u e - t o  r e s p i r a t i o n .  A d d i t i o n  o f  A n t i -  

niycin A a l s o  i n h i b i t e d  O 2  e v o l u t i o n .  and t h u s  i t  is  n o t  
- - 

p o s s i b l e  t o  e l i m i n a t e  m i t o c h r o n d i a l  r e s p i r a t i o n .  However, any 

- v a r i a t i o n  i n  mit6chondrial'+respiration i s  much l o n g e r  t h a n  5 s 

( J a c k s o n  and ~ G l k ,  - 1970 1' 2nd t h i s  s u g g e s t s  t h a t  t h e  O2 

u p t a k e '  is  n o t  ;due - - -  :to r e s p i r a t i o n .  , - - - - - -  - - - - - - - - -- -- 

. I 

' The r ; s u l t s  o f  t h e  DCMU e x p e r i m e n t s  ( F i g .  5 . 8 )  s u g g e s t  

t h a t  t h e f i r s t  minimum i n  t h e  O2 f l a k h  y i e l d  i n  Fig.. 5 . 4  i s  

n o t  ' o n l y -  due .  t o  a  four - s t ep '  0  e v o l u t i o n .  b u t  c o n t a i n s  a 2 - 

- .  
p o s e d " 0  i u p t a k e  component.  - The l i g h t - d r i v e n  O2 

" 2. . 
u p t a k e  w,hich is n o t  i n h i b i t e d  by DCMU h a s  been a s s o c i a t e d  w i t h  - .  

0 .  - 
PS ., I e a c t i i r i t y S ' ( v i d a v e r  pnd.  French.  .l965; S a t o h  e t  al., 1 9 7 6 ) .  

, d . - 
1 1  

 his -well-known 02% u p t a k e  t r . a n s i e n t  i s  g e n e r a l l y  masked by 

a - ' 02* e v o l u t i o p  hay. n o t  be  d e t e c t e d  a t  t h e  P t  e l e c t r o d e  i f  t h e  
i .  . ' .  . _  . .  , 

. - -magn i tude-of  t h e  u p t a k e  i s  less t h a n  t h a t  o f  . t h e  O 2  e v o l v e d  
\ 

and  is  not :  ,suaf f i c i e n t  ,tb a .  a 1  ter  t h e  s h a p e  of  t h e  s i g n a l .  ' I f  
9 

t h e  o n l y  e f f e c t . o p f . a n  O 2  u p t a k e  is t o  r e d u c e  t h e  amountoof  
' 

O2 d e t e c t e d  a t )  t h e  P t  c a t h o d e .  p l o t t i * n g  t h e  O 2  y i e l d  a s  a  
8 

f u n c t i o n  o f  - f l a s h  number canribt  d i s t i n g u i s h  O2 exchange from 
... - B .- 
a c t u a l  O2 e v o l p t i o n  by w a t e r - s p l i t t i n g .  S i n c e  a  l i g h t :  

. '  d e p e n d e n t  O2 uptake* occ;r&, somC obE t h e  f e a t u r e s  o f  t h e  
- - - -- -- 

c 7. 

f l a s h  y i e l d  b e q u e n c e  c o d l d  be a s s o c i a t e d  w i t h  t h e  O2 u p t a k e  
S '  * 

as well a s  some o f  t h e  r e a c t i o n  c e n t e r s  r e c e i v i n g  misses o r  

d q u b l e  h i t s .  Al though t h e . o c c u r r e p c e  o f  misses and d o u b l e  
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-- 
- A - 

p-pppp 

b i t s  i n  t h e  PS 11 OECs is well-known, t h e  e x i s t e n c e  o f  a n  O2  

up take  s h o u l d  be  i n c o r p o r a t e d  i n t o  t h e  S  s t a t e  t h e o r y .  

The O2 u p t a k e  i n  F i g .  5 . 8  is c l e a r l y  a  PS I pho to -  

/ 
r e a c t i o n  s i n c e  O2 u p t a k e  a s s o c i a t e d  w i t h  PS I1 would be  

s u p p r e s s e d  by DCMU. Oxygen u p t a k e  d u r i n g  f l a s h  i l l u m i n a t i o n  

h a s  been s h o w n t o  e x i s t  i n  t o b a c c o  c h l o r o p l a s t s  (Schmid and _l_ 

T h i b a u l t ,  1959)  a n d  was g r e a t l y  enhanced by t h e  p r e s e n c e  o f  a n  

exogenous e l e c t r o n  a c c e p t o r  s u c h  as p-benzoquinone o r  f e r r i -  
- - 

c y a n i d e .  S i n c e  Schmid and T h i b a u l t  ( 1 9 7 9 )  did n o t  p r e s e n t  a  

q u a n t i t a t i v e  estimate o f  t h e  magni tude  o f  t h e  O 2  u p t a k e ,  

t h e i r  r e s u l t s  are  n o t  d i r e c t l y  comparab le  t o  t h e  u p t a k e  shown 

in F i g .  5 . 8 .  

Because o f  t h e  magni tude  o f  t h i s  DCMU-mediated O 2  up- 

t a k e ,  i t  seems r e a s o n a b l e  that a n  a n a l y s i s  o f  t h e  O2 ex-  
- --  - -  - - -  - - - - - - - - - - - - 

change c u r v e  i n  terms o f  t h e  S  s t a - t e  h y p o t h e s i s c a n  n o t  be 

concerned  s o l e l y  w i t h  O2  e v o l u t i o n , b u t  must c o n s i d e r  O 2  
- 

u p t a k e  a s - w e l l .  Oxygen consumpt ion  h a s  b e e n  shown t o  o c c u r  i n ,  

b o t h  PS I and PS I1 ( V i d a v e r  and French,  1965; Beck e t  a l . ,  

19851,  a n d - t h u s  i t  is u n l i k e l y  t h a t  t h e  O2  u p t a k e  w i l l  be 

e x a c t l y  t h e  same w i t h  PS I1 a c t i v e p r  i n h i b i t e d .  As well, 

f l a s h  y i e l d  s e q u e n c e s  o b t a i n e d  w i t h  PS I1 membranes c o n t a i n i n g  k 
- 

exogenous  e l e c t r o n  a c c e p t o r s  may n o t  be  e q u i v a l e n t  t o . 0 2  

e v o l u t i o n  which o c c u r s  when b a t h  p h o t o s y s t e m s  are -- f u n c t i o n a l .  - - -  --- - - -- 

' However, PS I O2 u p t a k e  is  most l i k e l y  l a r g e r  t h a n  t h a t  o f  
i 

PS 11, t h u s  a f i r s t  a p p r o x i m a t i o n  t o  a c t u a l  O2 e v o l u t i o n  

would d e t e r m i n e  t h e  magni tude  o f  t h e  O 2  u p t a k e  and  " c o r r e c t t t  
, 

% ,  



-- 

f o r  t h L s  e f f e c t  by a a d i n g  i t-  t F t h e  O 2  exchange c u r v e .  The 

c o r r e c t e d  O2  e v o l u t i p n  c u r v e  i s  shown i n  F i g .  5 . 9 a  t o g e t h e r  

w i t h  t h e  O2 exchange  c u r v e  o f  F i g . = 5 . 4  f o r  compar i son .  The 

O2  e v o l u t i o n  c u r v e  c a n  t h e n  be  p l o t t e d  i n  t e r m s  o f  t h e  0 
2 

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

F i g .  5 . 3 .  F i g u r e  5 . 9 b  compares  t h e  O 2  exchange f l a s h  y i e l d  
- - -- -- - 

s e q u e n c e ' o f  F i g .  5 . 4  w i t h  t h e  c o r r e c t e d  O2  d v o l u t i o n  c u r v e .  

