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Summary 

1. The curves representing the reciprocal fluorescence yield of chlorophyll a 
of Photosystem II (PS II) in Chlorella vulgaris as a function of the concentra- 
tion of m~linitrobenzene in the states P Q and P Q-, are found to be straight 
parallel lines; P is the primary donor and Q the primary acceptor of PS II. In 
the weakly trapping state P Q- the half-quenching of dinitrobenzene is about 
0.2 mM, in vitro it is of the order of 10 mM. The fluorescence yield as a func- 
tion of the concentration of a quencher is described for three models for the 
structure of pigment systems: the model of  separate units, the model of limited 
energy transfer between the units, and the matrix model. If it is assumedthat 
the rate constant of quenching by dinitrobenzene is high and thus the number 
of dinitrobenzene molecules per reaction center low, it can be concluded that 
the pigment system of PS II in C. vulgaris is a matrix of chlorophyll molecules 
in which the reaction centers are embedded. Theoretical and experimental 
evidence is consistent with such an assumption. 

For Cyanidium caldarium the zero fluorescence yield ~0 and its quenching 
by dinitrobenzene were found to be much smaller than the corresponding 
quantities f o r  C. vulgaris. Nevertheless, our measurements on C. caldarium 
could be interpreted by the assumption that the essential properties (rate con- 
stants, dinitrobenzene quenching) of PS II are the same for these two species 
belonging to such widely different groups. 

Abbreviations: Chl, chlorophyll; DCMU, 3-(3,4-dichlorophenyl)-l,l-d/methyltwea; PS II, Photosystem II. 
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2. The measured dinitrobenzene concentrations required for half~luenching 
in vivo and other observations are explained by (non-rate-limiting) energy 
transfer between the chlorophyll a molecules of PS II and by the assumptions 
that dinitrobenzene is approximately distributed at random in the membrane 
and does not diffuse during excitation. 

3. The fluorescence kinetics of C. vulgaris during a 350 ns laser flash of vari- 
able intensity could be simulated on a computer using the matrix model. From 
the observed fluorescence quenching by the carotenoid triplet (C T) and the 
measurement of the number of C T per reaction center via difference absorption 
spectroscopy, the rate constant for quenching of C T is calculated to be k T = 

3.3 • 1011 s -t which is almost equal to the rate constant of trapping by an open 
reaction center (Duysens, L.N.M. (1979) CIBA Foundation Symposium 61 
(New Series), pp. 323--340). 

4. The fluorescence quenching by C T in non-treated spinach chloroplasts 
after a 500 ns laser flash (Breton, J., Geacintov, N.E. and Swenberg, C.E. 
(1979) Biochim. Biophys. Acta 548, 616--635) could be explained within the 
framework of the matrix model when the value for kT is used as given in point 3. 

5. The observations mentioned under point I indicate that the fluorescence 
yield ~0 for centers in trapping state P Q is probably for a fraction exceeding 
0.8 emitted by PS II. 

Introduction and Theoretical considerations 

Chlorophyll a2 fluorescence quenchers and aim of  the measurements 
In photosynthesis light is absorbed by the antenna pigments and the excita- 

tion energy is transferred from one antenna molecule to another and finally 
reaches a reaction center. The energy is trapped in this center and the primary 
photochemical reaction takes place. During this process of transfer and trap- 
ping, small losses occur, amongst other things in the form of fluorescence. 
There are several cell constituents which quench the fluorescence yield & of PS 
II: (i) the primary electron acceptor Q [1], (ii) the oxidized primary donor P* 
[2--9], and (iii) the ~carotenoid triplet C T, which is formed during the lifetime 
of the excitation, especially in the state P Q- [4,6,9-12].  Amongst other 
things, the functional relationship between • and the concentration of one of 
these quenchers, ~(quencher), gives important information about the process 
of energy transfer and trapping of energy in PS II and the morphological and 
structural properties of the pigment system. The different functions of 
•(quencher)  may be determined experimentally by measuring both • and the 
concentrations of Q, P* and C T under the same conditions. The relative fluo- 
rescence yield, ~, can be precisely determined by measuring the ratio of the 
intensity of chlorophyll fluorescence and incident light. However, measure- 
ments of the concentrations of Q, P÷ and C r require sensitive and rapid absorb- 
ance difference spectroscopy; because these concentrations are mostly less than 
1% of that of chlorophyll, the signal-to-noise ratios are small. 

(iv) Further evidence is obtained by using artificial fluorescence quenchers, 
which can be applied in a large range of concentrations, and which do not 
require 5~4 measurements, in contrast to the in vivo fluorescence quenchers. In 
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the past numerous artificial quenchers of the chlorophyll a fluorescence in vitro 
and in vivo have been used [13--30]. We have chosen m-dinitrobenzene which 
is one of the most efficient quenchers and also has other advantages as 
described in the section Results and Interpretation. 

In most earlier publications with experimental applications, such as Refs. 31 
and 28, a variety of equations for the function ¢(quencher) was used. These equa- 
tions were not rigorously derived but rather postulated in a heuristic way with- 
out defining the conditions of validity. In the following section we will derive 
several, partly novel, equations which describe the function ¢(quencher) for 
various models of the pigment system. In a number of papers the consistency 
of the evidence with one model was shown, but not the inconsistency with 
other models. We show that the mathematically simple matrix model appears 
to be the only model of the three models considered, that is consistent with 
the fluorescence experiments on PS II of different algae under aerobic condi- 
tions. 

Theoretical considerations 
In this section equations will be derived which will relate the fluorescence 

yield to the fraction of active traps and/or quenchers for various models of the 
pigment system. Moreover, the computer simulation of the time behaviour of 
the matrix model will be discussed. 

