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Abstract  

This work is a theoretical consideration of steady-state kinetics of 
prompt and delayed fluorescence of chlorophyll a entering into the 
pigment matrices of photosynthetic units of photosystem II when the 
electron transport from the primary to secondary acceptor of this system 
is blocked. It has been shown that in such a system of quantum yields of 
prompt and delayed fluorescence are complementary. At low intensities 
of excitation light the quantum yield of delayed fluorescence is several 
times more than that of prompt fluorescence. With an increase in the 
light intensity the reverse situation is observed. The literature data given 
sustain the results obtained. It has also been unambiguously shown what 
values, when changed, may be responsible for the corresponding changes 
in prompt and delayed fluorescence yields. 

Introduct ion 

P r o m p t  and d e l a y e d  f l uo re scence  o f  c h l o r o p h y l l  a w i t h  Xmax = 685 n m  
e m i t t e d  by  m o l e c u l e s  o f  t he  p i g m e n t  m a t r i x  o f  p h o t o s y s t e m  II  (PhS II) 
is n o w  w i d e l y  used  w h e n  solving the  p r o b l e m  of  a r r a n g e m e n t  and 
f u n c t i o n i n g  of  n o n c y c l i c  e l ec t ron  t r anspo r t  chains  and c o u p l i n g  o f  
p h o s p h o r y l a t i o n  wi th  e l ec t ron  f low.  Thus ,  for  ins tance ,  i t  is poss ible  to 
exp la in  such ques t i ons  as t he  l oca l i za t i on  o f  e l ec t ron  carriers,  t e r m e d  
c y t o c h r o m e - b - 5 5 9 ,  C-550 [1, 2 ] ,  d i f f e r en t  s tates  o f  wa t e r  d e c o m p o s i t i o n  
sys tem [3, 4 ] ,  h igh  ene rgy  (phospho ry l a t i ng )  s tate o f  ch lo rop las t s  
[5, 6 ] ,  e tc .  H o w e v e r ,  the  r e l a t ionsh ip  b e t w e e n  these  t ypes  o f  
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fluorescence and especially their dependence on the noncyclic electron 
transport and high energy state of  thylakoids are still not clearly 
understood. A kinetic model of the processes in photosystem I1 could 
help in studying these questions, since only a model makes possible the 
comprehensive consideration of the processes and relations between 
them. 

In [7] an at tempt  was made to construct a model. It  was shown that 
some of its properties agreed well with experimental data [8 -10] .  In this 
paper we would like to consider the properties of  steady-state kinetics of  
prompt  and delayed fluorescence of chlorophyll a (Xmax = 685 nm) 
which are observed in the case of blocked electron transport on the 
acceptor side of  PhS II. 

Theory 

We need the following set of equations: 

= I e - c { k f  + k t  + h Q  (1 - a ) }  + k o (p +a-) 

([3+) = c h Q ( 1  - o~) - EI_I2o (p +) - h o  (p + a -) + k-H~O 

(a- )  = ck  Q ( 1  - a)  - h o (P + a - )  

( p* 'a - )  = c k q ( 1 - o ~ )  - (NH;O +ko) (p + a-) + k_H~o(a- ) 
o~ -- (p  § + ( a - )  - -  (p  + a - )  

(1) 

It  holds true for the multicentral model of the photosynthetic unit 
(PhSU) and results from system (1) in paper [8] when h t = h-1 = 0. The 
last condition means that there is no electron transport between the first 
acceptor of PhS II and plastoquinone pool. 

In (1) I is the exc;~tation light intensity expressed as a number of 
quanta per cm 2 in seconds; e is the effective cross-section for capture of 
light quanta by a set of light-collecting chlorophyll molecules present in 
a reactive center; (p +), (a'), (p +a-), and a are the relative concentrations 
(fractions) of the oxidized form of the primary donor P+, reduced 
primary acceptor A ,  double-charged P+A 5 and closed P §  + P+A + PA - 
centers, respectively; c is the concentration of singlet-excited states of 
pigment matrix of PhSU; Q is the number o f  centers in a PhSU of 
multicentral type; k f ,  k t ,  and h are the rate constants of fluorescence, 
thermal deactivation, and the capture of excitation by the reactive 
centers, respectively; k 0 is the effective value of the constant of the 
reverse electron transfer in double-charged centers; Z H~O = hH20 + k-H~O 
where kH20 is the rate constant of  P+ reduction by the water 
decomposition system and h_H~ O is the constant of the reverse reaction; 

+), etc., are the rates of the change of the corresponding values. 
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Steady-state solution of system (1) is given below. 

(p+) /~-H~O 
= 2 H 2 0  ~-~- ~ 1 (2.1) 

I e L ( 1 - - o q )  (2.2) 
(a-) = Ie L(1 --0~ 1 ) + k 0 (1 --L)o~ 1 

(p +,~-) = ~,  (a-) (2.3) 

a= eq + (1 --eq ) (a-) (2.4) 

where ~1 is the equilibrium (dark) value (p +) and a; 
L = k Q / ( k f + k t + k Q )  I is the quantum efficiency of the use of 
singlet-excited states of PhSU pigment matrix separation of the charges 
in a center at a l  = 0. 