The c o r r e c t e d  0b2 e v o l u t i o n  f l a s h  yie?d i s  g r e a t e r  t h a n  t h a t  

o f  t h e  measured O2 exchange,  s u g g e s t i n g  t h e  a c t u a l  r a t e s  o f  
- 

- 

- 0 e v o l u t i o n  may b e  g r e a t e r  t h a n  measured 0  exchange 2  2 

ra tes .  The damping which is e v i d e n t  i n  t h e  O 2  exchange 
Y 

' f l a s h  y i e l d  s e q u e n c e s  ( F i g s .  5 . 4 ,  5 . 5 ,  and  5 . 9 )  is n e t  p r e s e n t  

i n  t h e  O 2  e v o l u t i o n  • ’ l a s h  y i e l d  s e q u e n c e .  Removal o f  t h e  

DCMU,-induced PS I O2 u p t a k e  component from t h e  measured 0  
+ L 2 

P 

exchange-  r e s u l t s  -i6 s u p p r e s s i o n  o f  t h e  d a m p i n g ~ i n  t h e  0 - -  - - - -  ---- . n 

& 

2  

y i e l d  w i t h o u t  i n v o k i n g  t h e  m i s s  and  d o u b l e  h i t  parameters . , , '  
8 # 

- - - 

A f l a s h  y i e l d  s e q u e n c e  w i t h  d e e p  s u s t a i n e d  a s c i l l a t i o n s ,  

" s i m i l a r  t o  t h o s e  i n  F i g .  5 , 4 b  b u t  lower t h a n  t h e  one  i n  

F i g .  5 . 9 b ,  was o b t a i n e d  by Kok and Ve l thuys  (19?6), who added 

o x i d i z e d  benzoquinone t o  h c v s t i s  ce l l s  ( e y a n o b a c t e r i a )  t o  

i n h i b i t  r e s p i r a t o r y  O 2  u p t a b  T h e i r  r e s u l t s  c l e a r l y  indi ' -  

c a t e  t h a t  t h e  f l a s h  y i e l d  sequence  calk be  a l t e r e d  by a  p r o c e s s  

which i n h i b i t s  O 2  u p t a k e .  Thus i f  t h e  O 2  exchange c u r v e  . 
- -- 

o f  F i g .  5 .4  c o n t a i n s  a s i g n i f i c a n t  O2 u p t a k e  component,  t h e n  

i n  terms o f  a n  S s t a t e  model, w i t h  o r  w i t h o u t  misses aqd 

. > 
'do.uble h i t s ,  t h e  c a l c u l a t e d  i n i t i a l  d i s t r i b u t i o n  o f  S s ta tes  



Fig .  5 . 9  Measured oxygen exchange i n  y l v a  compared to -  

correc t ed  oxygen e v o l u t i o n  
- - - - - -  

a )  Comparison o f  Measured 0 exchange i n  a i r  2 

I and correc t ed  O2 e v o l u t i o n  ( . . . . . I  a s  
- pL 

a f u n c t i o n  o f  f l a s h  number f o r  10 min'dark- 

adapted y l v a .  

b )  Comparison o f  measured O 2  exchange ( el 
\ 

and correc t ed  O 2  e v o l u t i o n  ( o  . . . . .  0 1  f l a s h  - 
y i e l d  sequences  -far the- above- c u r v e s .  w 
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- - - - 

w i l l  be- d i f f e r e n t  . f o r  O2 e v o l u t i o n  a n d  O2 exchange ( evo lu -  

t ion  and uptake 1 . i 

Using t h e  Sxper imenta l  O2 exchange cu rve  and t h e  
+ 

c o r r e c t e d  O2 e v o l u t i o n  c u r v e  o f  F i g .  5.9a.  t h e  a r e a  under . 
t h e  cu rve  t o  t h e  b a s e l i n e  f o r  each  o f  t h e  f i r s t  f ou r  f l a s h e s  

'L 
w i l l  g i v e  a  measure of  t h e  i n i t i a l  S s t a t e  d i s t r i b c l t i o n  - - -- -- 

( 0  1 (01  (6) ( 0 )  ( s o .  , S 1  S 2  S 3  1 .  Since  O2 i s  obse;ved on t h e  

second p u l s e  f o r  f r e s h  dark-ada'pted a l g a e ,  c o n s i s t e n t  M h  t h e  
7 -C 

f i n d i n g s  of J u r s i n i c  (19811, tE area under t h e  c u r v e  o f  ' the 
L 

second pu l se ,  t o  t h e  beg inn ing '  of t h e  t h i r d   pulse",^ i n t e r -  

p r e t e d  a s  a  measure o f  :he number of  S  s t a t e s  i n  t h e  d a r k  1 

( i . e .  sl ( O )  1 which undergo a doab le  h i " t  on e i t h e r  t h e  f i r s t  o r  
9 - 

b second f l a s h .  No O2 was evolved  on t h e  f i r s t  p u l s e ,  

i n d i c a t i n g  t h a t  S2 ( 0 )  = 0 .  The m i s s  f a c t o r  c a n  be determined 
- - -- - - - - - - - 

'k 
- - - - - -- -- - - -- -- 

by moni tor ing  t h e  Q2 y i e l d  f o r  t h e  t h i r d  f l a s h  as a function - 

I 

of  l i g h t  i n t e n s i t y .  Many r e s e a r c h e r s  c o n s i d e r  t h a t .  t h e r e  is d 
a n  equa l  p r o b a b i l i t y  o f  misses  f o r  each of  t h e  S s t a t e  t r a n s i -  

t i o n s  ( T h i b a u l t ,  1978; J u r s i n i c ,  1981; Wydrzynski, 19821, b u t  

D e l r i e u  (1980, 1983, 1984)  has  shown t h a t  t h e  S e t  + S3 t r a n s i -  
t 

t i o n  has  t h e  g r e a t e s t  p r o b a b i l i t y  of  misses. C a l c u l a t i n g  t h e  - 

a r e a  under t h e  c u r v e  f o r  bo th  t h e  t h i r d  and f o u r t h  p u l s e s ,  t o  

t h e  beg inn ing  o f  t h e  f o u r t h  and f i f t h  p u l s e s  r e s p e c t i v e l y ,  and 

taking i n t o  a c c o u n t  t h e  m i s s  and double  h i t  factors, the- 
0 

. . 
1 

\ 

i n i t i a l  S s t a t e  d i s t r i b u t i o n  f o r  bo th  measured O2 exch3ngeL 
d 

and c o r r e c t e d  O2 e v o l u t i o n  was dete rmined  t o  be 34%So ( ' I  and 

( O  ) f o r  0 exchange and W2S0 2 ( ' I  and 6 2 W 1  ( ' I  f o r  



corrected O2 evolution. There is considerable variation in, 
- 

pub1 ished. initial S state distributions calculated for both 

algae and chloroplasts. Our initial S state distribution for 

y , J  is most comparable to that of another green algae, 

also under xenon flash illumination, where So ( 0 )  

and Sl were found to be 33 % and 67 % resppctively - -  - 

1 f 
(Jursinic, 1981). For all of the above cases, S2 and S3 (0 

7 were z+ero. 

5.2.2 Continuous Illumination . 
s - 

Many attempts have been made to interpret p h o  tosynthet ie 
I& 

' induction phenomena whicli are manifesat as changes in the O 2  
- - - - - - - - - - - - - - - - - -- - 

exchange rates in dark-adapted algae and 'higher plants upan* 

illumination (~li6ks and Skou, 1938; Hi11 and Wittingham, 
- 

1953; Brown and Good, 1955; Vidaver and French, 1965; Chandler 

and Vidaver, 1970; Schmid and Tkibault, 1979). The induction - 

transients are produced by the competing processes of evolb-  
- 

tion and uptake. The lighr-induced O2 uptake transient dur- 

ing continuous illumination has been well-documented as dis- 
k 

' cussed. in' Sec. 2.5., and is shown in Fiy. 5.10 using DCHU to 

inhibit PS I1 O2 evolution. The DCMU-induced O2 uptake ip 
i -  

compared wifh the corresponding b2 exchange curve for a sample 

cut from the same algal thallus. 

Since the O2 exchange curve represents the sum of 0 
7 

2 
\ 



\ 
10 Oxygen exchange and oxygen uptake in ylvq under 

continuous illumination 

- 

a .  The U2 erehang- for ULyp under continuous 

Illuafnation t s  composed df both evolution and 

uptake ,  cumponetits. ','he magnitude of  the PS f 

O2 uptake in comparison to to ta l  O2 
P 

exchange can be s e e n  Zrom t h i s  figure. 

b .  The DCWU-lndoced U 2  uptake i s  shown for  

,Arrcws indicate when t h e  2 iat was turned on ( 7 f 

and o f f  ( i f .  The baseiine i s  shown as o u t p u t  from 

t?a signal avcrsqer? This m y  be arbitrarif y 

s h i f t e d  t~ zero 





- - - - - -- -- 

u p t a k e  and O2 e v o l u t i o n ,  s u b t r a c t i n g  t h e  DCWU-mediated O2 

u p t a k e  (PS I )  f rom t h e  measu red  O2 e x c h a n g e  s h o u l d  y i e l d  t h e  

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

i n  Sec. 5 . 2 . 1 ) .  T h e  c o r r e c t e d  O2 e v o l u t i o n  c u r v e  i s  shown i n  

F i g .  5 . 1 1 ,  t o g e t h e r  w i t h  t h e  O2 e x c h a n g e  c u r v e  a n d  t h e  i n v e r s e  - 
of t h e  u p t a k e  c u r v e  f rom F i g .  5.11. Variation i n  the Q 2  e v o l -  -- 

u t i o n  c u r v e  o c c u r r e d  a t  t h e  p o i n t  l a b e l l e d  A i n  F i g .  5.11; i n  

some cases, a rap id  i n c r e a s e  i n  O2 e v o l u t i o n  a t  t h e  o n s e t  o f  

i i lurninat ian would taper o f f ,  decrease, and t h e n  increase t o  
* 

the s t e a d y - s t a t e  v a l u e ,  i n  other c a s e s ,  t h e r e  was a s h a r p  

decrease f o l l o w e d  by a s t e a d y  i n c r e a s e  t o  a s t e a d y - s t a t e  v a l u e  

of O2 e v o l u t i o n .  