(a) We start with the separate units model and assume that PS II consists of 
identical separate units, each containing No (No ~- 200) chlorophyll molecules 
and one reaction center, and that no transfer of energy between the units 
occurs. When de~xcitation of an excited chlorophyll molecule can take place 
by fluorescence (kf), internal conversion (kic), intersystem crossing to the trip- 
let state (kisc), trapping in the case of the reaction center chlorophyll molecule 
(kt) in the open state P Q and k~ in the weakly trapping state P Q- and energy 
transfer to another molecule in the unit (kh), we can write 

Nok, (1) 
PF-N0kl  +kt  

if k h > k t > > N 0 k  1 [33]; PF is the fluorescence yield of a (particular) unit in 
the open state P Q and kl = k~ + kit + ki, e. If kt in this equation is replaced by 
k~ one obtains PF for a unit in the state P Q-. 

If an artificial quencher of the chlorophyll fluorescence is present, then the 
following equation is valid for the fluorescence yield PFI for an open unit: 

Nok, (2) 
PFi = Wok1 + kt + ikd 

where it is assumed that one chlorophyll molecule is quenched by one quen- 
cher molecule. The number of quenchers per unit (or the number of chloro- 
phyll molecules quenched) is i and kd is the corresponding rate constant for 
quenching, kd <~ k, .  Statistical fluctuations in the number of quencher mole- 
cules per unit may be expected to occur. The number of quenchers per unit 
may be described by a Poisson distribution. If D is the average number of 
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quenchers per unit, the fluorescence yield • for a system of  PS II units can be 
expressed as: 

= ~ Pl"  PF i (3) 
i 

where P~ is the probability for a unit  to  have i quenchers. Because of  the Pois- 
son distribution we can write for Pi: 

e--D. D i 
Pi = i! (4) 

(b) The model  of  limited energy transfer between the photosynthet ic  units. 
We use a model  which is somewhat  different from the model  of  Joliot and 
Joliot [32]. We have dealt extensively with this model  in a previous paper [9]. 
Here we only ment ion that  in this case there exists an additional rate constant  
for chlorophyll  de-excitation in the form of  ktr ; ktr , the rate constant for 
energy transfer to a chlorophyll molecule in another  unit,  'averaged' over all 
chlorophyll molecules in a unit. For this model  the fluorescence yield PFi for 
an open unit  is given by: 

Nokt  
PFI = No(k~ + kt~) + kt  + ikd (5a) 

and the fluorescence yield • for a system of  such units by: 

PiPFi 
i 

~P = 1 - -  ( k t r / k t )  ~ . P i P F i  (Sb) 
1 

i fk t z  ~>~> k 1 and kh ~>~>N0ktz [9,34]. 
(c) In the matrix model (kh is assumed to be larger than all other k values) 

the pigment system consists of  a large number  of  antenna chlorophyll mole- 
cules in which the reaction centers are regularly distributed. There are no boun- 
daries for energy transfer. Thus, we can write for a system with open reaction 
centers: 

N0kt 
= N0kl + kt + Dkd (6) 

The Poisson distribution does not  play a role in Eqn. 6 because the excitation 
during its lifetime visits all chlorophyll  molecules an equal number  of  times, 
including molecules where the energy is t rapped or quenched. 

By means of  the  matrix model  the rather complex kinetics of  fluorescence 
observed during a laser flash, in which the  concentrat ions of  P÷, Q and C T are 
t ime-dependent,  can easily be described. For this purpose Eqn. 6 is written: 

Nokf  (7) 
= N0kl + kt(C1 + C2) + k~(1 --  C1 --  C2) + TkT" 

where T is the average number  of  C T molecules per reaction center,  which is 
formed during a flash, and kT the rate constant  for quenching by cT; C1 is the  
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(c,) 
hV (C2'+) kr (1-C1-C2) 

ZPQ = - Z P  0,- " ~ "  Z* PQ - 

Chl a Chl a 
kt$ 

Scheme I . 'Scheme for  photochemical  and dark reactions occurr ing in  Photosystem I I .  The (frac£ion~Ll) 
concentrat ions of  the VlL~ious states are given between bzackets. C S and C T stand for  a c~Ltotenoid mole- 
cule in the gzound and t r ip le t  state. The kinet ics according to the m a t ~ x  model  ate described by  Eqns. 
7- -12 .  For  f u ~ h e r  exp l ana t i on  see t ex t .  

fraction of  reaction centers in the state P Q, C2 the fraction of  centers in the 
state P÷Q('), which presumably (see Refs. 2--9) have the same kt as the P Q 
centers, and the complement  ( 1 -  C 1 -  C2) the fraction in the state P Q-. 
Assuming further  that  C v is formed via the chlorophyll triplet and calling the 
denominator  of Eqn. 7 X, it follows that:  

Ct = k t C l / X  (8) 

and 

~isc = kisc/X (9) 

where ~t  means the trapping yield in a matrix of open centers (C~ = 1) and 
~lsc the yield for the formation of  the  quencher C T. Taking I(t) as the time- 
dependence of  the number  of  quanta/ trap per s we can write simple differential 
equations for the t ime-dependence of  the various states (see Scheme 1). The 
equations are: 

dC, /d t  = --l( t)dP t 

dC2/dt = I ( t )~ t  -- hrC2 

dT /d t  = I(t)¢isc - -  k t s T  

(I0) 

(11) 

(12) 

in which C,(0) = 1, kr is the rate constant  for the reduction of  P÷ by the 
secondary donor  Z of PS II (kr ~ 30 ps -1 [9]) and kts the rate constant  for the 
decay of C T to the singlet ground state (kts ~- 0.33 ps -1 [10]). The intensity- 
time course I(t) is the t ime profile of  the laser flash. 

