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A p u lsed  p o la ro g ra p h io  d e v io e  was b u i l t  f o r  m easurin g 
the  amount o f  oxygen evo lved  i n  p h o to sy n th e t ic  system s  
i l lu m i n a t e d  with  l i g h t  f l a s h e s .  The o x y g e n -y ie ld  sequence  o f  
C h l o r e l l a  s u s p e n s i o n s  under 30 ¡¿s f l a s h e s  a t  a r e p e t i t i o n  
r a t e  o f  2 Hz r e v e a l e d  th a t  the ex p er im e n ta l  o s c i l l a t o r y  
p a t t e r n  o f  the  y i e l d  v s .  number o f  f l a s h e s  can be d e s c r i b e d  
t h e o r e t i c a l l y  w ith  th e  l i n e a r  f o u r - s t e p  model (Kok’ s  m odel) 
w ith  the e x c e p t io n  o f  the h e i g h t  o f  the  y i e l d  a f t e r  the 
f i r s t  f l a s h .  The d e v i a t i o n  o f  th eory  and experim ent can be 
e x p la in e d  by the  d ark  r e l a x a t i o n  p r o c e s s e s  i n  the o x i d iz e d  
s t a t e s  ( S - s t a t e s )  o f  the w a t e r - s p l i t t i n g  enzyme, s in oe  
n ea r l y  h a l f  o f  th e  r e a c t io n  c e n t e r s  can be found i n  S - s t a -
t e s  h av ing  no p o s i t i v e  ac cu m ulated  oh arg es  in  d a rk -a d ap ted  
s y s te m s .  B ased  upon the homogeneous h y p o t h e s i s  f o r  the 
i n i t i a l  d i s t r i b u t i o n  o f  the t r a n s i t i o n  p r o b a b i l i t i e s  among 
the  S - s t a t e s ,  th e a v era g e  t r a n s i t i o n  p r o b a b i l i t i e s  a r e  1 0 , 
75 and 15% f o r  th e n o n - r e a c t i v i t y  ( m i s s e s ) ,  norm al r e a c t i -
v i t y  and d o u b l e - r e a c t i v i t y  ( d o u b l e - h i t s )  o f  th e r e a c t i o n  
c e n t e r s ,  r e s p e c t i v e l y .

In t ro d u c t i o n

Green p la n t  p h o to sy n th e s i s  p r im a r i ly  i m p l ie s  o x i d a t i o n - r e -  
d u c t io n  r e a c t i o n s  d r iv e n  by two l i g h t  r e a o t io n s  i n  s e r i e s ,  in  
two d i s t i n c t  s y s te m s , p hotosystem  I  (PS I )  and p hotosy stem  I I  
(PS I I ) ,  r e s p e c t i v e l y  ( P i g .  1 ) .  The l i g h t  i s  a b so rb ed  by l i g h t -  
- h a r v e s t i n g  p igm ents o f  th ese  s y s te m s , and the e x c i t a t i o n  energy 
m ig r a t e s  v i a  e x o i ton  t r a n s f e r  to  th e  r e a c t i o n  c e n t e r s .  The e x c i -
ted  r e a c t i o n  o e n t e r s  ( s p e c i a l  c h lo r o p h y l l - a  fo rm s) a re  a b l e  to 
d onate  an e l e c t r o n  to the primary a c c e p to r  m olecu le  (G or X ) ,  r e -
s u l t i n g  in  the prim ary ch a rg e  s e p a r a t i o n ,  i . e .  the d i r e c t  conver-
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P i g .  1 .  Z-scheme o f  g ree n  p la nt  p h o to s y n th e a ia ,  d e m o n st ra t in g  the 
i n t e r m e d i a t e s  a c c o rd in g  to  t h e i r  e s t im a te d  m id po in t p o t e n t i a l .  The 
v e r t i c a l  arrow s denote  the photochem ical  ch arge  a e p a r a t io n a  due 
to  the  a b a o rp t io n  o f  qu anta  hv i n  the  two p h oto sy s tem s . The 
f u r t h e r  arrows  show the  t r a n s f e r  o f  a s i n g l e  e l e c t r o n .  P700 and 
P6flo a r e  the primary d on o rs ,  X and Q the primary a c c e p t o r s  o f  