- The a p p r o x i m a t i o n  of  i ic tual  O2 e v o l u t i o n  is a f f e c t e d  by  
. I 

1 t h e  same considerations t h a t  a p p l y  t o  the a p p r o x i m a t i o n  o f  
- - - - - - - - - - 

O2 e v o l u t i o n  by f l a s h  i l l u m i n a t i o n .  The O2 u p t a k e  shown i n  
# 

F i g .  5 . 1 0  is s o l e l y  a PS I- r e a c t i o n ,  s i n c e  PS XI is i n h i b i t e d ,  

and i t  is u n l i k e l y  t h a t  t h e  c o r r e c t e d  O2 evolution w i l l  be 

t h e  same wi?h PS I1 a c t i v e  o r  i n h i b i t e d .  I t  is i n t e r e s t i n p  to  

s p e c u l a t e ,  t h o u g h ,  t h a t  t h e  "anomalys  shown i n  F i g .  5.il a t  

P o i n t  A r e p r e s e n t s  the PS I1 u p t a k e  by t h e  OEC r e p o r t e d  b y  

Beck e t  a l .  (19851, which  is n o t  c o r r e c t e d  f o r  by s u b t r a c t i n g  

t h e  PS I O2 u p t a k e .  



Fig. 5.11 Oxygen exchange, uptake, and evolution for y l v q  

under continuous illumination 
A 

. r 
0 

An approximation to actual 0 
2 

can be obtained by correcting 

curve to account for the PS I 
+ 

the O2 exchange . 
- - 

0 uptake shown in 2 

Fig. 5.10. The significance of point A is 

discussed in the text. 





5 . 3  . V a r i a t i o n  o f  Oxygen c o n c e n t r a t i o n  

< @3 
- 

5 . 3 . 1  E f f e c t  o f  Ambient Oxygen C o n c e n t r a t i o n  o n  

Oxygen Exchange . .  . 
* , ' h  

- 

I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  a m b i e n t  0 - c o n c e n z  - - - " -- 
2  

t r a t i o n  o n  O2  e x c h a n g e ,  t h e  s a m p l e  h o l d e r  was f l u s h e d  w i t h  
4 

d i f f e r e n t  p a r t i a l  p r e s s u r e s  o f  02, w i t h  t h e  r ema in in -g  p r e s s u r e  

d u e  t o  N 2  ( d i s c u s s e d  i n  Sec. 3 . 3 . 4 ) .  Carbon  t l iox ide  was added  

t o  t h e  p u r e  g a s e s  i n  o r d e r  t o  e n s u r e  t h a t  C02 c o n c e n t r a t i o n .  

was n o t  l i m i t i n g  a n d  t h a t  a n y  v a r i a t i o n s  i n  O2 e x c h a n g e  were 

d u e  -to v a r i a t i o n s  i n  O 2  c o n c e n t r a t i o n ,  r a t h e r  t h a n  C02.  

T h i s  was d o n e  u s i n g  b o t h  c o n t i n u o u s  and  f l a s h  i l l u m i n a t i o n .  

The O 2  e x c h a n g e  c u r v e s  f o r  Ylva w i t h  f l a s h  i l l u m i n a t i o n  
- -  - - - - - --L - - - 

( 3 . 3  Hz1 are  shown i n  F i g ,  5 . 1 2 .  T h e  c o n t r o l  c u r v e  i n  

F i g .  5 . 1 2 ,  o b t a i n e d  u n d e r ' a t m o s p h e r i c  c o n d i t i o n s  b o t h  i n  air 

a n d  a t  20 % 02, g a v e  i d e n t i c a l  O 2  e x c h a n g e  c u r v e s .  A 

- 
v a r i a t i o n  i n  t h e . 0 2  c o n c e n t r a t i o n  from 17% t o  24% .showed 

l i t t l e  d i f f e r e n c e  i n  t h e  r e s u l t a n t  O 2  e t c h a n g e  c u r v e s  f rom 
/ 

t h o s e '  i n  a i r .  

The O2  e x c h a n g e  c u r v e  a t  100% O2  ( 1  atm. O2 p r e s s u r e )  
- 

showed a similar p a t t e r n  t o  t h e  c o n t r o l  c u r v e  a t  20% O 2  

( 1 a t m .  t o t a l  p r e s s u r e ) ,  + u t '  with a decreased OZ e w h -  - - -- 

t i o n .  Oxygera p a r t i a l  p r e s s u r e s  o v e r  0 . 8 5  atm. gave s i m i l a r  

r e s u l t s .  A t  h i g h  O 2  p a r t i a l  p r e s s u r e s .  t h e  minimum i n  the 
u 

O2 e x c h a n g e  c u r v e  a t  t h e  s e v e n t h  f l a s h  i s  ' s t i l l  p r e s e n t ,  -- - . 



F i g .  5.12 Oxygen exchange f l a s h  y i e l d s  i n  a f u n c t i o n  

o f  ambient' oxygen c o n c e n t r a t i o n  
9 . 

- 0 exchange  
2 

is  compared 

A l l  samples  

- -- - -  

i n  1 . 5 %  and 100% O 2  a t  1 atmosphere 

a i r  ( 2 0 %  0 2 ) .  with  

were 

0 exchange  i n  2 
- - 

d a r k  adapted f o r .  10 

-- 

min and i l l u m i -  

Hz. f l a s h e s  ( 4  nated  with xenon 





- - - - -- 
L 

however s u c c e s s i v e  minima a r e  -noat a p p a r e n t .  The s l o p e  <of t h e  ' 
, 

L 

s i n i t i a l  r i s e b o f  each  i n d i v i d u a l  O2  pulse fo r  each  f 1 a s h . i ~  n o t .  
c 

- 

a s  s t e e p  a s  w i t h  20% 02 ,  and t h e  i n d i v i d u a l  O2 c u r r e n t  yu l -  - 

s e s  a r e  l e s s  d i s t i n c t .  This  o b s e r v a t i o n  may be due t o .  a  s a t u r a -  ' 

Lion e f f e c t  a t -  t h e  Pt ca thode ,  r e s u l t i n g  i n ' a  dec rease*  i n  t h e  
1 

A- 0  - r e d u c t i o n  r a t e ,  T h i s  cou ld  a l s o  be due t o  a n  Inc reased  ' --- - - - 

2 - 

0  u p t a k e , , s i n c e  a n  i n c r e a s e  i n  ambient  0  p a r t i a l  p r e s s u r e s  2  . 2 

r e s u l t e d  i n  a n  i n c r e a s e  i n  O 2  uptake,  which. c o u l d  be due t o  

d i r e c t  pho to reduc t ion  of  02 .  The 0 exchange c u r v e  w i t h .  2 
- 

1 a t m .  O 2  is most l i k e l y  a f f e c t e d  by bo th  s a t u r a t i o n  of  t h e  P t  

e l e c t r o d e  and an  i n c r e a s e  i O 2  uptake by t h e  a l g a e .  P 
Decreasing t h e  amount o f  O2  i n  t h e  sample c e l l  t o  1 . 5 %  

O 2  gave a d i f f e r e n t  O 2  exchange cu rve  t h a n  d i d  20% O 2  a s  

shown i n  Fig. 5 . 1 2 .  No O 2  was evolved on e i t h e r  t h e  f ' r s t  t 
o r  t h e  second f l a s h ,  and l e s s  O2  was d e t e c t e d  on t h e  t w r d  . 