In Table I the values of the  different  parameters used for the computer  cal- 
culations are given. These values are obtained from Ref. 33 and differ some- 

T A B L E  I 

V A L U E S  OF T H E  D I F F E R E N T  R A T E  C O N S T A N T S  (s - 1 )  F O R  D E - E X C I T A T I O N  OF A ( 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  M O L E C U L E  IN T H E  L O W E S T  E X C I T E D  S I N G L E T  S T A T E  W H I C H  A R E  
U S E D  IN T H E  M O D E L  C A L C U L A T I O N S  

N O is the  n u m b e r  of  c h lo rophy l l  molecu les  pe r  r e a c t i o n  c e n t e r  or  p h o t o s y n t h e t i c  uni t .  Because of  t h e  
l owe r  ra t io  of  ~ m a x  to D 0 for  C. vulgarls in Fig. 4A k~ = 9 • 1010 for  Fig. 4B (see also Ref .  9).  

k f  = 6 . 7 "  107 k t = 4 "  1011 
kic = 0 k~ = 7.1 • 1010  
kis c = 1.5 • 108 k t r  = 30  [9 ]  

N O = 200  
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what  from the values ment ioned in Ref. 9 because of  the assumption made here 
and in Ref. 33 that  the rate constant  for  energy transfer (kh) is not  rate-limit- 
ing. 

Materials and Methods 

Materials 
Chlorella vulgaris was grown as described previously [35].  After centrifuga- 

tion the algae were suspended in a 5 mm cell in fresh growth medium and 
brought to an absorbance of  0.2 at 680 rim, after subtracting the absorbance at 
750 nm from that  of  680 nm as a correction for scattering. All measurements 
were done at room temperature (~-295 K) with a closed horizontal 30 × 30 × 
5 mm 3 cuvette after a dark adaptat ion period of  about  3 rain in order to obtain 
the zero fluorescence level ¢0. 

Cyanidium caldarium was grown in Allen medium [36] at 311 K and con- 
t inuously bubbled with air containing 5% CO2 at a f low rate of  100 1/h. The 
Allen medium was brought  to a pH 3. 5 by  the addition of  small amounts  of  
Kratz'  medium C [37].  The algae were illuminated with fluorescent light at an 
average light intensity of  3000 lux. 

m-Dinitrobenzene from BDH was dissolved in alcohol to a concentrat ion of  
0.15 M. Small amounts  of  this solution were added to 6 ml of  an algal suspen- 
sion and the mixture was bubbled for about  20 rain with air and 5% CO2. The 
final alcohol concentrat ion in the mixture was always below 2% and did not  
change the fluorescence yield of  the  algae. 

Apparatus 
The relative fluorescence yield of  the  algae was measured using the apparatus 

described in [38] and [39].  All the data were finally stored on disc and further 
processed by a Digital Equipment  11/45 computer .  The state of  maximal fluo- 
rescence, Cmax, was measured in a weak flash (<100  nJ /cm 2) 60 ~s after an 
oversaturating flash (E ~-600  ~J /cm 2) f rom a ruby laser [38,39] .  In some 
experiments the relative fluorescence yield was determined with the experi- 
mental set-up used for the fluorescence induction measurements (see below). 
Also in this case the excitation was no t  actinic. 

The apparatus and methods  used for the measurements of  the fluorescence 
yield kinetics in the time interval 0--650 ns are described in Ref. 9. 

The concentrat ion of  the carotenoid triplet was measured using a single 
beam absorption spect rophotometer  equipped with a Lambda Physik dye  laser 
for actinic illumination; 32 traces were averaged in order to obtain a good 
signal-to-noise ratio. The triplet decay t ime was about  4 Vs. 

Fluorescence induction in the presence of  28 pM DCMU was measured by  
means of  a Bausch and Lomb monochromator  (100 cm 2 grating, 1200 lines per 
ram, 2 cm slit, slit-width of  2.5 rim) at 680 or 685 rim. Exciting light from a 
tungsten iodine lamp (24 V, 250 W) driven by  a stabilized current power  
supply (Oltronix C28-10R) was filtered by  the band filters Schot t  KG 3/2, 
Coming CS 4-96 and CS 5-61, and a Balzer interference filter B40. The maxi- 
mum transmission of  the  filter set occurred at 417 nm and the half-width was 
about  7 nm. The monochromator  was also used for the measurement  of  the 
fluorescence spectra. 
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Results and Interpretation 

A. Quenching by m-dinitrobenzene 
In the concentration range 0--2 mM no influence of dinitrobenzene on the 

absorption spectrum of C. vulgaris, measured with a Cary 14 spectrophotom- 
eter, could be detected within the limits of accuracy of the measurement 
(-~ 1%). This also indicates that  dinitrobenzene is not  chemically changed by the 
algae. After washing with fresh medium the fluorescence yield was restored to 
the original level, measured before dinitrobenzene was added. This indicates 
that dinitrobenzene is removed by washing and shows that  its quenching effect 
is reversible. Dinitrobenzene practically did not  change the shape and position 
of the fluorescence emission spectrum of C. vulgaris. 

In Fig. 1 typical plots of the reciprocal fluorescence yield, under ~0 and 
(I)ma x conditions, against the [dinitrobenzene] in the aqueous phase are 
shown for C. uulgaris. The quenching curves are straight and parallel. Using the 
Eqns. 3, 5b and 6 we have calculated the relationship between 1 /~  and the con- 
centration of quencher, D, for the three models of pigment systems, separate 
units, units with limited energy transfer and matrix, respectively. In Fig. 2 A 
and B the quenching curves for the different models are plotted for various 
values of D and /Zd, taking for each calculation a constant product  of k d and 
the maximal concentration of D, because this product  determines the extent of 
quenching. The absolute values of D and k d a r e  not  known. The theoretical 
quenching curves for the matrix model presented in Fig. 2 A and B depend (see 
Eqn. 6) only on the product  D/~ d and show a straight and parallel behaviour for 
~0 and &max quenching, as was found experimentally. The quenching curves in 
the case of the separate units and limited transfer of energy between the units 
are not  straight and parallel, as shown in Fig. 2A. For high numbers of quen- 
cher per trap, however, the statistical fluctuation of the number of quencher per 
unit is small and, therefore, Fig. 2B displays almost equal straight and parallel 
lines. If, however, the average number of  quenchers per unit  was small, only the 
matrix model would be consistent with the observations. We return to this sub- 
ject in the Discussion. 