PS I  and PS I I  r e s p e c t i v e l y ;  M i s  the water s p l i t t i n g  enzyme
Z-schem at fo to s y n te z y  r o ś l i n  z ie l o n y c h .  S k ła d n ik i  ła ń cu c h a  t r a n s -
p or tu  e lek tronów  u łoż on e  w k o l e j n o ś c i  io h  p o ten cja łów  norm alnych. 
S t r z a ł k i  pionowe w sk a z u ją  fo toohem ic zne  r o z d z i e l e n i e  ładunku spo-
wodowane p och łonięc iem  kwantu hv w dwu f o to sy s te m a c h .  N astępne 
s t r z a ł k i  w sk azu ją  p r z en o sz e n ie  po jed yncz ego  e le k t ro n u .  P7q0 i  
Pg80 są  pierwotnymi d onoram i,  X i  Q -  pierwotnymi ak c ep toram i 

układów PS I  i  PS I I ; M -  enzym r o z s z c z e p i a j ą c y  wodę
Z -cxeMa $0T0CHHTe3a 3ejieHHx pacTeHHił. HHTepMenHaiu b nooiienoBa- 
TejibHOCTH nx HopMajibHhix tioTem;aajio b . BepTHicajibHhie CTpejiKH o6o3Ha^a- 
mT$0T0xnM}mecK0e pa3AeJieHHe 3apHąa BU3BaHHoro norjioąeHHeM kbć ih t o b 
hv b nByx (¡>OTOcacTeMax. Cjieflywąne cTpejiKH noKa3hiBajoT nepeHoc eąa- 
Horo ajieKipoHa. P700 u P680 h bjih k jt c h  nepBĤ HHMH noHopatui, X u Q 
nepBHtiHHMH aKueniopaMH PS I h PS I I ; M -  3H3HM paccąeiuiHionafl Boay

s i o n  o f  th e l i g h t  energy  i n t o  ch em ic al  e ne rg y ; PS I  prod uces a 
s t r o n g  re d u c in g  a ge nt  (NADPH), p er form ing  the f i x a t i o n  o f  C02 
i n t o  c a r b o h y d ra te s  and o x i d i z e s  the  poo l o f  p la s to q u in o n e  mole- 
o u l e a .  PS I I  o x i d i z e a  w a t e r ,  thereb y  e v o lv in g  oxygen and red u-
c i n g  the p la s to q u in o n e  p oo l.



Whereas the r e d u c t io n  o f  CÔ  to  c a r b o h y d r a te s  v i a  the C a lv in  
o y o le  h as  been c l e a r l y  e l u c i d a t e d ,  the path  o f  oxygen h as  t i l l  to 
be e x p la i n e d .  A lthough much e xp e r im en ta l  ev id enc e  h a s  been accu-r 
m u lated  a g a i n s t  l ig h t- i n d u o e d  w ater d e com p os i t ion  ( p h o t o l y s i s )  
and in  fa vo ur  o f  th e c h arg e -a oo u m u lat in g  sys tem  on the donor s id e  
o f  PS I I ,  the mechanism o f  02 e v o l u t io n  from HgO i s  s t i l l  
unknown 0

The p rese n t  work d e a l s  w ith  the q u e s t io n  o f  th e oxygen l i b e -
r a t i o n ,  and how the  tech nique  o f  p u l sed  p o la ro g ra ph y  and mathe-
m a t i c a l  a n a l y s i s  o f  th e  t r a n s i t i o n  p r o b a b i l i t i e s  between d if fe re n t 
o x i d i z e d  s t a t e s  o f  the  o xy g en -ev o lv in g  enzyme h a s  h e lp e d  us to  
g e t  a  ooherent view o f  the p r o c e s s e s .