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

a t  205 o r  100% 0 2 .  The r e s u l t s  i n  F ig .  5 . 1 2  i n d i c a t e  t h a t  

v a r i a t i o n s  i n  ambient  O2  c o n c e n t r a t i o n  a f f e c t  t h e  measured 

r a t e  of  O2 exchange.  P l o t t i n g  t h e  peak h e i g h t s  as  a  func- 
- 

t i o n  o f  f l a s h  number does  n o t  y i e l d  a fou r  s t e p  p a t t e r n  of  n e t  , 

O 2  e v o l u t i o n  as  shown i n  F i g .  5 .13 .  A f t e r  each  f l a s h .  t h e  

rate o f  O2 r e d u c t i o n  a t  t h e  ca thode  d e c r e a s e s  a lmos t  t o  t h e  

o r h g i n a l  b a s e l i n e .  The l a t e r  f l a s h e s  i n  t h e  sequence yLeld a 

h i g h e r  c a t h o d i c  O2 r e a c t i o n  ra te  t h a n  t h e  t h i r d  f l a s h ,  which 
I 

is u s u a l l y  l a r g e r  a t  h ighe r  O2  c o n c e n t r a t i o n s .  

The l a c k  o f  a fou r  s t e p  p a t t e r n  o f  O2  exchange under low 



F i g .  f l a s h  y i e l d  s e q u e n c e s  f o r  ylva a t  5 . 1 3  oxygen exchange 

1.5% O 2  and under a n a e r o b i c  c o n d i t i o n s  
- 

f l a s h  y i e l d  A c o m p a r i s o n  o f  t h e  O 2  exchange 

sequence  between low a m b i e n t  O 2  p a r t i a l  p r e s s u r e  

(1.5% O 2  a t  1 a t m )  (e- - - - 0 )  and under 

u 
a n e r o b i c  c o n d i t i o n s  ( A  A )  is shown. A t  low 

0  c o n c e n t r a t i o n s ,  t h e   our s t e p  p a t t e r n  i s  n o t  2 

e v i d e n t .  





- - - - - - - - - 

ambien t  O2 c o n c e n t r a t i o n s ~ m a y  b e  due  t o  v a r i a t i o n s  i n  e i t h e r  

t h e  O2 e v o l u t i o n  o r  u p t a k e  k i n e t i c s ,  o r  Both.  S e v e r a l -  ' 

I 

L- 

e x p l a n a t i o n s  have  been p o s t u l a t e d  . to  e x p l a i n  t h e  a l t e r e d  O2 

exchange c u r v e s  under  a n a e r o b i c  c o n d i t i o n s  and t h e s e  a r e  a l s o  

a p p l i c a b l e  tb 02 exchange under  low O2 p a r t i a l  p r e s s u r e s .  

~ h d s e  e x p l a n a t r o n s  w i l l  be d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i c n .  - - - 

5 . 3 . 2  E f f e c t  o f  ~ n a e r o b i o s ~ s ' o n  

For many y e a r s ,  t h e r e  h a s  Seen  c o n s i d e r a b l e  d e b a t e  on t h e  
w Z 

e f f e c t s  o f  a n a e r o b i o s i s  on p h o t o s y n t h e t i c  w a t e r - s p l i t t i n g  I n  

t h e  measured r a t e  o f  O 2  exchange (Rab inowi tch ,  1 9 5 6 ) .  The 
' . 

p e s e ' n c e  o f  e n v i r o n m e n t a l  O 2  i s  b e l i e v e d o t o  be  e s s e n t i a l  
L 

- - - -- - - -- - 

(Burk  and  Warburg, 1951; Warburg, 1952; Vidaver  e t  a l . ,  1 9 8 4 )  ' 

o r  n o t  e s s e n t i a l  ( F r a n c k ,  1953; A l l e n  and Franck ,  1955) f o r  

O2 e v o l u t i o n .  I t , i s  w i d e l y  a c c e p t e d  t h a t  l a c k  of O 2  i n h i b -  

@, - 
i<s t h e  OEC, b u t  t h e  sitss and  e x t e n t  o f  t h e  i n h i b i t i o n  a r e  y- 

s t i l l  n o t  c e r t a i n .  

P a r t ' o f  t h e  c o n t r o v e r s y  a p p e a r s  t o  r e s u l t  from t h e  d i f f i -  

c u l t y  o f  o b t , a i n i n g  a  c o m p l e t e l y  a n a e r o b i c  e n v i r o n m e n t .  D i f f e r -  

e n t  t e c h n i q u e s  * h a v e  b e e n  u s e d  t o  d e p l e t e  t h e  s y s t e m  o f  Oi; 

some o f  these t e c h n i q u e s  may r e s u l t  i n  a n  i r r e v e r s i b l e  i n h i b i -  

t i o n  o f  Oi which i s  n o t  d i r e c t l y  d u e  t o  a n a e r o b i o s i s .  Many 

o f  t h e  e x p e r i m e n t s  were most. l i k e l y  n o t  c a r r i e d  o u t  i n  a n e r c -  
$ .  

b i c  e n v i r o n m e n t s ,  b u t  r a t h e r  under  c o n d i t i o n s  of  low O 2  
\ .  



partial pressures. ' The sensitivity of the system is of 

paramount importance in order to detect minute quantities of 

on the order of 10 -15F-10 -16 moles. O2' 

Some of the earliest experiments on the effect of anaero- 
a 

biosis on O2 exchange measurements showed that green algae 

d ( C h l o u  an& -1- which were iliuminated in an -- - 

anaerobic environment still evolved small quantities of O2 

(Franck et al., 1945). This inhibition of O2 evolution has 
* 

been attributed to the slow metabolic production of poison(s1 
1 t 

(Franck et al., 1945). the requirement of O2 for water- I 

splitting (Burk and Warburg, 1951; Warburg, 19521, or reduc- 

tion of the plastoquinone (PQ) pool (Diner, 1975, 1977).:= I 

" . 

Diner (1974) has suggested that W o r e l b  cells placed in 

an anaerobic environment (argon containing.5 ppm 02) undergo 
- - - - - - - - - - - - -- 

an imiediate reduction of the p?aaotoquinone (PO) pool in zhe 

dark. The redox is dependent on the oxida- 

tion state of the PQ pool. Under decreasing O2 concentra- 

tions, the PQ pool becomes more reduced [Diner and Mauzerall, 

1973a). The increasing reduction of the PQ pool with decreas- 

!.ng O2 concentration is due to a balance between the pool 

reduction by an endogenous reductant and its oxidation by oi5 

(Diner and Mauzerall, 1973a). 
4 

Under anaerobic conditions, the reduction of the PQ kool 

leads to a transfer of the rate-limiting step  for a* single , 

turn-over of the OEC to the acceptor side of PS 11. Diner 

('1975) has suggested that the OEC exists ii the following 
' 



* 
-- 

r e d o x  s t a t e  i n  r e s p o n s e  t o  t h e  f i r s t  l i g h t  f l a s h :  

--_ _ 
where t h e  symbol s  a r e  d e f i n e d  a s  i n  Sec. 2 . 1 .  The OECs in r I' 

2 - t h e  dark a r e  t h u s  a l m o s t  e x c l u s i v e l y  i n  t h e  SIQAQB . s t a t e .  
* 

F o l l p i n g  one  l i g h t  f l a s h ,  t h e  O E C s  e x i s t  i n  t h e  S ~ Q ~ - Q ~ ' -  

s t a t e  and c a n n o t  undergo a n o t h e r  p h o t o r e a c t i o n  u n t i l  Q is 
A 

r e o x i d i z e d .  The r e o x i d a t i o n  o f  QA r e q u i r e s  two  steps, t h e  

t r a n s f e r  o f  two e l e c t r o n s  f r o m * ~  2 - 
B t o  PQ, and the t r a n s f e r  of  

> - 
one e l e c f r o n  from Q t o  QB. I f  t h e  PQ pool  is  c o m p l e t e l y  A 

reduced ,  t h e  t r a n s f e r  from 2 -  BB to PQ c a n n o t  o c c u r  u n t i l  t h e  
9 

PO pool  i s  r e o x i d i z e d .  Follo-<ing t h e  second  and t h i r d  fleshes 

t h e  f o l l o w i n g  t r a n s i t i o n s  a re  be'l i e v e d  t o  o c c d r  ( D i n e r ,  1975 1 : 
? 

0.5 m s ,  

2- 
. 

Under a n a e r o b i c  k o n d i t i o n s ,  i f  most OECs a r e  i n  the QAQB 
-- 

s t a t e ,  then t h e  S2 '  Sg t r a n s i t i o n  i s  i n d e p e n d e n t  o f  t h e  

redox s t a t e  o f  t h e  PQ pool  and - t h u s  s h o u l d  pe a c c e i e r a t e d ,  

vhich was found t o  be t h e  case i n  a (Diner, 1 9 7 5 ) .  



The lowered net O2 e v o l u t i o n  i n  U l v a  a t  low O2 p a r t i a l  , 

'* p r e s s u r e s  ( F i g .  5.12) i s  p a r t i a l l y  due t o  t h e  e i f e d t  o f  a n a e r o -  

b i o s i s ,  which r e s u l t s  i n  r e d u c t i o n  of  t h e  PQ pool  i n  t h e  d a r k .  
* .  