10 I I I 
C H L O R E L L A  

j _  = 3.9 

~-mox 
5 

0 I I I 
1 2 3 

D N B ( m M I  

Fig.  1.  Q u e n c h i n g  o f  ch lorophy l ]  f l u o r e s c e n c e  o f  Chlore|la vu|garis in  s t a t e s  ~ 0  a n d  ~ m a x  b y  d l n l t z o b e n -  
zene :  the  rec iproca l  f l u o r e s c e n c e  y ie ld ,  1 / ~ ,  is p l o t t e d  as  f u n c t i o n  o f  the  d l n l t z o b e n z e n e  e o n c e n t ~ a t l o n  
in the  a q u e o u s  p h a s e .  E x c i t a t i o n  o c c u r r e d  a t  4 3 3  n m  and the  e m i s s i o n  w a s  m e a s u r e d  a t  6" /4  n m .  
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½ 

100 

111o ~ ~  
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D 

Fig. 2.  A and B S imulat ion  of  Fig. 1 using three  di f fezent  mode l s  o f  p i ~ n e n t  s y s t e m  as presented in the  
Introduct ion:  the matrix  m o d e l  ( ) ,  the  m o d e l  o f  l imited enex~y transfer b e t w e e n  units  ( . . . . .  ) ,  
and that  o f  separate uni ts  ( . . . . .  -). The  r e d p r o e a l  f luorescence  y ie ld ,  1 / ~ ,  ls p lo t t ed  as func t ion  o f  the  
average number  of  artificial quencher  molecu le s  per uni t  or  react ion  c e n t s i ,  D;  kd($- I  ) i s  the  rate cons tant  
o f  quenching  and is di f ferent  for each figure. In  (B) the  curves  ( . . . . .  ) and ( . . . . .  -) practical ly  coin-  
clde.  
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Similar experiments have been performed with the phycocyanin~ontaining 
alga Cyanidium ealdarium. Fig. 3 shows a plot of  the reciprocal fluorescence 
yield as a function of  the  dinitrobenzene concentrat ion for C. caldarium in the 
state qb0. One observes that  dinitrobenzene quenches the fluorescence of  C. cal- 
darium much less than that  of  C. vulgaris in the state D0 (See Fig. 1). This 
marked difference can be explained as follows. C. vulgaris contains about  200 
chlorophyll molecules per reaction center, in contrast  to. C. caldarium which 
has a much smaller unit, about  5 reaction centers per 200 chlorophyll mole- 
cules [40]. Let us add, for instance, one molecule of  dinitrobenzene per 200 
chlorophyll molecules and assume that  this molecule quenches the fluorescence 
as strongly as a reaction center. This situation would mean for C. vulgaris a 
P~fold increase of  the  quenching as the number  of  quenchers is doubled. On the 
other hand, the fluorescence yield of  C. caldarium will only decrease with 
about 20% because the relative increase of the number  of  trapping centers is 
much smaller. 

If the PS II systems in two species A and B only differ by the number  of 
chlorophyll a molecules per  reaction center, and if ¢0 is emit ted by an active 
part  of  the pigment system, and if kt :>:> N0kl and Dkd, one would expect  the 
fluorescence yield to be proportional to the number  of  chlorophyll molecules 
per reaction center (see Eqn. 6). Using Eqn. 6, if no artificial quencher is 

A B present, it follows that  ~0 /¢0  A S = N~/No, where ¢0 A is the zero fluorescence yield 
of a system with units with N0 A chlorophyll molecules per reaction center  and 
¢0 B the corresponding yield for a system with N0 s chlorophyll  molecules per 
trap. In the presence of  artificial quenchers it follows from Eqn. 6 that the 
ratio of the slopes of  the 'normalized'  quenching curves (~o/~  DNB vs. the con- 
centration of  dinitrobenzene; (I)0 D N B  is the fluorescence yield in the presence of  
dinitrobenzene (DNB)) of  A and B will be NoA/N B. 

For the algae C. vulgaris and C. caldarium we took as a measure of N A and 
No s the half-times of  the fluorescence rise in the presence of  DCMU. The excita- 
tion occurred at 417 nm, where for C. caldarium the energy is mainly absorbed 
by chlorophyll a and not  by phycocyanin.  The difference in contributions of  
carotenoids, which presumably is not  appreciable, is not  considered. The 
results obtained are given in Table II. The experimental  data of d~o (C. vulgaris)/ 

T A B L E  II 

L O W E S T  F L U O R E S C E N C E  Y I E L D  (D0)  O F  C H L O R E L L A  V U L G A R I S  A N D  C Y A N I D I U M  C A L D A -  
R I U M ,  A N D  T H E  H A L F T I M E  ( t l / 2 )  O F  T H E  F L U O R E S C E N C E  R I S E  O F  D A R K  A D A P T E D  A L G A E  IN 
T H E  P R E S E N C E  O F  2 8  # M  D C M U  AS M E A S U R E D  W I T H  C O N T I N U O U S  L I G H T  

E x c i t a t i o n  o c c u r r e d  a t  4 1 7  n m  w h e r e  t h e  a b s o r b a n c e  o f  t h e  a lgae  w a s  0 .1  A u n i t .  S ince  f o r  th i s  wave-  
l e n g t h  o f  e x c i t a t i o n  t h e  s h a p e s  o f  the  f l u o r e s c e n c e  e m i s s i o n  spec tra  are a l m o s t  t h e  s a m e ,  D 0 h a s  b e e n  
m e a s u r e d  at  t h e  f l u o r e s c e n c e  m a x i m a  o f  6 8 5  a n d  6 S 0  n m ,  r e s p e c t i v e l y ;  the  s l i t w i d t h  o f  t h e  m o n o c h r o -  
m a t o r  w a s  2 . 5  n m .  a .u . ,  arbitrary un i t s .  