Oxygen p o la ro g ra p h

The p r i n c i p l e  o f  the p o la ro g r a p h ic  c e l l  ( P i g .  2 )  i s  s i m i l a r  
to  th a t  d e sc r i b e d  by J  o 1 i  o t  and J o l i o t  [ 3 ] .  A 
d rop o f  a l g a l  s u s p e n s io n  i s  hom ogeneously s p re a d  on a p latinum  
e l e c t r o d e .  In  o rd er  to  a t t a i n  a s i n g l e  l a y e r  o f  c e l l s ,  the Chlo- 
r e l l a  c o n c e n t ra t io n  sho uld  be a d j u s t e d .  In  a chamber o f  0 .1 5  mm
~ ” Q 1
th i c k n e s s  with  an a l g a l  c o n c e n t r a t i o n  o f  4 .5 * 1 0  c e l l  ml , a 
m onolayer i s  formed on the e l e c t r o d e  a f t e r  the o e l l s  s e t t l e  to  
the  bo ttom . T h is  can  be checked v i s u a l l y  ( th e  c o lo r  o f  the e l e c -
t r o d e  sho uld  be f a i n t l y  g r e e n ) ,  e l e c t r i c a l l y  ( th e  e l e o t ro d e  r e s -
ponse sh ou ld  be s te a d y  w ith in  s e v e r a l  %  a f t e r  15 min o f  s t a b i -
l i z a t i o n ) ,  or m i c r o s c o p i c a l l y .  The a l g a l  s u s p e n s io n  i s  covered 
w ith  a  c e l lo p h an e  membrane. Between t h i s  membrane and a p l e x i -
g l a s s  c o v er ,  th e c u l t u r e  medium f l o w s .  The medium c o n t a in s  2 M KC1 
to  en sure  s u f f i c i e n t  e l e c t r i c  c on d u ctan c e .  A c o n st a n t  oxygen con-
c e n t r a t i o n  i n  the  chamber i s  en sure d  by an e q u i l ib r i u m  between 
the oxygen u ptak e  by the a l g a e  and th e oxygen sup p ly  by the f l o -
wing b u f f e r .  The g l a s s  window on th e cover r e n d e rs  p o s s i b l e  i l l u -
m in at io n  with  a Xe f l a s h  tube  o f  ab ou t 30 p s  f l a s h  d u r a t io n  and a 
r e p e t i t i o n  r a t e  o f  2 Hz.

The w ir in g  d iag ram  o f  the a p p a r a tu s  c o n s i s t s  o f  th r ee  main 
p a r t s  ( P ig .  3 ) .  The f i r s t  p a r t  e n s u r e s  the s u i t a b l e  v o l t a g e  
( - 0 .7  V) fo r  O ^ -d e p o s i t io n  by p o l a r i z i n g  the  p lat in um  e le o t r o d e  
w ith  r e s p e c t  to  the Ag/AgCl e l e c t r o d e .  T his i s  a c h ie v ed  with  a
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com m ercia l i n t e g r a t e d  o p e r a t i o n a l  a m p l i f i e r  ( F a i r c h i l d ,  709 ) with  
f u l l  fe ed -b a c k  (1 a m p l i f i c a t i o n ) .  From an e l e c t r i o a l  po int  o f  
v iew , the  i l l u m i n a te d  p o la ro g ra p h ia  c e l l  oan be c o n s id e r e d  a  cur-
r e n t  g e n e r a t o r .  The s m a l l  c u r re n t  through the m ea sur in g  d ev ioe  
i s  tra ns form ed  i n t o  e l e c t r i o  v o l t a g e  v i a  a c u r r e n t - t o - v o l ta g e  
c o n v e r te r ,  an o p e r a t i o n a l  a m p l i f i e r  with  low b i a s  c u rre n t  ( F a i r -  
o h i l d ,  74 0,  2 nA), i n  the second  p a r t  o f  the  d ia g ra m . In  o rder  
to  m easure only  the  f l a s h  r e sp o n s e  o f  the  p o la ro g ra p h ,  i . e .  to  
a v o id  the d e t e c t i o n  o f  the s lo w er  v a r i a t i o n s  o f  th e  oxygen con-
c e n t r a t i o n ,  a d i f f e r e n t i a l  a m p l i f i e r  ( F a i r c h i l d ,  7 4 1 ) i s  connec-
te d  w ith  the p r e v io u s  s t e p .  The s i g n a l  i s  fe d  i n t o  a  m ult ic h an -
n e l  a n a ly z e r  (K FKI-sys tem , NTA 512) where i t  oan be s t o r e d .  The 
s i g n a l - t o - n o i s e  r a t i o  oan be im proved by r e p e t i t i o n  o f  the  mea-
su rem ent .

The u n i c e l l u l a r  g reen  a l g a e  ( C h l o r e l l a  p y re n o i d o s a , Ch ick - 
- s t r a i n  Emerson 3) were grown and h a r v e s te d  under s ta n d a rd  con- 
d i t i o n s :  4 mW/cm l i g h t  f l u x ,  Tamiya c u l t u r e  medium a t  room 
tem p e ra tu re .