\ , \ 
The PQ pool  s e d u c t i o n  c a u s e s  a n  i n c r e a s e  i h  t h e  " m i s s o  param- 

e 

e t e r ,  i . e .  t h e  nuniber o f  OECs which do no t  have a s i n g l e  t u r n -  

o v q i  i n  r e s p o n s e  t o  a 1 ight flash, and t h u s  i n  -a-de - --- - , a 
-- - .  

c r e a s e  i n  t h e  n e t  0 i i e l d .  2 

The 0 exchange  c u r v e  under  a n a e r o b i c  
2 

** ** 

' ( ~ i ~ .  5 . 1 4 )  a l j o  shows - a d e c r e a s e -  i n  n e t  O2 The net - - -  - - 

- 

0, yiel73, p l o t t e d  a s  a  f u n c - t i o n  of  f l a s h  numbe , d o e s  n o t  
'5 

f i t  t h e  four  s t e p  S s t a t e  model ( F i g .  5 . 1 3 ) .  T i s - m a y  be due \ a * 

, t o  a h i g h e r  rate o f  misses on some o f  t h e  S s t a  
7 . .  

r e d u c t i o n  6 f .  t h e  PQ p o o l ,  o r  p o s s i b l y  bq due t o  i n  a u t o c a t a l y -  

t i c  e f f e c t  o f  O 2  on  t h e  OEC.. 

a l l o w  e l i m i n a t i o p  o f  

h a s  been e v o l v e d  by  

a t  l e a s t  t h e  O 2  

O2 e v o l u t i o n .  The Sirnplek a l g o r i t h m  was n o t  used  t o  f i t  t h i s  
m 

- B 
0 e v o l u t i o n  c u r v e ,  s3nce t h e  a n a e r o b i c  • ’ - lash  yield e e r i -  2 'P 
ments  p r e c e e d e d  development  o f  t h e  f i t t i n g  t e c h n i q  

. Y-l 
Diner  a n d  ~ a u z y r a l l  ( l973a 1 d e t e r m i n e d  t h a t  c u d t i n u k u s  far 

\ 

L 

r e d  l i g h t  super imposed  on  0 . 2 5  Hz r e d  l i g h t  

t h e  O2 y i e l d  under  a n a e r o b i c  c o n d i t i o n s  by 

O2 y i e l d  w i t h o u r  background i l l u m i n a t i o n .  The  i n c r e a s e d  \ 
O2 y i e l d  was a t t r i b u t e d  t o  oxidation of  e l e c t r o n  c a r r i e r s  n i 



F i g .  ?%. 
P? 

Oxygen 

. - 

- 
exchange ,for Ylva under a n a e r o b i c  c o n d i t i o n s  

wi th  f l a s h  i l l u i n i n a t i o n  A 

T -  - - - -- -- - - - - - - - - - - - - 

The 0 exchange  c u r v e  i s  shown for Ylva which h a s  2 . - 

been  dark-adapted f o r  2 h under a n a e r o b i c  condi -a  
- - 

--- - - 

t i o n s  p r i o r  t o  a  s e r i e s  o • ’  3 . 3  Hz xenon l i g h t  

f l a s h e s .  





the '  a c c e p t o r  s i d e  o f  PS 11 by f a r  r e d  l i g h t .  

sin& f a r  re& l i g h t  o r  idffes e t e c t r o n  c a r r i e r s  

( e . g .  Q /and t h e  PQ p o o l )  t h a t  a r e  r educed  i n  a n a e r o b i c  v .  
/ 

s n v i r a n m e n t ,  i t  is poskib1.e . t h a t  far r e d  l i g h t  f l a s h e s  g i v e n  
* /' -- 

t o  a l g a e  i n J h e  a b s e n c e  o f  O2 will a l t e r  t h e  
- -- - - -- - - - - 

- 
i n H o f  O2 exchange .  T h e  c o n t r o l  O2 
, 

, -/;data n o t  shown) i n  a i r  showed- s m a l l e r  O2 p u l s e  
,,' i 
, - t h i r d  and f o u r t h  f l a s h e s  i n  t h e  sequence  t h a n  t h e  xenon 

- - 
-- - - -  

- - - - - 

- - 

f l a s h ,  however t h e  O2 y i e l d  p e r  
- 

w i t h  i n c r e a s i n g  f l a s h  number. The o s c i l l a t i o n s  i O2 which \ 
\ a r e  e v i d e n t  w i t h  w h i t e  l i g h t  o r  r e d  l i g h t  f l a s h e s * - ( 6 8 0  nm) 

were g r e a t l y  d i m i n i s h e d  w i t h  f a r  r e d  l i g h t  f l a s h e s  T h i s  \ 
d e c r e a s e  i n  n e t  O2 e v o l u t i o n  is most l i k e l y  due  t o  h i g h e r  

-- - - f 
r a t e  of-misses on  al+-S- s t a t e - - t r a n s i t i o n s ,  which - --- 

t h a t  t h e  f a r  r e d  l i g h t  f l g s h e s  a r e  n o t  i n t e n s e  enou 
-\,' . . - - - - -- - - 

s a t u r a t e  t h e  PS I1 r e a c t i o n  c e n t e r s .  A series o f  f a r  

f l a s h e s ,  g i v e n  t o  2 h d a r k - a d a p t e d  and a n a e r o b i c  g l v \  showed 

t h e  same r e s u l t  a s  t h e  c o n t r o l .  b u t  t h e  O2 pulses 

v i s i b l e  u n t i l  t h e  f o u r t h  f l a s h .  T h i s  o b s e r v a t i o n  - 

\ - a n a e r o b i c  i n h i b i t i o n  o f  O2 e v o l u t r o n ,  but is n o t  c o n c l  s i v e  9 
s i n c e  t h e  l i g h t  i n t e n s i t y  e f f e c t  c a n n o t  b e  e l i m i n a t e d .  \ o - -  



3 - - 
- 1 4  2  

- 

/ 

5.3.3. Oxygen Requirement  f o r  Water-Spl i t t  i n g  and 

~ G n c o m i t a n t  Oxygen E v o l u t i o n  

T h e  d-ependence o f  O2 e v o l u t i o n  on  t h e  p r e s e n c e  o r  ab -  

s e n c e  o f  O 2  h a s  been wide ly  d e b a t e d .  Z e i n a l o v  and i i t v i n  
- - - - - - -  - A -- - - - 
- - 

- - - - -- - - 

( 1 9 7 9 )  s u g g e s t e d  t h a t  O 2  may be bound t o  t h e  S  s t a t e s .  Beck 

e t  a l .  ( 1 9 8 5 )  have  shown t h a t  t h e  r e s t i n g  PS I1 OEC t a k e s  up 
I 

--4 

02. V i d a v ~  e t  a l .  (19& h a v e  suggested,  on t h e  b a s i s  o f  .. 
-- 

a b s o r b a n c e  change  measurements  under  a n a e r o b i c  c o n d i t i o n s ,  
k 

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

t h e  p a r t i c i p a t i o n  o f  ~ 0 . 0 1  a tm.  
0 O2' 

Oxygen exchange  measurements  were pe r fo rmed  o v e r  a  p e r i o d  

o f  t h r e e  y e a r s  t o  d e t e r m i n e  i f  t h e  w a t e r - s p l i t t i n g  sys tem 

c o u l d  b e  r e v e r s i - b l  y a n d - ~ o r n p ~ e t e l  y i n b i b i  t t d  b y  th-e- absence--o-fP -- 

'a;  ' 

02, a s  measured by O 2  exchange .  These @ x p e r $ h e n t s  were p e r -  

formed o v e r  a l o n g  t i m e  p e r i o d  t o  e l i m i n a t e  any s e a s o n a l  v a r i a -  

- - 
t i o n s  i n  o v e r a l l  Q2 exchange t h a t  occur  w i t h i n  a  s p e c i e s .  The 

d i s c u s s i o n  i n  S e c .  5 . 3 . 2  s u p p o r t e d  a r e v e r s i b l e  i n h i b i t i o n  'of 

0  e v o l u t i o n ,  b u t  d i d  n o t ' e x p l o r e  t h e  p o s s i b l i t y  t h a t  t h e  2  
* 

e n v i r o n m e n t  i n  the sample  h o l d e r  was n o t  c o m p l e t e l y  a n a e r o b i c .  