~o (a.u.) tl/2 (ms) 

C. vulgaris 1 0 8 8  3 9  
1 0 7 0  4 3 , 5  

C. ca ldar ium 1 4 3  2 8 0  
1 4 6  2 9 0  
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Fig .  3 ,  T h e  q u e n c h i n g  o f  t h e  c h l o r o p h y l l  f l u o r e s c e n c e  o f  C y a n i d i u m  ca ldar ium in  s t a t e  ¢ 0  b y  d in i txo -  
b e n z e n e :  the  re la t ive  r e c i p r o c a l  f l u o r e s c e n c e  y i e l d ,  1 / ¢ ,  is p l o t t e d  as f u n c t i o n  o f  t h e  d i n i t z o b e n z e n e  c o n -  
c e n t r a t i o n  in the a q u e o u s  p h a s e .  E x c i t a t i o n  o c c u r r e d  a t  4 3 3  n m  a n d  t h e  e m i s s i o n  w a s  m e a s u r e d  a t  6 7 4  
n m .  N o t e  that fo r  1 / ¢  t h e  s a m e  u n i t s  as f o r  F ig .  1 a re  u s e d .  

~o (C. caldarium) = 7.5 and tl/2 (C. caldarium)/tl/2 (C. vulgaris) = 6.9, which 
means No (C. uulgaris)/No (C. caldarium)= 6.9, are in reasonable agreement 
with the assumptions made before.  Furthermore,  these values also agree with 
the ratio of  the slopes of  the 'normalized'  ~0-quenching curves of  C. vulgaris 
and C. caldarium which was found to  have a value of  7.1. This follows from the 
non-norms]ized curves of  Figs. :1 and 3, which have equal slopes. 

B. Laser-induced fluorescence induction simulated with the matrix model 
Fig. 4A shows the fluorescence kinetics of  C. vulgaris during a 350 ns laser 

flash (see Fig. 4C) of  variable intensity. Because of  some fluctuation along the 
t ime ordinate the curves are uncertain and therefore do t t ed  at t imes <50  ns. At 
time zero all curves start at the fluorescence level 40. Laser flashes with intensi- 
ties up to  just  saturating cause the reactions 

kr 
Z P Q ~  z P+Q- -~ Z+PQ - . 

This leads to a fluorescence increase due to the formation of  the only weakly 
quenching state P Q, .  If the intensity of  the  flash is no t  rate-limiting the rate of  
the fluorescence rise is determined by  the rate of  reduct ion of  the fluorescence 
quencher P+. This occurs with a rate constant  kr by  the secondary donor  Z of  
PS II. At intensities higher than saturating (>_ 2%), one observes a fluorescence 
decrease after the  initial f luorescence rise. This decrease even below ~o can be 
at tr ibuted to the formation of  the  fluorescence quencher C T which is populated 
rather efficiently after the  reaction centers are 'closed'. In a previous paper [9] 
we showed a computer  simulation of  the  fluorescence curves of  Fig. 4A using a 
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Fig. 4 .  ( A )  Re la t ive  f l u o r e s c e n c e  y ie ld  • o f  dark  a d a p t e d  Chlorel /o  vuI#aris dur ing  a 3 5 0  as  d y e  laser f lash 
(see  Fig.  4C)  o f  i n t e n s i t y  as i n d i c a t e d  in  p e r c e n t s  o f  t h e  m a x i m u m  i n t e n s i t y  o n  the  r ight .  Three  m e a -  
s u r e m e n t s  are averaged.  (B)  S i m u l a t i o n  o f  Fig.  4 A  us ing  t h e  m a t r i x  m o d e l  (Eqns .  7 - - 1 2 )  as presented  in  
the  I n t z o d u e t i o n ;  for  t h e  rate  c o n s t a n t  o f  q u e n c h i n g  b y  C T t h e  bes t  f it  va lue  k T = 3 .3  • 1011  s-1 has  b e e n  
used.  (C) T h e  i n t e n s i t y  t i m e  course  o f  the  3 5 0  ns  f lash o f  the  d y e  laser .  

model  of  the pigment system with limited transfer between the photosynthetic  
units (model  b). In Ref. 9 the formation o f  C T was assumed to be limited to 
one triplet per unit (not necessarily connected to the reaction center but 
randomly formed via kise). In the matrix model  the formation of  C T is also 
assumed to be at random but not  limited to one triplet per unit, in agreement 
with experimental evidence that the number of  C T triplets per unit or reaction 
center can be much larger than one [41- -43] .  Since the results o f  the dinitro- 
benzene fluorescence quenching strongly indicate that the matrix model  is the  
correct description of  the pigment system (see Discussion), it appears neces- 
sary to repeat the computer simulation o f  Fig. 4A using the matrix m o d e l  Fig. 
4B shows the result o f  the simulation for a reduction time of  the oxidized 
primary donor P* by the secondary donor Z o f  35 ns [9]  and a value o f  3.3 • 
1011 s -1 for the rate constant o f  quenching by C T, kT. This value of  kT was 
found to give the best fit. Over the whole  intensity range the calculated fluo- 
rescence kinetics show a good correspondence with the experimental kinetics. 
For the intensities 12.4 and 27 the correspondence between experimental and 
simulated kinetics is better for the matrix model  than for the model  in which 
limited e~ergy transfer between the units was assumed. It is concluded that the 
matrix model  is consistent with the carotenoid triplet quenching. 

