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%UMMARY 

The re la t ionship  between the ra te  of ()e evolut ion and the corresponding 
concentra t ion of Sys tem II  act ive centers  E has been s tudied in "S t a t e  i "  and in 
"S t a t e  2". No var ia t ion  of a (fraction of absorbed light cap tu red  by  Sys tem II) could 
be observed.  The t)henomena shown by" BONAVENTURA AND MYERS (Biocktm. Iiioffk3's. 
..iota, *80 (I96q) 366) may  be in te rpre ted  bv an increase of the appa ren t  equi l ibr ium 
constant  between the two photoreac t ions  I I  and I when the algae are i l luminated  at  

05o rim. 

INTROI)I~CTION 

BONAVENTURA AND [IdYERS I have shown a change in the ra te  of 0 2 evolut ion 
associated with a change of the fluorescence yield during a long i l luminat ion at  a 
wavelength  where Sys tem II absorbs  no tab ly  (" l . igh t  2" :65o  nm, for example) .  
These authors  have called "S t a t e  x" the s ta te  of algae after  darkness  or af ter  a pre- 
i l luminat ion at a wavelength essent ial ly  absorbed by  System I ( "Light  I " : 7 o 5  nm, 
for example)  and "S t a t e  2" the s ta te  of algae af ter  a hmg Light  2 pre i l luminat ion.  
To explain the phenomena  which they  observed,  they  proposed tha t  Light  2 brings 
about  a decrease of ~. ( that  is the fract ion of absorbed quan ta  of a given wavelength 
del ivered to System II) by  affecting p igment  d is t r ibut ion.  

In ref. _~, we made  some remarks  in agreement  with this hypothesis .  However,  
we decided to submi t  this hypothes is  to a supp lemen ta ry  exper imenta l  test  by 
measur ing a p a r a m e t e r  tha t  was lacking in the exper iments  of BONA\'ENTURA AND 
M\q~.Rs: the re la t ionship  between the ra tes  of ()~ evolut ion and the concentra t ion of 
act ive centers  of Sys tem II,  E (measured by the ()~ "microburs t "  brought  about  by a 
short  flash of sa tu ra t ing  light). 

METH()I) AND MATERIAL 

()~ exchange was measured  using a concen t ra t ion- type  bare electrode as de- 
scribed in ref. 2 with tile addi t ion  of an electronic flash. ]~xperiments w e r e  per- 
formed with Cklordla AvreJwidos'a in the cul ture  medium (2oo/~g chlorophyl l  per  ml) 
at  2o ' .  The algae were grown as previously  described". 
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1 , 2 X I ' I , t I < I M E N T 5 ,  R I : . S U I . T S  A N 1 )  1 ) I S C U S S I O N  

W e  have  s t u d i e d  the  r e l a t i o n s h i p  b e t w e e n  the  r a t e  of ()e evolut io l l  (Vo~) and  

the  c o r r e s p o n d i n g  c o n c e n t r a t i o n  of E in S t a t e  I a n d  S t a t e  2. As s h o w n  by  JoLio ' r  a, 

t he  r e l a t i o n s h i p  is no t  l inear :  

e (I) V°2 = J(l[9~ii l - -  p + ep 

i.e. t he  r a t e  of O~ ewf lu t ion  d e p e n d s  on th ree  fac tors ,  i ( the  a b s o r b e d  l ight  in t ens i ty ) ,  

~. a n d  e ( re la t ive  c o n c e n t r a t i o n  of E m e a s u r e d  by  the  f lash);  k~i is t he  q u a n t u m  

yie ld  of P h o t o r e a c t i o n  II  a n d  /5, t he  p r o b a b i l i t y  f ac to r  of e n e r g y  t r a n s f e r  b e t w e e n  

S y s t e m  I I  t r a p s  (~_ o.5). This  r e l a t i o n s h i p  is d r a w n  on Fig. I. 

0 . 8  - -  

0.6-  

/ 

0"2 i /  

¥ I state 1 or 2 )  
Vnlax (state 1 } 

I 
I 

1 I h L I,.e 
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l:it~. 1. ('urve *'/Vmax aS a function of E in State i mid in State 2. ()pen s\mbols I. , . Lll ill 
State [, closed s y m b o l s  ( Q ,  A ,  • ) in State 2 ; ~, O, at/~5o n m ; ± / t ,  at OSo nm; 'j  • ,  at o~)o nm: 
Jr, data obtained for (~8o ] m  ~, during a long USo-nm preillumination. The same maximum values 
of e' ~[11(l U/UII la  x w e r e  obtained ttt 705 i1113 ill State [ and 2. a, curve if there is no variation of 
a ( l ~  o); b, curve if {~ o.[; c, curve if 1:¢ = o.2. ('hlorella, 2oo ,"k chlorophyll per m]. 
2 0  , Hir .  