R e s u l t s

F ig u r e  4 d e m o n st ra te s  a  t y p i c a l  O ^ -e vo lut io n  p a t te r n  (Yn ) o f  
d a rk -a d a p te d  C h l o r e l l a  c e l l s  exp osed  to  a  s e r i e s  o f  30 jxs 
l i g h t  f l a s h e s  sp ac ed  0 .5  a a p a r t .  S e v e r a l  i n t e r e s t i n g  o b se rv a -
t i o n s  can  be made. The most s t r i k i n g  f e a t u r e  i s  the  o s c i l l a t o r y  
b eh a v io r  o f  the 0 2- y i e l d  with  a p e r i o d i c i t y  o f  fo u r  which d i s a p -
p e a r s  a f t e r  3 or 4 p e r io d s  due to  a s t r o n g  dam ping. S i m i la r  r e -
s u l t s  were o b ta in e d  f i r s t  by J  o 1 i  o t  e t  a l .  [4  ] and c o r -
r o b o r a t e d  l a t e r  by o th er s  ( s e e  e . g .  [ 5 ] ) .  A ft e r  the f i r s t  and 
the  second f l a s h  p r a c t i c a l l y  a n e g l i g i b l e  amount o f  oxygen co uld  
be d e te c t e d  (Y1 “  Y^ “  0 ) ,  and the  f i r s t  maximum a p p e a rs  not 
a f t e r  the  3rd f l a s h  but a f t e r  the 4th  one. The f u r t h e r  maxima 
oan be found a f t e r  the 8 th  and 12th  f l a s h e s ,  and the minima 
a f t e r  th  6th  and 10th  f l a s h e s .  The s te ad y  s t a t e  0^ e v o lu t io n  Ygg 
i s  a t t a i n e d  a t  the  14th or 15th  f l a s h .

In  o rd er  to  check whether the f l a s h  energy i s  h ig h  enough to 
s a t u r a t e  tho oxygen e v o l u t io n ,  the above m easurements were c a r -
r i e d  out under the  same ex p er im e n ta l  c o n d it i o n s ,  but w ith  a t te n u -



P i g .  4 .  Oxygen e v o lu t io n  i n  d ark a d a p ted  C h l o r e l l a  o e l l a  i l l u m i -
n a te d  by a  s e r i e s  o f  30 p s  s a t u r a t i n g  f l a s h e s ,  a s  fu n c t io n  o f  
f l a s h  number. Yss means the  s te a d y  s t a t e  oxygen e v o lu t io n  under 
f l a s h e s  with  d i f f e r e n t  i n t e n s i t i e s  ( i n  a r b i t r a r y  u n i t s ) :  •  -100%,

x - 62%, 0 -30% and a - 141̂
Wytwarzanie t l e n u  p rzez komórki C h l o r e l l a  adaptowane do oiemno- 
ś c i ,  o św ie t lon e  s e r i ą  30 ^sekundowych błysków n a sy c a ją c y c h  w z a -
l e ż n o ś c i  od l i c z b y  błysków. Yss ozn ac z a  s ta c jo n a r n y  poziom wy-
tw a rz an ia  t l e n u  w odpowiedzi na b ł y s k i  o r óż n e j  in ten sy w n o ści  (w 

je d n o stk a c h  umownych): •  -  10O/o, x -  62$ ,  o -  30%, a -  14%
O ó p a 3  0B a H H e  K H C ^ o p o ^ a  b K J ie T K a x  C h l o r e l l a  n p H c n o c o f i j i e H H u x  k  T e M -  
H O T e , o o B e m e H H u x  c e p e i i  3 0  Minc Hacuinaiomax B c n u r a e K ,  b i |)yH K i;H n  U H C Jia  
BcnumeK. yss 0Ó03HauaeT cTaunoHapHoe 0<5pa30BaHne KHCJiopo^a Bcnum- 
K aM H  p a 3 H 0 S  H H T eH C H BH O C TH  I ip 0 H 3 B 0 J I b H H e  eHHHHUH •  -  1 0 0 % ,  X  -