For  C h l o r e l l a ,  Kessler ( 1 9 7 3 )  o b s e r v e d  t h a t  20 h o f  d a r k  i n a c -  

t i v a t i o n  were r e q u i r e d  f o r  maximum i n h i b i t i o n  o f  0 e v o l u t i o n .  
- 2 -  - 

z However, f o r  KLya, 6 h  was t h e  l o n g e s t  time t h a t  a n a e r o b i c  

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

O2  e v o l u t i o n  when a i r  was added t o  t h e  s y s t e m .  

The sample  h o l d e r  was made a n a e r o b i c  by f l u s h i n g  t h e  == n 



P 
- - - -- - -- - - -- - - 

\ 3 
' i  % 

sample h o l d e r  wi th  N2 ( c o n t a i n i n g  C O ~ )  f o r  p e r i o d s  o f  t ime up 

" t o  6 h .  The f i r s t  r e s u l t s  ( F i g .  5.153 a p p e a s z  t o  i n d i c a t e  

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

measuring system was r edes igned  ( F i g ,  3 . 5 )  t o  a l l o w  approx i -  

mately  - a t en - fo ld  - - -  a m p l i f i c a t i o n  of t h e  s i g n a l ,  -and t h =  exPeri: - -- 

ments were r e p e a t e d .  Using two d i f f e r e n t  methods f o r  o b t a i n -  - 

i n g  an  a e r o b i c  environments ,  f l u s h i n g  wi th  N2 and pumping 
L 

a i r  through p y r o g a l l o l  - - ( F i g .  3 . 3  and 3 . 4 ,  r e s p e c t i v e l y )  ,- O2 - , 
-- 

e v o l u t i o n  was always observed,  even  a f t e r  6 h  a n e r o b i c  expo- 

s u r e  ( i n  t h e  d W  

c a t e ,  a t  l e a s t  f o r  

water  - sp l  i t t i n g  t o  

/ 

a s  shown i n  F i g .  5 .16 .  Th i s  seems t o  

Y l v b  t h a t  ambient  O2 is n o t  r equ i r ed (  

o c c u r .  However, t he  p p s s i b i l  i ty t h a t  

i n d i -  

f o r  

may be bound t o  t h e  S s tates,  and r e l e a s e d  a t  t h e  o n s e t  of  
c 

- - - -  

i 11 KminaEion to c : a t a l ' y z e T a t e r - s p l i  t t ing  canno t  be exc luded .  



- 

- - 

f o r  

144a 

F i g .  

- -  

C .. . 
/ 

ylva under  a e r o b i c  and 
- 

Oxygen - exchange 

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

- - - -- 

The hange c u r v e  is shown f o r  m m i c h  was '  
-7 

dark-adapt% i n  a i r  1 h  a s  compared t o  IJl"& 

which was d a r k - a d a p t e d  f o r  1 h  under  a n a e r o b i c  - 
- - - 

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

A f t e r  a n a e r o b i o s i s ,  a i r  was l e t  i n  t o  t h e  s a m p l e  

h o l d e r  and t h e  sample  was da rk -adap ted  f o r  1 0  min. 
# 

The r e c o v e r y  c u r v e  is 

c o r n e r  o f  t h e  f i g u r e  

shown i n  t h e  upper  r i g h t  

t h e  

- - 

Arrows 

- 

i n d i c a t e  when t h e  

o r - o f f  ( J ) ,  

l i g h t  was t u r n e d  





B 

- a Fig. 5.16 Oxygen exchange for U1vaaunder aerobic and 6 h 
- - 

anaerobic conditions with continuous illumination 
- - - - - - - - -- - - - -- - - 

" 

\ 

The 0 exchange curve is shown for lJ1ia which was 
2 

dark~adapted in air for 20 min as compared to Ylva a - . - 

which was dark-adapted for 6 h under anaerobic 

conditions prior to a continuous illumination. 
* 

After 'anaerobio~~s, air was let in to the sample 

holder and the sample recovery was similar 

shown i& Fig. ' 5.15. 

- - - - - -- 

Arrows indicate light on(?) or off ( 4 ) .  



air 
v. 

air , 



CHAPTER 6 SUMMARY AND 

Kinetic studies of O Z  

isolated chloroplasts and 

-- 
CONCLUSIONS f 

exchange (evolution and*uptake) in 

plants have contributed grea4kly to 

the knowledge of photosynthetic processes. Oxygen evolution 
- - -- a - - - 4 - - - - - - -  - ---  

occurs in the thylakoid membranes of chloroplasts as,a result - 

of water-spl itting in photosystem 11, while O 2  uptake occurs 

through both PS I and PS I1 photoreactions. In marine algae, \ - zz 

O2 uptake 

reduct ion 

in the light occurs primarily through direct photo- 
1 - 

of O 2  by photosynthetic electron carriers (the Heh- 

ler reactions) (Hehler 1951a.b; Radmer and Kok, !976). Hito- 

chondrial respiration'in both the light and dark also contrib- 

utes to 0  consumption, although respiration in the light 2 

occurs on a longer t-ime scaFe-than do the Mehler reactTonsP- - 

f ackson and Volk, 1970). Photorespiration does not appear to - - - 

play a large role (if pny) in light-induced 62 consumption 

in marine algae (Glidewell and Raven, 1976; Shelp and Canvin, 

1980; Osmond, 1981; Brechignac and Andre, 1984; Peltier and 

Thibault, 1985a, b) . 
Several major problems still remain to be resolved in the 

area of photosynthetic water oxidation, including isolation of - 

the oxygen-evolving complex (OEC) and delineation of its ar- 
- - - - - 

rangement in the.thylakoid membrane, elucidation of the mole- 

cular components of the OEC and definition of their specific 

biochemical functions, and determination of the mechanism and 

molecular intermediates (e.9. plastoquinone, Mn complexes, 



~ 1 - 1  o f  water  o x i d a t i o n  hand concomitant  0 e v o l u t i o n .  The 
P 

2 

consumption o f  O2 by v a r i o u s  p r o c e s s e s  i n  p h o t o s y n t h e t i c '  o r -  
- - - 

ganisms compl h a t e s  t h e  i n t e r p r e t a t i o n  o f  O2 exchange meas- 

urements which a r e  aimed a t  unde r s t and ing  t h e  mechanism of  

water  o x i d a t i o n .  Many r e s e a r c h e r s  have a t t empted  , t o  i s o l a t e  
- - - - - - - - - - - - >  - - -- - - - 

- 

t h e  O2 e v o l u t i o n  and up take  components from t h e  measured 

rates o f  O2 exchange, b u t  w i thou t  much s u c c e s s .  Although - 

most r e s e a r c h  i n  t h e  p a s t  few y e a r s  has  focussed  on i s o l a t i n g  - - - - - --- -- - - --- - 

t h e  molecular  components o f  t h e  OEC, and on t h e  p r o c e s s  o f  

. water  o x i d a t i o n  i t s e l f ,  t h e  a b i l i t y  *to d i s t i n g u i s h  O2 up take  

from O2 e v o l u t i o n  i n  O2 exchange measurements would g r e a t l y  
r - 

advance the  unde r s t and ing  o f  t h e  k i n e t i c s  o f  bo th  p r o c e s s e s .  

. Both- water  o x i d a t i o n  and t h e  i n t r i n s i c a l l y  energy-wastbeful  

2 0 
- p r o c e s s  o E  dired& p h o t o r e d u c t - i o n o f  O2 - b y  e l e c t r o n  transport--'--- - 

'+ 
6) 

c a r r i e r s  (which d i v e r t s  e l e c t r o n s  from t h e  f ina! PS I e l e a t r a a -  --- - 
+ 

a c c e p t o r ,  NADP 1 are impor t an t  t o  t h e  fo rma t ion  and r e g u l a -  - - 

t i o n  of NADPH and ATP which a r e  used t o  power t h e  d a r k  r e a c -  

t i o n s  of  C02  fixation. 

D i f f e r e n t  gene ra  o f  marine a l g a e  i n  t h e  d i v i s i o n s  Chloro- 

- phyta ,  Phaeophyta, and Rhodophyta wer'e used t o  s t u d y  t h e  f l a s h  

y i e l d  k i n e t i c s . o f  p h o t o s y n t h e t i c  O 2  uptake  and e v o l u t i o k  A 

"p i l e -upn  o f  Op c u r r e n t  pul-ses  wag observed  i n  a l l  gene ra  o f  
- -- -- - 

marine a l g a e  which were s t u d i e d  under c o n d i t i o n s *  where t h e  
B 

time i n t e r v a l  between t h e  f l a s h e s  was s h o r t e r  t h a n  t h e  decay 

t ime o f  t h e  O2 p u l s e .  Th i s  p i l e -up  o f  p u l s e s  o c c u r r e d  s i n c e  

t h e  f l a s h  f requency  had t o  be chosen  t o  a l l o w  a c o n t i n u e u s  



r$ 
b 

c y c l i n g  o f  t h e  o x i d a t i o n  s t a t e s  ad? bhe oxygen-evo lv ihg  complex 

(OEC) w i t h  minhnal '  d e a c t i v a t i o n  of  t h e  S s t a t e s . .  