The  e x p e r i I n e n t a l  m e a s u r e m e n t s  were  ca r r i ed  out  in the  fo l lowing m a n n e r .  

S t a t e  I was  o b t a i n e d  by  keep ing  tile algae in d a r k n e s s  or p r e i l l u m i n a t i n g  the ln  wi th  

l o w - i n t e n s i t y  7o5 -nm light ,  in b o t h  cases du r ing  a b o u t  IO-3o rain. Then ,  a f t e r  a 

r a t h e r  s h o r t  i l l u m i n a t i o n  (z 5 sec to  I rain) of d i f fe ren t  w a v e l e n g t h s  (65o , (~8o, 0qo 

a n d  7o5 nm) ,  g iv ing  equa l  r a t e s  of O 2 ew) lu t ion ,  E was  m e a s u r e d  by  s a t u r a t i n g  

f lashes  a n d  the  r a t e  of O~ emiss ion  was  o b t a i n e d  by  s u b s t i t u t i n g  to t he  c o n t i n u o u s  
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i l l umina t ion  a re fe rence  l igh t  at  650 n m  for 3 sec. F o r  S t a t e  2, before  a p p l y i n g  the  

i r r a d i a t i o n  a b o v e  descr ibed ,  we p r e i l l u m i n a t e d  the  a lgae  for IO min ,  a t  65o n m  wi th  

a l igh t  in the  s a m e  range  of ene rgy  as t h a t  used  by  BOXAVENTURA AND M¥I~RS ~ 
(25oo ergs .  cm 2-see 1) o r  s l igh t ly  h igher  (up to 5ooo e r g s - c m  2. sec 1). This  schedule  

is sumina r i zed  be low:  

Period :\ 

Conditions to obtain 
State x or State e 

Period 13 
Light wavelength ,:. 

15 sec-  r rain I 

Flashes 

Time . . . .  

~leastlreI1]ellt: 3 sec 
05o-nm light 

. . . . . .  - - +  

The  va lue  of e is p r e d e t e r m i n e d  b y  Pe r iod  B and  the re fore  we measu re :  

4;.) 
Vo. = kl,. ~(650 nm) .  i(650 nm)  1 - p + e(.;t)p (2) 

where  ), is the  w a v e l e n g t h  (650, 68o, 60o and  7o5 nm) in Pe r iod  B. 
So the  differences be tween  the  ra tes  d e p e n d  on ly  on the  c o n c e n t r a t i o n  e (2), 

which has no t i m e  to change  du r ing  the  3 sec of i l l umina t ion  a t  65o n m  (ref. 3), and  

on ~., on ly  in the  hypo thes i s  where  :,. (650 urn) var ies  be tween  S t a t e  2 and  S t a t e  I. 
% ..... the  maximun~ va lue  of vo2 (see Fig. i) is o b t a i n e d  when  e ~ I,  i.e. a f t e r  

i l l umina t ion  wi th  L igh t  I (2 = 7o5 nm) and  in S ta t e  I. 
I-}ONAVEYTCRA AXD MYERS exp la in  the i r  resul ts  bv  a r e l a t i ve  decrease  of 

of o . i :  if th is  is t rue,  we should  ob t a in  s imi lar  curves  v / v ,  .... - - f ( e )  (Eqn.  I) in S t a t e  I 
and  in S ta t e  2, bu t  in the  l a t t e r  case v / v  ...... decreased  to a ra t io  0. 9 of t h a t  o b t a i n e d  
in the  former  (see Curve  b in Fig. I). The  e x p e r i m e n t a l  po in t s  in Fig. I show t h a t  th is  

is not  t rue.  
\Ve find t h a t  for each w a v e l e n g t h ,  du r ing  the  t r ans i t ion  f rom S ta t e  I to S ta t e  2, 

the  vahles  of v/v,,~,~ and  e increased  and  m o v e d  a long the  same  cu rve  a l r eady  found  

by .[OLIOT a in S t a t e  I. The  va lues  in S ta t e  2 of v /v ,  .... and  e are  closer to r when  the  

i n t e n s i t y  of the  p r e i l l umina t i on  l ight  at  65o nm is increased.  