6 2 % ,  o - 3 0 %  h  a  -  1 4 %

a te d  f l a s h  en e rg y . The p a t te r n  does not change s i g n i f i c a n t l y :  
the  p e r i o d i c i t y  and th e l o c a t i o n s  o f  th e maxima and minima a r e  
p r e se r v e d  -  ex c ep t  f o r  a sm a l l  s h i f t  o f  the t h ir d  maximum in  the 
o a se  o f  the s m a l l e s t  en erg y . The l i g h t - s a t u r a t i o n  c urve  o f  the  
s t e a d y - s t a t e  oxygen e v o l u t io n  i n d i c a t e s  th a t  th e h i g h e s t  f l a s h  
i n t e n s i t y  ( 100% in  r e l a t i v e  u n i t s )  can  be s a t i s f a c t o r i l y  c o n s i -
d e red  a s  s a t u r a t i n g .



The O g -y ie ld  sequenoe  o f  C h l o r e l l a  grown under syn chronized  
(16 h l i g h t  and 8 h d ark )  and a sy nc h ro n iz ed  c o n d it i o n s  was p ra c -  
t i o a l l y  unchanged.

I t  was found th a t  the r a t i o  ^4 /^ 3  was vo!ry s e n s i t i v e  to  the 
d a r k - a d a p ta t i o n  o f  the a l g a e .  When the sam ple was k ept in  d a rk -
n e s s  f o r  30 s  a f t e r  s tea d y  f l a s h i n g ,  Y^ became e q u a l  to, or even 
g r e a t e r  than Y^ i f  the  time f o r  d a r k - a d a p ta t io n  was l e s s  than 30 s.

The O g -response  d id  not fo l lo w  the  e x c i t i n g  f l a s h  prom ptly ,  
bu t had a  d e lay  o f  about 15 ms, in  good agreem ent with  the f i n -
d in g  o f  Z a n k e 1 [10  ] b a sed  on d e lay ed  f l u o r e s c e n c e  measu-
rem e n ts .

D i sc u s s io n

The k i n e t i c  prop erty  o f  the  damped o s c i l l a t i o n  can be 
s u c c e s s f u l l y  e x p la in e d  by a l i n e a r  f o u r - s t e p  m ode l, f i r s t  i n t r o -
duced by K o k e t  a l .  [ 6 ] .  A ccord in g to  t h i s  m odel, each PS I I  
c e n tr e  oc o up ie s  c y c l i c a l l y  f i v e  s t a t e s ,  S Q- S 4 > a s s o c i a t e d  with  
the ac cu m u la tio n  o f  fo u r  p o s i t i v e  c h a r g e s ;  the  s u b s c r i p t s  r e f e r  
to  the number o f  p o s i t i v e  o x i d i z in g  e q u iv a l e n t s  s t o r e d  on the 
" S " -c o m p l e x .  The t r a n s i t i o n  from one B ta t e  to  the next r e q u i r e s  
the a b s o r p t i o n  o f  one photon :

S in c e  the O g-resp onse  f o l lo w s  15 ms a f t e r  the  f l a s h ,  one can argue  
t h a t  the t r a n s i t i o n  from one s t a t e  to  an o th er  o c c u rs  v i a  a m eta-
s t a b l e  s t a t e  w ith  a r a t e  c o n sta n t  k * (15  ms)- 1 . To e x p l a i n  the 
damping in  the o s c i l l a t o r y  p a t t e r n ,  Kok assum ed th a t  even with  
s a t u r a t i n g  f l a s h e s ,  a c e n te r  h as  a sm a l l  p r o b a b i l i t y  o f  not r e a c -
t i n g  ( " m i s s e s " ) .  Depending on the  f l a s h  d u r a t io n ,  th e re  i s  a 
g iv e n  p r o b a b i l i t y  f o r  a c en ter  to  r e a c t  tw ic e  ("d o u b le  h i t s " ) :



a ^ ,  (3̂  and Yj_ d en ote  the p r o b a b i l i t i e s  o f  m i s s e s ,  normal r e a c -
t i o n s  and d oub le  h i t s ,  r e s p e c t i v e l y .  The q u a n t i t a t i v e  a n a l y s i s  
o f  Kok’ s model was f i r s t  e l a b o r a t e d  by D e l r i e u [ l ,  2 ],  
and l a t e r  d eve loped  by L a v o r e l  [ 7 ] ,  L a v o r e l  and 
l e m a s s o n  [ 8 ] and T h i b a u l t  [ 9 ] .  In  the  q u a n t i-
t a t i v e  t re a tm e n t ,  Kok’ s model i s  c o n s id e re d  a M a r k o ff - p ro c e ss .  
The e f f e c t  o f  a  f l a s h  may be d e s c r i b e d  a s  the o p e r a t io n  o f  a  ma- 
t r i x  K on a s t a t e  v e c to r  S'- r e s u l t i n g  in  a  new s t a t e  vec -
to r  S<n+ 1 >:

s (n +1 ) „  g s ( n ) .  ( 1)