We are able to compare the number o f  C T per reaction center calculated in 
the simulation of  the fluorescence kinetics and the concentration we measured 
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n u m b e r  of  C T pe r  un i t  or  r e a c t i o n  cen t e r  a n d  ~ ( T  = 0)  ffi 4>ma x .  Th e  d / f f e r en t  curves  ere  ca lcu la ted  using 
t h r ee  d i f f e r en t  m o d e l s  of  p i g m e n t  s y s t e ms  as d iscussed in  t h e  I n t r o d u c t i o n :  t h e  m a t r i x  m o d e l  ( ),  
the  mode l  of  I /m/ t ed  e n e m y  t r ans f e r  b e t w e e n  un i t s  ( . . . . .  ) ,  and that  of  sepa ra t e  un i t s  ( . . . . .  -). The  r a t e  
constant  of  quenchln_a b y  C T,  k T = 3 .3  • 1011 s - I ,  is o b t a i n e d  f z o m  Fig. 4B. Th e  e x p e r i m e n t a l  po in t s  (o)  
are  o b t a i n e d  f r o m  Ref .  42 .  F o r  f u r t h e r  exp lan~t /on  see t e x t .  

via the 520 nm absorbance change which is due to C z. At 520 nm a typical 
absorbance change of  9 • 10 -4 was found at the laser intensity of  about  2 • 10 ~s 
photons • cm -2 (~intensi ty  of  5% in Fig. 4). Using a molar absorption coeffi- 
cient for C T of 1.5 • l 0  s M -1 • cm -1 [41] we obtain a value for C T of  about  0.5 
per PS II reaction center, if 200 chlorophyll molecules per reaction center are 
present. This agrees well with the number  of  0.6 C T per reaction center which 
is calculated by the simulation model for the same intensity of  the laser flash. 

Very recently Breton et al. [42] reported a 'Stern-Volmer' relationship for 
spinach chloroplasts between the relative fluorescence yield and the concentra- 
t ion of C T after a 500 ns laser flash of  3 • 1014 photons • cm -2. We used t h e  
Eqns. 3, 5b and 6 for the simulation of  the results of  Breton et al. This was done 
by replacing kd by kT and D by T in these equations. We used a value of  3.3 • 
101~ s -1 for kT. This value for kT is obtained from the results shown in Fig. 4 A 
and B. The maximal value of  C T per PS II reaction center measured by Breton 
et al. was 2, at a flash energy of  3 • 1016 photons • cm -2. For the energy of 3 • 
1014 photons we estimate (on basis of  the model used for Fig. 4) this value to 
be about 0.2, using the above mentioned value of  0.5 C T per reaction center for 
2 • 10 Is photons • cm -2. The relation between the concentration of  C z and the 
flash energy is far from linear according to our model, because the first triplet 
quenches the formation of  the second triplet. Fig. 5 indicates that  the matrix 
model is the only model of  the three models considered, that  is consistent with 
the results obtained by Breton and coworkers [42]. In Fig. 5 ¢ m ~ / ¢  is plotted 
as a function of T, because a flash with an energy of  3 • 10 ~4 pho tons ,  cm -2 
will convert almost all reaction centers to the weakly quenching state P Q- 
(¢max). 

Discussion 

A. m-Dinitrobenzene quenching and the matrix model  
First the large differences are discussed between the experimentally observed 

half-quenching concentrations of  dinitrobenzene in vitro (11 raM) and in vivo 
(0.22 mM for ~m~) .  The observed half-quenching concentration of  11 mM in 
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an organic solution [13] can be explained by  the assumption that  no com- 
plexes are formed between chlorophyll  a and dinitrobenzene, and that  the 
quenching is determined by  the diffusion of  dinitrobenzene and excited chloro- 
phyll towards each other  (cf. Refs. 18 and 19). If dinitrobenzene is dissolved in 
the membrane its diffusion in the extremely viscous membrane can be con- 
sidered as negligible during the lifetime of  the excited chlorophyll  (~2 .5  ns). A 
chlorophyll  molecule then will be quenched directly only if it is 'in touch '  with 
a dinitrobenzene molecule. Because of  extensive transfer of  excitation energy 
between chlorophyll  a molecules [25,26,28,33,44] ,  the excitation of  chloro- 
phyll molecules not  adjacent to a dinitrobenzene molecule will be quenched in 
an indirect way. So the process of  (non.rate-limiting) energy transfer will con- 
siderably decrease the concentrat ion of  dinitrobenzene needed for half-quench- 
ing. This picture is consistent with our observation that lowering the temper- 
ature to  liquid nitrogen temperature does not  markedly decrease quenching, 
which would happen if diffusion of  dinitrobenzene were a prerequisite for 
quenching. 

The following model  and calculation yields dinitrobenzene concentrat ion of  
the right order of  magnitude for half~luenching of  the ~raax of  chlorophyll a 
in vivo. 

1. The dinitrobenzene concentrat ion in the  membrane is about  the same for 
membrane lipid as in the aqueous medium. We found a partition coefficient of  
2.5 for dinitrobenzene between water and hexane. Unfortunately,  we were not  
able to determine the partition coefficient between water and membrane 
directly, bu t  if we make the assumption that  the partition coefficient is of  the 
order of  2, then the rate of  trapping of  dinitrobenzene, kd, must  be equal to 
that  assumed under point  2 and vice versa, because kdD follows from the 
experiment. 

2. The rate constant  of  quenching of  a chlorophyll  molecule by  an adjacent 
dinitrobenzene molecule, kd, is the same as that  for trapping in a reaction center 
in the state P Q (k t = 4 • 1011 s-i). This is consistent with rates which can be 
estimated from in vitro dinitrobenzene quenching [ 18]. 