All these  resul t s  p rove  t h a t  E q n .  I r ema ins  t rue  in both  S ta t e  I and  2 where  
the re  is no wt r i a t ion  of /el i~,  as shown above ,  and  of p. (A v a r i a t i o n  of p wou ld  affect  

the  c u r v a t u r e  of the  cu rve :  for e x a m p l e  if p o the  cu rve  is a s t r a igh t  line.) \Ve find 
th,, same ra te  of O 2 e v o l u t i o n  and  the  same  E c o n c e n t r a t i o n  at 7o5 n m  in S t a t e  I and  
in S t a t e  2 {see Tab l e  I). A p p a r e n t l y  this  resul t  is d i f fe rent  f rom tha t  desc r ibed  by  

T \  I~LIE 1 

V \ I . I ' E ~ 4  O F  T H F .  ~ , T E A I ) h ' - S T A T I - "  R A T E  O F  ( )2 I ' f i , ' O L t : T I O N  i 'O2 A N I )  ]~ :\'1' 7 ( ) ~  l l l l ]  I N  %2".\TI': I A N D  ~'I" :\'171'* 2 

i'~ 2 and E are given in arbitrary units. Chlorcll& 2oo leg chlorophyll per nil, 2o , air. 

K vpt. State • Stab' 2 

Vo2 Ii Vo2 If 

1 I II) 27. 5 i I3,  3 27. 5 
2 74"5 I 7"5 73 I 7 
3 72 I7 74 17 - t 7 . 5  
4 71 I()-5 7 [ . 5  I7 

tJiochim. Biophy.< Acta, 256 (1072 ) 203-2o9 
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I{ONAVEXTt7t~A AND M';I':RS : v (705 nm) in State  2 seems to be smaller than v (7o5 nm) 
in State  i on their  recordings in ref. L We repeated with a modula ted  rate  electr~Mc 
the BONAV1.;NTURA ANI) MYF.RS 1 experiments.  Using their  conditions we obtained 

the same recording as that  which they published (Fig. I I  of ref. i). These authors 

in terpre ted  the induction stage when a 7o5-mn continuous light was superimposed (m 
t o  a 65o-nm modula ted  light as representing the transi t ion from the initial State 2 t~ 

a tinal State I s ta t ionary  level of O~ evolution. But,  if we give a 7o5-nm modula ted  

light after darkness or after a 65o-nm il lumination we obtain induction curves which 
both are nearly similar to the ()lie shown on the above ment ioned figure. Theref,)ic, in 

State  o (65o_nm preil lumination) or State I (period of darkness) the kinetics ~d ()2 

evolut ion at 705 nm are not changed and the induction stage corresponds t~)~tl~,r 
pllen(mlen a. 

\Ve nmst  conclude from Fig. i that  the correlated changes in rate and in 

S \ s t e m  II  act ive centers E are not caused by a change in the proport ion ~f ph~}t~ns 
dis tr ibuted between the two systems. 

In order to i l lustrate the inconsistencies between exper iment  and the hypothesis 
~f a variat ion of ~, from a different point of view, let us suppose that  the observed 

changes in rate  are caused by a variat ion of a. In Fig. 2 are represented the relati~m- 
ships between the term 

. ( l )  = ~ ( I ) / ( I  - l, + ~ ( l > )  = "/~m~x 

and tile distr ibution of photons (i--s~)/~ with various apparent  equil ibrium constant  

between the two photoreaet ions 2 (tile I and 2 in parentheses refer to the values for 

States  I and 2, respectively).  The curve for K --  6 (on Fig. 2) has been drawn with 

da ta  taken from 0 2 quan tum yields a and Emerson enhancement  2 measurements  in 

State I. According to I{ONAVENTURA AND MYI;RS, /x" does not vary. \Ve have ex- 

per imenta l ly  found at f)5 o nm, during the transi t ion from State  i to 2 a considerable 

increase of rate v/v ,  .... passing from o.74 to o.94. On curve K 6 of Fig. 2, ore: sees 
tha t  this var ia t ion (d rate  can be caused by ~ passing from o.5I in State  I to o.33 in 

State 2; this represents a relat ive variat ion of ~(65o nm) of 35 %. At 680 nm the 
transi t ion from State I to 2 induces a variat ion of ~t from o.79 in State I to u ~.~S 
in State 2. This variat ion would correspond to a relat ive variat ion of :,. of (~t~ % : 

.z(68o nm) passing from o.49 to o.I5".  These changes in rate of 0.2 evolut ion taken in 
the preceding examples are much inore pronounced than those obtained by l),(~xA - 

VEXTV~A AN'r) MYERS (the light energy of the prei l lumination at 05o nm was equal 
to 5ooo ergs-cm 2. sec ~ in our case). 