The components o f  a r e  d e f in e d  a s  the r e l a t i v e  concentrations
o f  c e n t e r s  in  s t a t e s  SQ , S^ ,  S 2 and a f t e r  n f l a s h e s ,  and 
the  e lem ents  o f  R a r e  the t r a n s i t i o n  p r o b a b i l i t i e s  between d i -
f f e r e n t  s t a t e s :

0 0 *2 Æ 3
(30 a , 0 r 3

*0 0 l 04 0

0 T 1 (32 a 3

L e t u s  f o c u s  our a t t e n t i o n  to  th e f o l l o w in g  th re e  im p ortan t 
q u e s t i o n s .  1.  How to  d eterm ine  the t r a n s i t i o n  e lem e n ts?  2 . I s  
the  m atrix -m od el  a p p r o p r ia te  o r n o t?  3.  What can  be s a i d  about 
the  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 ?

Ad 1 and 2 .  U n f o r tu n a te l y ,  the  d i r e c t  d e te rm in at io n  o f  the 
m a t r ix  elem ents  o f  K in  Eq . ( 1 ) i s  not p o s s i b l e .  However, fou r  
q u a n t i t i e s ,  w ith  l i m i t e d  c on tent  o f  in f o r m a t io n ,  a r e  r e a d i l y  de-
r i v e d  from the ex p er im e n ta l  d a ta  (Y v a l u e s ) .  The g e n e r a l  r e c u r -
re n c e  law deduced from the e ig e n v a lu e  problem o f  th e m atr ix  K 
(Kx = Xx)  i s

V i  -  d, • V 3 + d2 • -  «3 • V i  � v  -  0 .  ( 3 )

where , e»2 , anc* ^4 a r e  q u a s i s y m m e tr ic a l  f u n c i t o n s  o f  the 
t r a n s i t i o n  c o e f f i c i e n t s .  A c c ep t in g  the homogeneous h y p o th es i s  
(oijL = a , (3i  = ¡3 and = f), they can be e x p r e s s e d  a s



d, = ¿ a  ,

d2 = 6 « 2  -  2 *  2 , ^ _  (4 )

dj = 4ot3 -  U | 2 + 4 ( 3 2 ,
du = a u - ¡34 +� y 4 - 2 c i 2 y 2 + 4 a ( 3 2tf.

The d^ ( i  = 1, 2 ,  3» 4 )  v a l u e s  can be d i r e c t l y  c a l c u l a t e d  
from  the e xp er im en ta l  sequence Yn : they a re  the s o l u t i o n s  o f  a 
sys tem  o f  four  l i n e a r  e q u a t i o n s ,  where f i v e  c o n s e c u t i v e  Y^ va-
l u e s  en ter  each e q u a t io n  a s  c o e f f i c i e n t s .  The c a l c u l a t i o n s  can 
be c on ven ien t ly  perform ed on a programmable pock et c a l c u l a t o r  
(T ex a s  In s t ru m en ts ,  SR 52) and the r e s u l t s  a re  g ive n  in  T ab le  1 . 
The numbers (n ) in  the f i r s t  column denote the s t a r t i n g  v a lu e s  
o f  the t r a i n s  o f  f l a s h e s  a p p l i e d  f o r  c a l c u l a t i o n  o f  d^ in  Eq.