3. The dinitrobenzene molecules are distributed at random in the  membrane. 
4. The chlorophyll  molecules in the membrane are accessible to  dinitroben- 

zene from all sides in a similar way as in a solution. 
The calculation is as follows: From Eqn. 6 (with kt replaced by  k~), using 

the rate constants and No of  Table I and the above-mentioned value of  kd, 
4 .  1011 s -x, we calculate the  average number  of  dinitrobenzene molecules that  
produces half-quenching in vivo to be one per 700 chlorophyll  molecules (other 
models (Eqns. 3 and 5b) would give somewhat  larger values). This requires, in a 
medium in which diffusion can be neglected, a concentrat ion of  about  0. 5 mM 
dinitrobenzene. This can be calculated as follows. From the molecular weights 
of  chlorophyll  a and dinitrobenzene and assuming a density of  1.25 g .  cm -3 
(see also Refs. 18 and 45) for both  components  it follows that  the radii of  the 
spheres, in which one molecule is present, are roughly 6.8 and 3.8 ~ ,  respec- 
tively. Consider an arbitrary chlorophyll  a molecule. This would be quenched 
by  dinitrobenzene, if the  center of  one or  more dinitrobenzene molecules 
would be within a sphere of  radius 6.8 + 3.8 = 10.6 ~ with the same center as 
the chlorophyll  a molecule. This sphere has a volume of 5 nm 3. As calculated 
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we need only one dinitrobenzene molecule per 700 chlorophyll  a molecules or 
on the average 1/700 dini trobenzene molecule per 5 nm 3, which corresponds 
to a concentrat ion of  (6 X 10 ~3 X 700 X 5 X 10-24) -1 = 0.5 raM. If the partition 
coefficient for dinitrobenzene between membranes and water is 2.5, then the 
concentrat ion for half-quenching would be 0.2 mM in water as found experi- 
mentally. It seems likely that  only part  o f  the chlorophyll  molecules is acces- 
sible to dinitrobenzene. Then a somewhat  higher concentrat ion of  dinitro- 
benzene would be required, which might indicate that  dinitrobenzene is slightly 
at tracted to places where the  chlorophyll  is accessible, or that  the partition 
coefficient is somewhat  higher, or some other  parameter is different from that  
estimated. 

The foregoing discussion shows that  half-quenching of  the chlorophyll  a 
fluorescence in vivo is obtained for a number  of  less than one dinitrobenzene 
molecule per reaction center if we assume that  No = 200 chlorophyll  molecules 
per center are present. This corresponds with the model  simulations displayed 
in Fig. 2A and not  with those in Fig. 2B for which much higher numbers of  
dinitrobenzene molecules per reaction center are needed. The theoretical curves 
for the matrix model  presented in Fig. 2A correspond with the experimental 
results displayed in Fig. 1, in contrast  to the quenching curves for the models 
of  limited transfer and separate units, which are somewhat  bent  and non- 
parallel curves. Therefore we conclude that  the pigment system of PS II in 
C. vulgaris can for a large part be considered as a matrix of  chlorophyll  mole- 
cules in which the reaction centers are embedded.  This conclusion is consistent 
with results obtained with C. caldarium (see Fig. 3 and Table II). This alga has 
much smaller units than C. vulgaris. As already mentioned in the section 
Results and Interpretation the matrix model  was found to be consistent with 
the observed differences between the two  species. 

In summary,  the quenching by  dinitrobenzene can be consistently described 
by  assuming the matrix model, random distribution, a low partition coefficient 
(2.5), a high rate of  quenching (4 • 1011 s -1) and no diffusion. Different assump- 
tions seem to be rather unplausible, e.g. if the separate unit  model  is assumed 
for C. caldarium, which has units o f  abou t  30 chlorophylls, the observed linear 
relationship be tween the reciprocal fluorescence and dinitrobenzene concentra- 
tion (see Fig. 3) Can only be simulated with a partit ion coefficient of  abou t  100 
or more and thus a kd of  abou t  101° s -1 or  less, a value at least ten times lower 
than that  estimated from in vitro experiments [ 18]. 

It would be desirable to check our conclusions by  determining kd directly 
by  means of  picosecond absorption difference spect rophotometry .  Another  
check would be a direct determination of  the  partition coefficient,  which is not  
easy either because of  the low concentrat ion of  membranes.  A preliminary 
experiment on C. vulgaris yielded a value between 0 and 50. 

From the effect  of  dinitrobenzene on oxygen pulses in subsequent  flashes 
and other  evidence, it was concluded by  Etienne et al. [ 28] that  dinitrobenzene 
at a concentrat ion of  0.5 mM eliminated photochemical  activity and fluo- 
rescence dequenching in a non-negligible fraction of  the  reaction centers. Such 
an effect  would make the slope of  the ~max curve in Fig. 1 steeper than that  of  
the ~0 curve, in contrast  to  the parallelism reported by  us. Possibly the effect  
of  dinitrobenzene on the oxygen pulses is caused by  the use of  actinic flashes 
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close to that of saturation, combined with the somewhat increased initial value 
of the ratio S1/So of the S-states in the presence of dinitrobenzene. 

B. Heterogeneity o f  Photosystem H and the origin of  ~o 
Experiments by Melis and coworkers [46--48] indicated that there are two 

types of PS II in spinach chloroplasts, a and ~, of which the largest, a, is a 
matrix system, and fl a smaller system consisting of separate units. It has been 
shown by Melis and Schreiber [48] that the presence of the ~ centers, which 
are responsible for about 15% of the variable fluorescence yield emission, 
causes a deviation of the hyperbolic relationship between the fluorescence and 
the concentration of the primary acceptor in the reduced state, Q-, that was to 
be expected for a pure homogeneous matrix system. This corresponds to a non- 
linear relationship between the reciprocal fluorescence 4 -1 and the concentra- 
tion of Q- (= Q/~ + Q~). Van Gorkom and coworkers, however, reported for 
Tris-washed chloroplasts a linear plot of 4 -1 vs. the concentration of Q- [49]. 
These results have been discussed in terms of the matrix model [33]. In Tris- 
washed preparations the fluorescence changes caused by the minor subsystem 

are probably suppressed and the 40 of the subsystem is small (cf. Ref. 33). 
The analysis of the analogous quenching by dinitrobenzene for C. vulgaris 