For  such large variat ions of a we expect  first that  these variati<ms would 1,e 

observed on Fig. I and second, var iat ions in the absorption spectrum of Chlorella 
~vould possibly be found, because a so large shift of pigments  could not occur wi thout  
changes in the appor t ionment  of absorbed light energy to different pigments of 
perhaps also changes in chemical bondings, in  low-temperature  (liquid-N,2) absorpti(m 
spectra measurements  of Chlorella i l lulninated at ()5 o n m  in similar conditi(ms as tl~c 
preceding experiments,  no significant changes of the spectrum could be observed. 

Therefore, as demonst ra ted  by Fig. I, klt~ in State 2 stays constant  compared 

* These variations would l}o CVOll larger because if :z ch&llgcs, g'slalo 2,'z'lm~x wo u ld  ~/cttlglHv 
be equal to t¢'(:~(z)/~.(I)); (x(e) being the value of :~ in St~tte z <~ :~(l)). 

]~iochim. Biophys..-tct~, 250 (i97 z) 293-299 
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k I 1 - ~  
~ o  

all 

K=IO(~ K =  

I t I I ,  u 
0.7 0,8 0.9 I 

l:ig. 2. Curves (ki/kit}'(i 0()/~ as a function of u --- e / ( i - - p + e p )  : V/Vmax for different values 
of the apparent equilibrium constant K (ki and kn, quantum yields of Photoreaction [ and [I, 
respectively, are considered equal). See ref. 2 for details. Chtorella, 2oo/ig chlorophyll per ml, 
2 o ,  air. 

to its va lue  in S t a t e  I and  one  of possible  r e m a i n i n g  p a r a m e t e r s  l ike ly  to exp la in  

these  increases  of r a t e  can  be the  a p p a r e n t  e q u i l i b r i u m  c o n s t a n t  K be tween  the  

p h o t o r e a c t i o n s  [ and  II .  Fig. 3 r ep resen t s  t heo re t i c a l  cu rves  of s t e a d y - s t a t e  q u a n t u m  

yie lds  as a func t ion  of u (_~ e) for d i f ferent  va lues  of a p p a r e n t  K (see E q n .  7 in ref. 4). 

The  e x p e r i m e n t a l  s t e a d y - s t a t e  q u a n t u m  yie ld  va lues  at  65o , 68o, 690 and  7o5 n m  in 
S t a t e  2 are  found  on theo re t i ca l  curves  co r re spond ing  to  K - -  5o for a p r e i l l umina t ion  

l ight  050 nm at  2500 ergs .  cm -2. sec -~ du r ing  Io  rain, and  K be tween  IOO and  5oo for 
the  same  p r e i l l u m i n a t i o n  bu t  at  5ooo ergs .  cm -2. sec-L For  S t a t e  i ,  the  d a t a  lie on the  

K 6 curve .  So L igh t  2 increase  t he  a p p a r e n t  e q u i l i b r i u m  c o n s t a n t  be tween  the  two  
pho tosys t ems .  We  can not ice  on Fig.  3 t h a t  if K s tays  equa l  to 6 in S ta t e  2, no m a t t e r  
how :~ varies ,  t he  q u a n t u m  yie ld  ~ s  wou ld  no t  increase.  As seen on the  cu rve  corre-  
spond ing  to K 6 when  u _ e+ and  ~ , ,  q~s s tays  c o n s t a n t  (middle  po in t  of the  
curve)  or  decreases .  W h e n  a lgae  pass  f rom S t a t e  I to  S t a t e  2 there  is a c tua l l y  an in- 
crease  of the  O 2 q u a n t u m  yield,  as shown in t i le  p resen t  work  or  by  o t h e r  inves t iga to r s .  
The re fo re  L igh t  2 increase  the  r a t e  of e lec t ron  t r ans fe r  f rom P h o t o s y s t e m  I [  to 

J3 ioch im.  t : l iophys.  A c t a ,  256 (t972) 293-299 
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Fig. 3. Steady-state quantum yields (~s) at different wavelengths as a function of u = c/'U P-I ~P) 
= V/Ymax in State ~ and in State 2 ; ©, data obtained in State I (K = 6) ; @ O, data in State 
(K = 5 ° and A" between ioo and 5oo). Chlorella, 2o0/lg chlorophyll per ml, 2o ~, air. 