In a multicentral model of a photosynthetic unit there is the following 
relationship between the fluorescence quantum yield and 0~ [ 11] : 

p _  po (3) 
1 --Lo~ 

where P0 = k f / ( k f  + k t + kQ), and the delayed fluorescence yield is 
given by the expression [8] : 

k o (p + a -) 
Pa = P I e  (4) 

By means of (2)-(4) it is easy to show that 

p + pe = p~  (5) 

where p= = k f / ( k f  + k s ) is the quantum yield of prompt  fluorescence at 
c~ = 1, i.e. when all reactive centers are in a closed state. From here it 
follows that p and Pd are complementary. 

Thus, when electron transport on an acceptor side of PhS II is 
blocked, the steady-state concentration of the oxidized form of the 
primary donor (2.1) does not depend on the excitation light intensity 
and is equal to the equilibrium (dark) value. Under these conditions the 
steady-state value of the quantum yield of fast fluorescence is 
completely determined by the degree of reduction of the primary 
acceptor. The rate of its reoxidation depends, in its turn, on the product  
of three values: the constant of the reverse electron transfer in centers, 
k0, the sum of quantum yields of fluorescence and thermal quenching 
1-L = (k f  + k t  ) / ( k f  + k t  + kQ), the degree of oxidation of the primary 
donor in an equilibrium state a f  = (P+)eq =k-H20/EH~O �9 The value 
r = 1/(k0 (l-L) a l  ) is the mean relaxation lifetime of the reduced form of 
the primary acceptor. During this period of time the complete oxidation 
of (a-) and, hence, a change of p and Pd take place after switching of the 
light, whereas before this the steady-state has been attained in light [ 12]. 
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Figure 1. Theoretical dependence of quantum yield of prompt ~O = p/p= and delayed 
,Pal -'- Pd/P~ chlorophyll fluorescence on excitation light intensity at two values of k 0 
differing by one order of magnitude. Calculated from formulas (2)-(5). In the 
calculations it is taken that 0~ 1 = 1/11, L = 0.9. 
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Figure 2. Theoretical curves F5 and P d  vs  T = 1/ko(1-L)a i )a t  leL/ki..~O = 1 0  -4. The 
rest is the same as in Fig. 1; ~H20 = 1 ]kH2 0 . 

Figure 1 shows two types  of  p and Pd dependence  on the exc i ta t ion  
l ight  in tens i ty  on the basis of  formulas  (2) - (4)  at two d i f ferent  values of  
k0. Figure  2 i l lustrates the  curves o f  O and Od variat ion with  7. 

Compar ison  wi th  E x p e r i m e n t  and  Discussion 

I t  is seen f rom graphs in Fig. 1 and formula  (5) tha t  if  the e lect ron 
t r anspor t  on the  accep to r  side o f  PhS II  is b locked  the quan tum yie ld  of  
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fluorescence induced with continuous light O + Pd = O= does not depend 
on the excitation light intensity. In weak light the yield of delayed 
fluorescence is several times more than that of p rompt  fluorescence. 
With an increase in light intensity the reverse situation is observed, and at 
sufficiently large intensities the contribution of delayed fluorescence to 
the value of p= becomes negligibly small. 

If  the frequency of the modulated excitation light is more than 
k 0 (l-L) a l  the amplitude of modulated fluorescence is proportional to O 
only and hence is dependent on I. 

The data of Cramer and BShme [1] (Fig. 3) and Malkin [13] (Fig. 4) 
obtained with chloroplasts poisoned by DCMU [3-(3,4-dichlorophenyl)- 
1,1-dimethylurea] confirm the above statements, In the first case 
(Fig. 3) the fluorescence was induced by monochromatic  (X = 652 nm) 
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Figure 3. Increase in f luorescence  yield as a f unc t i on  of  actinic l ight in tens i ty  in the  
presence  (e) a n d  absence (o) o f  DCMU. T aken  f rom [1] ,  Fig. 11. 

light modulated at 300 Hz [14] and intensity 75 ergs �9 cm z :sec_ 1. As is 
seen, the yield of modulated fluorescence depends on the actinic light 
intensity. The data in Fig. 4 are obtained with the help of continuous 
excitation. In control chloroplasts Fs t  (designations of Malkin) depends 
on I,  but at I ~ 0 F s t  tends to the value more than F 0. The difference 
(Fst -- F o ) ! - .  o is the contribution of the delayed fluorescence observed 
in the presence o s  when the slow electron~ takes ptace~After 
depriving the chloroplasts of 0 2 or upon addition of DCMU to them, the 
electron flow stops and the delayed fluorescence yield at I -~  0 increases 
up to its limiting value (Fst , DCMU - - F o ) l ~  o and the yield of the total 
fluorescence no longer depends on I .  