( 3 ) .  The l a s t  column c o n ta in s  the d i “  d 2 "  d3 ”  dA v a l u e s  ca_ 
l c u l a t e d  from d i f f e r e n t  t r a i n s  o f  f l a s h e s .  T h is  e x p r e ss i o n  s e r v e s  
a s  a r e l a t i v e l y  s im ple  method f o r  ch eck ing  the v a l i d i t y  o f  the 
m odel: i t  sh ould  a lw ays  be equ al  to  1 , a s  X  = 1 i s  an e ig e n va -
l u e  o f  the m atr ix  K. A very s u r p r i s i n g  o b s e r v a t io n  i s  th a t  the 
f i r s t  f l a s h  a c t s  in  a s p e c i f i c  way not c o n s i s t e n t  with  the model. 
The e f f e c t s  o f  the f o l l o w in g  f l a s h e s  (up to the 8 t h ) ,  however, a re  
i n  r ea so n a b ly  good agreem ent w ith  the m odel. I f  n S  8 , we a g a in  
g e t  d e v ia t i o n  from  the p r e d ic t i o n s  o f  Kok’ s m ode l;  t h i s  d i s c r e -
pancy , however, can be a t t r i b u t e d  to the in a c c u ra c y  o f  the mea-
surem ent in  t h i s  domain, m ain ly  due to  the s t r o n g  damping. The 
r e a s o n  f o r  the d e v ia t i o n  o f  the  f i r s t  f l a s h  b eh a v ior  i s  unknown. 
S i m i l a r  c o n c lu s io n s  can be drawn from the a n a l y s e s  o f  L a v o- 
r  e 1 [ 7 ] and T h i b a u l t  [ 9 ].

The problem o f  c a l c u l a t i o n  o f  th e  t r a n s i t i o n  p r o b a b i l i t i e s  
from  the d^ v a l u e s  ( E q .  ( 4 ) )  a r i s e s  from the n o n - l in e a r  and 
overd eterm ined  p r o p e r t ie s  o f  th e e q u a t io n s  (even  a n o rm al iza -
t i o n  r e l a t i o n ,  a  + (3 + y  = 1, sh ou ld  be con nected  with  the 
s e t  o f  e q u a t io n s  under ( E q .  ( 4 ) ) .  A g r a p h i c a l  optimum c a l c u l a -
t i o n  was c a r r i e d  out to  o b ta in  the  a verag e  t r a n s i t i o n  p r o b a b i l i -
t i e s :  a  = 0 .1 0 ,  ¡3 = 0 .7 5  and f  = 0 . 1 5 .  Wot a l l  th e quanta o f  
l i g h t  ab sorb ed  by the  sys tem  advance the S - s t a t e s  fo rw a rd . There 
i s  an i n e f f i c i e n c y  o f  a p p rox im ate ly  10$ ,  which c orre sp o n d  f a i r l y  
w e l l  to  the v a lu e  o b ta in e d  by o th e r s  [ 7 ] w ith  s im u la t io n  methods.

Ad 3 .  As r e g a r d s  the S - s t a t e  d i s t r i b u t i o n  o f  the  d ark -a d ap -
te d  c e l l s  we r e f e r  to  P ig .  4:  no O g -resp onses  c o ul d  be d e te c te d



T a b l e  1

V a lues o f  S d e r iv e d  from Eq . ( 3 )  u s in g  t r a i n s  
o f  f l a s h e s  s t a r t i n g  w ith  the n - th  f l a s h

W arto ści d^ S otrzym ane z równania  (3 )  d l a  s e r i i  błysków 
poc zy n ając  od n - te g o  b łysk u

BejimiHHbi d^ S nojiyueHHwe o ypaBHem w ( 3 )
Aj ih  pa^a  BcnaneK Ha^HHaioinerocH c n-ioii bc id ju ikh

n dl d2 i dj di d1_d2+d3~d4
2 ,  3 , 4 , 5, 0-46 6 -0-0 4 7 0-128 -0-34 7 0-9 88
3 , 4 ,  5, 6 , 0-4 22 -0-0 8 3 0-097 -0� 390 0-993
4 , 5 , 6 , 7 , 0-376 -0-1 1 7 0-094 -0 -4 1 0 0-998
2 ,  4 ,  6 , 7 , 0 -39 3 -0 -02 4 0 -22 8 -0-3 4 3 0-9 88

© ,  2 , '3 ,  4 , 0-442 -0 -3 6 8 0-1 85 -0-4 43 1-437
© ,  3, 5 ,  7 , 0 -0 8 8 -0 -7 4 9 0 -11 3 - 0-248 1-198
© ,  4 ,  5 , 6 , 0-127 -0-52 2 0-1 50 -0-041 0 -83 9