P h o t o s y s t e m  I ;  i t  does no t  change  the  q u a n t u m  yie ld  of cen ters  or  t he  p i g m e n t  

d i s t r i bu t i on  be tween  the  two  pho tosys t ems .  
The  fo l lowing r e m a r k s  can  be n lade  at  this  t ime :  
(i) an o the r  a r g u m e n t  aga ins t  the  v a r i a t i o n  of :~ in the  B o n a v e n t u r a - M v e r s  

effect  is g iven  by  the  ac t ion  of 3 - ( 3 , 4 - d i c h l o r o p h e n y l ) - I , I - d i m e t h y l u r e a  on algae.  
MURATA 5 showed  t h a t  the  f luorescence s p e c t r u m  of Porphyr id ium cruentum at low 

t e m p e r a t u r e ,  w h e n  the  a lgae  are  p r e i l l u m i n a t e d  wi th  a S y s t e m  I I  l ight ,  does  not  

v a r y  as c o m p a r e d  to  a S y s t e m  I p re i l lumina t ion ,  if 3 - (3 ,4 -d i ch lo ropheny l ) - I , I -d i -  

m e t h y l u r e a  is added .  W i t h  3 - ( 3 , 4 - d i c h l o r o p h e n y l ) - I , I - d i m e t h y l u r e a  (high c o n c e n t r a -  
t ion) ,  t he  S ta t e  2 was neve r  obse rved  because  3 - ( 3 , 4 - d i c h l o r o p h e n y l ) - I , I - d i m e t h y l u r e a  

is an inh ib i to r  of P h o t o s y s t e m  II .  
Ti le  B o n a v e n t u r a - M y e r s  effect  and  t i le effect  of sal t  add i t i on  to a lgae  exh ib i t  

d i f fe rent  b e h a v i o u r  in t i le presence  of 3 - ( 3 , 4 - d i c h l o r o p h e n y l ) - I , I - d i m e t h y l u r e a .  In- 
crease of the  ionic s t r eng th ,  by  KC1, for ins tance ,  decreases  t i le f luorescence  level  even  

iu t i le  p resence  of 3 - (3 ,4 -d i ch lo ropheny l ) - I , I -d ime thy lu rea6 '7 ;  and  moreove r ,  wi th  salt  
add i t i on  a no t iceab le  v a r i a t i o n  in t he  abso rp t ion  s p e c t r u m  was r epor t edL  So, in thi~ 
l a t t e r  case, pe rhaps  v a r i a t i o n  of fac to r  ~ occurs  (this m a y  be  also t he  case in str()n~ 

l ight ,  since a spec t ra l  change  was also o b s e r v e d y .  
(2) A long 68o-nm i l lumina t ion  can also induce  an increase  of e and  v/v . . . .  for 

Biochim. ]3ioDhys. Acta, 256 (1972) 293 299 
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the studied wavelengths (65o , 680 and 690 nm), l int  the effect is much weaker than  
with hmg 65o-nm prei l luminat ion (see in Fig. I the observed changes for 68o nm 
dur ing a 68o-nm preil lumination).  

(3) The equil ibrium constant  between E (or 0) and A does not vary during the 
t ransi t ion from State I t() 2. After a SI I  i l luminat ion a concomitant  increase of A 
(m<~sured by the burst  of ()e) and E (measured by the microburst  of O,,) is observed. 
Wc found a value of the equil ibr ium constant  nearly equal to I like in State I (ref. 3). 

(4) The effect of a long Light 2 i l luminat ion can explain why some authors s 
ha\-~ found little Emerson enhancement  with algae. As a mat te r  of fact, in State 2 
tlwr(, max, be nearly no Emerson enhancement .  The Emerson effect is caused by the 
large difference in the steady state concentrat ions of E at 705 and 650 nm, so the 
intermediate  wdue of E obtained with 2 lights is not the average of the 2 values but  
is higher. In State 2, the concentrat ions of E at 650 and 7o5 nm are nearly equal;  
it is the reason why there is little Emerson enhancement .  

(5) The kinetics of the changes in O,, evolution observed during the t ransi t ion 
fr()ln State I to State 2 seems to depend only on the product  i . t  ( in tens i ty . t ime) .  
The higher is the prei l luminat ion 65o-nm light intensi ty,  the shorter is the t ime neces- 
sary t() obtain the same increase of the rate (or of E). However, we have only studied 
the B(maventura-Myers  effect within a l imited range of light intensit ies (25oo- 
5ooo ergs.cm 2.sec ~): our remark therefore is subject to caution and requires a 
verilication for very different light intensities. 

It seen> that  under  the effect of Light 2, a "product"  is slowly formed which 
m()di,qes the electron transfer between the two photoreactions;  this product  would 
be "destroyed" by I.ight I or with less efficiency by darkness. On account of the 
relativel\" slowness of the changes, we can suppose with VREDI=~NBH~(; 9 that  the ion 
changes across the chloroplast membranes  should play a part  in the explanat ion of 
this phenolnen(m. 
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