Thus, the fact that the yield of the fluorescence observed under the 
conditions of  continuous light is independent of the excitation intensity 
unambiguously indicates that in the presence of DCMU reoxidation of 
the primary acceptor of PhS II takes place only due to the reverse 
electron transfer in the centers. 
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of the fluorescence yield on the light intensity. Figure4. The dependence 
(�9 Steady-state fluorescence yield (F); (e)initial fluorescence yield at the beginning 
of the induction period (F0); (�9 yield in presence of sodium 
hydrosulpfite; (A) fluorescence yield under anaerobic conditions; (a) fluorescence 
yield in prescence of DCMU. The values for the last three conditions are 
approximately equal, representing Fm. In this particular experiment there are large 
variations in F m. The slight decrease of F m in anaerobic conditions at low light 
intensity may be real, since anaerobiosis is not strictly complete. The reaction 
mixture contained about 20/IM chlorophyll in a 1.5 ml sucrose-Tris-NaC1 medium. 
Sodium hydrosulfite was added as a solid; DCMU was added to a final concentration 
of about 10/IM. Anaerobic conditions,~were established by evacuation and addition 
of 0.04 M glucose and glucose oxidase. The maximum light intensity (100%) was 
10 -8 Einstein/sec and the absorption of the suspension was estimated to be 11%. 
Taken from [13], Fig. 1. 

Then,  as follows from formulas  (2 ) - (4 ) ,  the  fur ther  variat ions in p and 
Pd in such objects  may  be caused only by  the change o f  the  p r o d u c t  
h 0 ( 1 - L ) a l .  The l ight curves  p(I) and pd(I) will shift along the axis of  
in tens i ty  depending  on the concre te  value o f  h 0 (1-L)o h (Fig. 1). A t  some 
I S  0 p increases (Pa decreases) as the  p roduc t  k0(1-L)o q decreases 
(Fig. 2). 

This is exper imenta l ly  conf i rmed  by  the curves p vs r = 1/ko (1-L)a l  
p lo t t ed  according to the  da ta  of  Cramer  and B~Shme [1] and shown in 
Fig. 5. T h e  changes in p and ?" are caused here by  the various 
concen t ra t ions  of  ant imicine  A, hyd roxy lamine ,  and FCCP 
(ca rbony lcyan ide  p - t r i f l u o r o m e t h o x y p h e n y l h y d r a z o n e ) .  

Similar  da ta  are given in a number  of  o ther  papers  [ 1 5 - 1 9 ] .  For  
instance,  in [ 19] it  is shown tha t  under  the  ac t ion of  h y d r a z o b e n z e n e  in 
par t ic les  o f  PhS II  (where, p robab ly ,  the e lec t ron  t r anspor t  is b locked  on 
the accep to r  side as well) p r o m p t  and de layed  f luorescence change 
ant iba t ica l ly ,  i.e. in accordance  with fo rmula  (5). Since in the  ma jo r i ty  
o f  exper iments  L is cons tant ,  the changes  of  p, Pd, and ?" observed are 
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Figure 5. Experimental dependence of p on 7" in chloroplasts poisoned with DCMU. 
Variations in p and 7" are caused by different concentrations of hydroxylamine (e), 
antimicine A (A), and FCCP (o). Plotted on the basis of data given in [1], Figs. 6-8. 

mos t  l ikely due to the  var ia t ions in h 0 and a 1. In papers  [3, 16 -19 ]  a 
change in P, Pd, and r is expla ined  by  value of  a l  variat ion.  I t  should  be 
borne  in mind  tha t  if the  a l te ra t ion  of c~ 1 takes place i t  should be 
accompan ied  b y  a change in the init ial  value of  the  qua n tum yie ld  of  fast 
f luorescence Pl  = po / (1 -La l  ) on the induc t ion  curve of  f luorescence p(t)  
when passing f rom darkness to  l ight  at t ~ 0. However ,  this change in / )1 ,  
at  best ,  m a y  a t ta in  several percent .  I f  k0 changes under  the inf luence of  
some compounds ,  as was assumed in [5] and [6 ] ,  the  ini t ial  value of  01 
must  remain  unchanged.  

In  conclus ion it should be especial ly no ted  tha t  the  above 
cons idera t ion  of  kinet ic  regulari t ies of  p r o m p t  and de layed  f luorescence 
is based  on the assumpt ion  tha t  the  same ch lo rophy l l  a molecules  are 
responsible  for bo th  types  of  f luorescence and,  therefore ,  there  is no 
spectral  d i f ference be tween  them. This is incons is ten t  wi th  the  da ta  of  
Bonaventura  and Kindergan  [20] who  observed the difference be tw e e n  
the spec t rum of  slow f luorescence in chlorel la  cells po i soned  with  DCMU 
and the spec t rum of  fast f luorescence.  

If  the  origin of  p r o m p t  and de layed  f luorescence is really d i f ferent  
then  the cond i t i on  of  c o m p l e m e n t a r i t y  of  p and Pd [ formula  (5)] mus t  
no t  take  place.  
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