The r e s p o n s e  o f  a  b a r e  p l a t i n u m  e l e c t r o d e  t o  O2 exchange 

i n  mar ine  a l g a e  ( a n d  more g e n e r a l l y  t o  any p l a n t  sample  i n  a n  

e l e c t r o l y t e  medium) is c h a r a c t e r  i s t i c  o f  t h e  e i e c t r o d ?  system. - 
- -  - 

The r e f e r e n c e  r e s p o n s e  o f  t h e  e l e c t r o d e / a l g a e  s y s t e m  is g i v e n  

- by tQe c u r r e n t  p u l s e  due t o  t h e  t h i r d  s a t u r a t i n g  microsecond 

l i g h t  f l a s h  f o r  d a r k - a d a p t e d  a l g a e ,  - i n c l u d i n g  .decay - - - o f  t'he - - - ' - - - - - - 

f 

p u l s e  t o  t h e  o r i g i n a l  b a s e l i n e .  The amount o f  O2 produced 

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

rd 
c a l c u l a t i n g  t h e  area under  t h e  c u r v e ,  which r e p r e s e n t s  t h e  t o - -  

- -  
t a l  c h a r g e  produced by  r e d u c t i o n  o f  0 at the c a t h o d e .  S i n c e  2 

f o u r  e l e c t r o n s  a r e  produced f o r  e a c h  molecule  o f  O2 rediSced 
- 

( i . e  n =  4~electro~s7Q2~);~theeneetO e v o l v e d  b p  p h o t o s y n t h e -  
2 

t ic  wate r  o x i d a t i o n  is g i v e n  by:  

8 

where QO = t h e  a r e a  u n d e r  t h e  O2 c u r v e  ( i n  C o u i o m b s ~ ,  
2 

' 
qe = e l e c t r o n i c  c h a r g e ,  and NA = .  ~ v o ~ a d r o ' s  number .- 9 
t h e  a r e a  under  the O2 exchange  c u r v e  t o  b e e r p r e s s e d  i n  Cou- 

lombs, t h e  v e r t i c a l  and h o r i z o n t a l  a x e s  must .be e x p r e s s e d  I n  

terms o f  O2 r e d u c t i o n  c u r r e n t  ( g e n e r a l l y  i n  P A )  and time. 
- 

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



The 

for  the 

partially resolved eiperimental U2 exchange pulses 

green algae, u.. were numerically deccrnvoluted - 
.by fitting the experimental curve  w i t h  the sum of time-shifted 

B 

single pulses derived f r m *  t h e  shape o f  t h e  rynfsrence , r e -  - 
sponue, proving dynamic lfnearlty of the  elect rode s y s t e m .  

This  allows q t & n t t f t c a t i o n  of t h e  n e t  amount of sxygcn pro--- -- - 

+ - 
duced per f l a s h  by multiplying t h e  refatPvc amplitude of e a c h  

% 

pul se  b y  t h e  amount sf Q2 produced during t h e  reference 

evolution. and does not account for O2 produced by water 

oxidation, but  consumed i n  Hehier r e a c t i o n s  b e f o r e  dl•’ fusing 

o u t  02 the algae. The photosynthetic unit size can a l s o  be 

determined by calculating the n e t  U2 e v o l v e d  for  one com- 

from four sa tura t ing  l i g h t  f l a s h e s ) .  For a-, t h i s  was 

determined to be 2 2 9 0  t 150 chl/U2. molecule, similar to t h a t  
- 

o f  with 2360' r 160 chl/02 molecule (Wishkind 
* %  

,. - and Ha'uzcrall, 1977 1 .  

The O2 consumption which is e v i d e n t  i n  Ylya when DCHU i s  

usdd t o  inhibit electron transfer  from PA to t h e  PO pool, 

reaches its waxlqum value a t  4 2  s af ter  the onset of 3 . 3  Hz 

f l a s h  illuaination. This mans t h a t  the O current  p u l s e s  i n  
2 

l f g h t  flashas do n o t  contain a signlficaat O2 uptake compon- 
- 

cnt. By t h e  f o u r t h  and E i f t h  flashes, however, the l i g h t -  

induced O2 consumption react ions i n  - do c o n t r i b u t e  - 



s i g n i f i c a n t l y  t o  t h e  m e a s u r e d  0 e x c h a n g e  rates. The f o r m  o f  
2 

t h e  O2 u p t a k e  s u g g e s t s  t h a t  a 1;-mited p o o l  o f  r e d u c t a n t s ,  a.q 

p l a s t o q u i n o l s  a n d  o t h e r  i n t e r s y s t e m  carr iers ,  is a v a i l a b l e  f o r  

o x i d a t i o n  b y  02. The c h a r g e  ( i n  C o u l o m b s )  p r o d u c e d  by n  

f l a s h e s  c o u l d  be d e t e r m i n e d  by t a k i n g  t h e  area  u n d e r  . t h e  DCMU- 
-- -- -- 

i n d u c e d  O2 u p t a k e  c u r v e ,  and d i v i d i n g  by t h e  c h a r g e  per e l e c -  
\ 

t r o n  w h i c h  g i v e s  t h e  number o f  e l e c t r o n s  t a k e n  u p  by  02. 

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

p r o d u c e  superoxide (0 7 )  and a n o t h e r  e l e c t r o n  t o  p r o d u c e  HZOZ 2 

T h u s  t h e  number o f  O2 m o l e c u l e s  (mo les )  consumed  in Mehle r  

react  i o n s  c o u l d  be d e t e r m i n e d .  

I f  t h e  n e t  O2 y i e l d  is p l o t t e d  a s  a f u n c t i o n  o f  f l a s h  

number ,  a f o u r - s t e p  s e q u e n c e  o f  0 exchange was o b s e r v e d  i n  2 

t h e  g e n e r a  w, Lamlnarla 
- 

- -  -- - - 

, w, U, a n d  Utero-. 
- --  -- - -- -- 

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

a n d  ~ h I ' - b r o p l a s t ~  'has  b e e n  d e m o n s t r a t e d  t o  j u s t i f y  i n c l u d i n g  a 

c o r r e c t i o n  f o r  O2 u p t a k e  in t h e  f o u r - s t e p  flash s e q u e n c e .  a 

S u b t r a c t i n g  t h e  DCMU-induced O 2  u p t a k e  c o m p o n e n t  f r o m  t h e  

m e a s u r e d  O2 e x c h a n g e  r e s u l t s  i n  a f o u r - s t e p  f l a s h  y i e l d  

s e q u e n c e  w i t h  s u s t a i n e d  o s c i l l a t i o n s  i n  y i e l d .  However,  
O 

C 
* .  

c o n s u m p t i o n  o c c u r s  i n  b o t h  PS I a n d  PS 11, a n d  t h u s  t h e  f l a s h  :,' 

y i e l d  s e q u e n c e  w h i c h  h a s  b e e n  c o r r e c t e d  for  PS I uptake is n o t  
-- 

1 i k e l y  t h e  same as  i f  PS71 O2 u p t a k e  is also c o n s i d e r e a .  

As well, flash y i e l d  s e q u e n c e s  o b t a i n e d  w i t h  P S  I 1  membranes 

c o n t a i n i n g  exogenous e l e c t r o n  acceptors may not be equivalent 

t o  O2 e v o l u t i o n  w h i c h  o c c u r s  when both photosyztees-are 



f u n c t i o n a l .  However, PS I O2 u p t a k e  is  most l i k e l y  l a r g e r  

t h a n  t h a t  o f  PS 11, t h u s  s u b t r a c t i o n  o f  t h e  PS I O2 u p t a k e  
-. - 

s h o u l d  g i v e  a  r e a s o n a b l e  a p p r o x i m a t i o n  t o  a c t u a l  O2 e v o l u -  

t i o n .  If  i t  were p o s a i U e  t o  i n h i b i t  PS I O2 u p t a k e  w i t h o u t  

a f f e c t i n g  O2 e v o l u t i o n ,  t h e  e f f e c t  o f  O2 consumpt ion  r e a c -  
- - 

t i o n s  on t h e n e a s u r e d - ~ a t e ~  o f  O2 exchange and t h e - i l a s h  

y i e l d  sequence  c o u l d  be  d e t e r m i n e d .  Vidaver  (1969;  1972)  h a s  
7 

shown t ,ha t  i n  ylva J o b a t a  under  c o n t i n u o u s  i l l u m i n a t i o n ,  h i g h  

h y d r o s t a t i c  p r e s s u r e s  (-5000-10,000 p s i )  r e s u l t  i n  i n h i b i t i o n  

o f  PS I O 2  u p t a k e  w i t h  l i t t l e  i n h i b i t i o n  o f  O 2  e v o l u t i o n .  