5, 6 , 7 , ( 8 ) , 0-547 -0-1 1 5 0-1 5 9 -0-0 9 2 0-893
6 , 7 , ® , © , 0-561 -0-1 5 9 0 -246 -0-2 4 0 1-205
7 , © , © , © , 0 -44 4 -0 -0 6 8 0 -150 -0-4 5 7 1-117
2 , 5 , 7 ,  ©  , 0-3 19 -0-1 74 0-2 6 6 -0-1 1 8 0-876

a f t e r  the f i r s t  and the second f l a s h e s :

Y1 = Y2 = 0 ,  ( 5 )

a d d i t i o n a l l y

* 3  = (1 - a ) 2 (1 -  s £ o ) ) ( 6 )

and

Y4 = (1 - a ) 3 S< °>  + 3a( 1 -  a ) 2 (1 -  s £ ° > )  (7 )

may be d e r iv ed  from Eq . (1 )  u s in g  the homogeneous h y p o th e s i s .  Frcra 
th e  l a s t  two e q u a t i o n s  the f o l lo w in g  e x p re ss io n  i s  deduced:



S u b s t i t u t i n g  th e e xp e r im e nta l  d a ta  (Y^/Y^ = 0 . 9 ) .  we o b ta in
0 .4 7  and 0 .53  f o r  s £ 0 '  and f o r  S ^ ° \  r e s p e c t i v e l y  ( s i 0  ̂ and/ _ N O I ^
S^ '  a r e  eq ual  to  0 a c oo rd in g  to  Eq . ( 5 ) ) .  T h is  would mean th a t  
p r a c t i c a l l y  h a l f  o f  the o e n te r s  a r e  i n  s t a t e  S Q and h a l f  in  S^ in  
a  d a r k - a d a p ted  sam p le .  The r e l a t i v e l y  h ig h  r a t i o  S ()/ S 1 we obtained 
can  be a t t r i b u t e d  e i t h e r  to  a  thorough d a r k -a d a p t a t i o n ,  or to  
some s p e c i a l i t y  o f  the  o xy g en -ev o lv in g  sys tem  o f  our C h l o r e l l a  
s t r a i n ,  or more s p e c i f i c a l l y  to  the  r a p i d  r e l a x a t i o n  p r o c e ss e s  o f  
th e  h ig h e r  S s t a t e s .
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Skonatruowano u r z ą d z en ie  do b a d an ia  metodą p o l a r o g r a f i i  im-
pulsow e j i l o ś c i  t le n u  wytwarzanej w uk ła d ach  f o to s y n te ty c z n y c h  o-  
sw i e t la n y oh  bły sk am i ś w i a t ł a .  O k reś lono  sekwenaję w yd a jn ośo i  t l e -
nowej z a w ies in  C h l o r e l l a  o św ie t la n y c h  błysk am i 30-psekundowymi 
powtarzanymi z c z ę s t o ś c i ą  2 Hz i  s tw ie rd z on o ,  że sek w encja  t a k a  
może być o p isa n a  te o r e t y c z n i e  z a  pomocą l in iow eg o  modelu c z t e r o -  
etapowego (model K ok a ),  k tóry  jed n a k  n ie  d a j e  w łaśo iwych przew i-
dywań w y d ajn ości  t le n u  po pierwszym b ły s k u . O dchylen ie t e o r i i  od 
ek sperym entu sp o łec z n eg o  może być w yjaśn ion e  p rocesam i r e l a k s a c j i  
oiem nej w s ta n a c h  u t le n io n y c h  ( s t a n a c h  S )  enzymu r o z s z c z e p i a j ą c e -
go wodę, gdyż s tw ierd z o n o ,  że prawie  połowa centrów r e a k c j i  o 
s t a n a c h  S0 w u k ład a oh  adaptowanych do c iem nośo i n i e  p os ia d a  na-
gromadzonych ładunków d o d a tn i ch .  W o p a ro iu  o h i p o t e z ę  homogennego 
ro z k ła d u  początkowego prawdopodobieństw p r z e j ś ć  pomiędzy s tan am i  
S otrzymano n a s t ę p u ją c e  p r z e c ię tn e  prawdopodobieństwa p r z e j ś ć  po-
między centram i r e a k o j i :  10% d l a  n ier ea k ty w n ośc i  ( c h y b i e n i a ) ,  75# 
d l a  norm alnej rea k ty w n ośc i  i  15% d l a  podwójnej re ak ty w n ośc i  (po-
dwójne t r a f i e n i a ) .
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