Using s h o r t ,  s a t u r a t i n g  l i g h t  f l a s h e s  t o  i l l u m i n a t e  y l v a  a. 

under  5000-10,000 p s i  h y d r o s t a t i c  p r e s s u r e ,  i t  may be  p o s s i b l e  

t o  e x p e r i m e n t a l l y  i n h i b i t  PS I O2 u p t a k e  w i t h o u t  s i g n i f i -  

c a n t 1  y a f t 3 e r i n i  t h e  - p r o c e s s  - -  - o f  - - -  O2 e v o l u t i o n .  T h i s  may - 

dm 

r e s u l t  i n  f u r t h e r  i n s i g h t s  i n t o  t h e  e f f e c t  o f  O2 u p t a k e  on  

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

. Many s t u d i e s  have  been pe r fo rmed  w i t h  y l v a  t o  i n v e s t i g a t e  

t h e  t r a n s i e n t  l i g h t - i n d u c e d  O 2  u p t a k e  u s i n g  c o n t i n u o u s  

i l l u m i n a t i o n  ( V i d a v e r  and French ,  1965; Cha.ndler and  Vidaver ,  

1 9 7 0 ) .  I f  t h e  t r a n s i e n t  DCHU-induced O2 u p t a k e  i s  s u b t r a c -  

t e d  'from t h e  O2 exchange  -curve ,  t h e  l a r g e  d i p  a t t r i b u t e d  by 

Vidaver  t o  PS I O 2  u p t a k e  is a b s e n t  IXVidaver a n d  French ,  

1965) .  The r e s u l t s  shown i n  F i g .  5 . 1 1  e s s e n t i a l l y  v e r i f i e s  

h i s  a s s u m p t i o n  t h a t  t h e  l a r g e  d i p  i n  O 2  exchange a f t e r  t h e  

gushf f  must be  m o s t l y  due  t o  a PS I -media ted  O2 u p t a k e .  

The e f f e c t  o f  a n a e r o b i o s i s  o n  t h e  mechanism o f  O 2  



evolution is still being widely debated. Generally, however, 
- - 

most researchers concur that lack of O 2  inhibits O2 evolu- 

tion, but the extent of the inhibition and the sites of inhibi- 

tion are not clear. Diner and Mauzerall C1973a,b) have shown 

that-anaerobiosis results in reduction of the PQ pool Ln the 

0 
dark, but this may not completely account for the inhibition 

\ 
L 

of O2 evolution in the absence of 0 2 ' 
Since continuous 

far red light superimposed on 0 . 2 5  Hz red flashes increased 
t 

the 0 yield under anaerobic conditions, dines and Mauzerall 
- - 2 

(1973a) attributed this increase to the oxidation of reduced 

PS I1 electron carriers by far red light. Thus, it is pos- 

sible that far red light flashes biven to algae in the absence 

of 02 will alter the anaerobic inhibition of O2 evolution. 
- - - - - - - - - - - - 

However, an attempt waspmade to do this using far red laser 

puls~es ( 7 0 5 - 7 2 0  nm), but the intensity was not sufficient to 

alter the anaerobic response from the control response in air. 
7 

The 0 exchange curves for under anaerobic condi- 2  

tions always show a small amount of 0 produced, even after 
2 

6 h of anaerobic exposure. For y l v a ,  it appears that O 2  is 

not required for water-splitting to occur. However, the pos- 

sibility that O2 could be bound to the s states and released 

at the onset - of illumination to catalyze the production of 

O2 can not be disregarded. Experiments by Radmer and Ollinger 

(1980a) using mass spectrometry have led them to suggest that 

under aerobic conditions in the dark, the Sl state of 
... 

spinach chloroplasts does not contain a bound intermediate 



4 
- 

z e  - 
- - - 

I 

- - - 

-- - - -  

o x i d a t i o n  produc t  o f  H Z O  The a u t h o r s  a l s o  s t a t e  t h a t  any 
- - 

a s s o c i a t i o n  between t h e  SO and S1 s t a t e s  and wate r  i n t e r -  \ 
media tes  would be s h o r t - l i v e d .  However, i t  is d i f f i c u l t  t o  \ 
e x p t r a p o l a t e  expe r imen ta l  r e s u l t s  o b t a i n e d  i n  a i r  t o  t h o s e  \ 

o b t a i n e d  under a n a e r o b i c  c o n d i t i o n s ,  where p l a n t s  ar-e under-- - 

O 2  s t r e s s ,  and t h u s  t h i s  p o s s i b i l i t y  should  be i n v e s t i g a t e d  

more thoroughly under a n a e r o b i c  c o n d i t i o n s .  \ 
Fur the r  s t u d i e s  should  be made on t h e  f l a s h  y i e l d  k i n e t i c s  

o f  r ed  a l g a e ,  e . g .  P o r ~ h v r ~  which show d i f f e r e n t  k i n e t i c s  \ 

t han  t h e  g reen  o r  brown a l g a e .  I t  would be i n t e r e s t i n g  t o  

determine-  i f  t h e  l a c k  o f  a  f o u r  s t e p  O 2  exchange p a t t e r n  i n  

e p r P h v r a  is due t o  v a r i a t i o n s  i n  O 2  e v o l u t i o n  o r  up t ake .  

The appearence of  a f o u r - s t e p  p a t t e r n  o f  n e t  O 2  exchange i n  
- - - -  -- 

-PorE>hvra under low G b i e f i  0 2  c o n c e n t r a t i o n  s u g g e s t s  t h a t  

d i f f e r e n t  mechanisms ( o r  l a c k )  o f  0  up take  may be o c c u r r i n g  
2 

under normal c o n d i t i o n s .  Degermination o f  t h e  l i g h t  i n t e n s i t y  

which is s u f f i c i e n t  t o  s a t u r a t e  oxygen-evolving c e n t e r s  should  

a l s o  prov ide  in fo rma t ion  on 0 exchange i n  P o r ~ h v r a ' a n d  
2  

e n a b l e  d e t e r m i n a t i o n  o f  whether pho to inh ib i t+on  is o c c u r r i n g  

under l i g h t  i n t e n s i t i e s  which p rov ide  normal r e s p o n s e s - i n  

g r e e n  and brown a l g a e .  



APPENDIX 

ADP 

CFO, CF1 

CHL, ~ h l '  

CY t 

DCMU 

Fd-Th-red 

kD 
_C 

LHC 

NADP 

NADPH 

LIST OF ABBREVIATIONS 

adenine dinucleotide phosphate 

adenine tr inucleotide phosphate - -  - 
coup1 ing factor components - - -  - - - - - -  

chlorophyll molecule C 

cytochrome 

3-( 3,4-dichloropheny1)-1,l-dimethylurea 

ferredoxin-thioredoxin reductase 

ferredoxin 
8. 

bound fyredoxin usually subscripted, e . g .  FDX, 

soluble ferredoxin -', 
--- - -- 

iron-sulfur protein 

ferredoxin-NADP reductase 

ferredoxin-NADP oxidoreductase 

kilodalton, 1 kD = 1000 g/mole 

light-harvesting 'complex 

active site of the oxygen-evolving complex - 
nicotinamide adeenine dinucleotide phosphate -- 
reduced nicotinamide adenine dinucleotide 

phosphate 

oxygen-evolving complex 

primary electron acceptor for photosystem I1 

4 secondary electron acceptor for photosys em 11 



p l a s t o c y a n i n  

PHEO, Pheo pheophyt in  
- 

phosphate  group (POg ) 

pho tosystem I 

photosystem I1 

PSU p h o t o s y n t h e t i c  u n i t  

'680 photosystem I1 r e a c t i o n  c e n t e r  pigment 

'700 photosystem I r e a c t i o n  c e n t e r  pigment - 

PQ p la s toqu inone  

RC r e a c t i o n  cen te r .  complex 

RuBP r i b u l o s e  b i s p h o s p h a t s  

n e t  oxygen y i e l d  f o r  f l a s h  number i 

Z primary e l e c t r o n  d g n o ~  t o  photosystem I1 
A - - -  - 

e l e c t ~ 6 c h e m i c a l ~ o t e n t i a l  d i f f e r e n c e  
/ 

b 

1 i p i d  molecule 
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