and C. caldarium (Figs. 1 and 3) given in the preceding section did not reveal 
heterogeneity of PS II: the quenching curves (~-1 vs. concentration of dinitro- 
benzene) were found to be linear. In C. vulgaris, in contrast to spinach chloro- 
plasts, the contribution of the ~ subsystem to the fluorescence may well be 
smaller than 15%. So far measurements of ~ centers have not been reported for 
C. vulgaris. From preliminary experiments we conclude that the percentage of 

centers in C. vulgaris is very low. 
In the past it was often suggested that ~0 consists of 'dead' fluorescence not 

caused by PS II [32] or contains an appreciable contribution of Photosystem I 
fluorescence [26,28,43]. If, as is generally accepted, Photosystem I does not 
possess an appreciable variable fluorescence, these suggestions are not in agree- 
ment with the linear and parallel quenching curves of Fig. 1 which indicate that 
40 is largely emitted by one type of chlorophyll a of PS II, which is also 
responsible for the variable fluorescence. Simple calculations based on matrix 
systems show that 40 is probably emitted by PS II for a fraction exceeding 0.8, 
even if D and kd would be equal for Photosystems I and II. Moya [50] con- 
cludes, just like ourselves, from the proportionality between 4 and Tf (fluo- 
rescence lifetime) that the dead fluorescence in C. vulgaris at 685 nm is neg- 
ligible. The linearity of the curve is not discussed by Moya but is consistent 
with the matrix model as proposed by us. From the fluorescence quenching 
and the inhibition of primary photochemistry by dibromothymoquinone in 
chloroplasts at 77 K, Kitajima and Butler [20] concluded that the major part of 
~0 is emitted by chlorophyll a of PS II. This conclusion is based indirectly 
on the validity of their Eqns. 1 and 3. However, if the data of their Fig. 3, 
which gives 4max and 40 as function of the concentration of dibromothymo- 
quinone, are plotted as in our Fig. 1, strongly curved lines are obtained not in 
agreement with the Eqns. 1 and 3 of their model. This curvation may be caused 
by removal of the quencher by photoreduction [51] or by the occurrence of 
separate units at liquid nitrogen temperature (our Eqn. 3 and Refs. 52 and 53). 
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Fluorescence quenching by the carotenoid triplet C T 

As already mentioned the matrix model  is consistent with the experimental 
results shown in Figs. 4A and 5. Figs. 4B and 5 have been simulated using a value 
for the rate constant  of  quenching by  C T that  was almost equal to  the rate con- 
stants for quenching by  Q and P+. Further  it was assumed that C T is rapidly 
formed via the chlorophyll  triplet and for the formation of  the latter the rate 
constants of  chlorophyll  a in solution (in vitro) were supposed to be valid. This 
means that  in the state P Q- of  all reaction centers with a fluorescence yield 
~max -~ 12%, about  28% of  the  energy is lost to the triplet state of  chlorophyll  
from which C r arises. This corresponds well with results of  Den Haan 
[10] who estimated, assuming that  C T had the same rate constant  for quench- 
ing as Q, that  in the state P Q- a carotenoid triplet was formed with an effi- 
ciency of  about  24%. These efficiencies are consistent with the measurement 
of  a concentrat ion of  0.5 C T per reaction center at a light intensity of  2 • 10 is 
pho tons ,  cm -2, because with the help of  the matrix model  a number  of  0.6 C T 
was calculated for the same intensity. Apparently the in vitro parameters used 
in the model  are valid in vivo as well. 

One might ask what  kind of  quenching occurs between a chlorophyll  a mole- 
cule in the lowest excited singlet state, Chl *, and C r. Because there does not  
seem to be an appreciable To -* Tn absorption around 685 nm, de~xci ta t ion  of  
Chl * may not  be due to energy transfer from Chl * to C T. Therefore, analo- 
gously to the fluorescence quenching of  Chl * by  colourless quenchers, which 
takes place by  means of  an electron transfer reaction, the following reaction for 
quenching of  Chl * by  C T is considered: 

Chl * + C T --~ Chl'* + C T ~ Chl + CS(or C T) 

in which the overall reaction has an efficient rate constant  k T ;  C S is a caro- 
tenoid molecule in the singlet ground state. The rate constant  kT = 3 .3 .  1011 s -1 
used in the model  calculations is of  the same order as rate constants estimated 
for certain electron transfer reactions in vitro [ 18] and in vivo [ 54]. 

The above mentioned reaction presumably has a higher probabil i ty than the 
corresponding reaction between Chl * and C s, as in the former reaction extra 
energy (20 .9  eV) from the triplet of  C T is available for charge separation. 
Because the reduction potentials of  C T and C s are not  known, we cannot  
estimate the standard free energy changes of  the  redox reactions. By means of  
rapid absorbance difference spectroscopy the mechanism of  these reactions 
may be established. 
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List o f  symbols 

Symbols  used for one equation are defined in situ. 

Q 

P 

C T 

T 
i 
D 
No 
k~ 

kic 
klse 
kt 
k; 

kh 

kt~ 

kl 
kd 

kT 

PF~ 

the 'primary'  electron acceptor  of  Photosystem II which is a plasto- 
quinone molecule; Q- is the reduced state, the plastosemiquinone anion 
[55,56] 
P-680 = reaction center chlorophyll  a dimer of  Photosystem II [51] ; P+ 
is the oxidized state of  P 
carotenoid molecule in the  lowest  triplet state 
average number  of  carotenoid triplets per unit  or reaction center 
number  of  artificial fluorescence quenchers per unit  or  reaction center 
the average of  i for a system of  units or reaction centers 
number  of  chlorophyll  a molecules per unit  or reaction center 
rate constant  for de-excitation of  a chlorophyll  a molecule in the lowest 
excited singlet state by  fluorescence emission 
rate constant  for de-excitation via internal conversion 
rate constant  for de-excitation via intersystem crossing 
rate constant  for energy trapping b y  the reaction center in the state P Q 
rate constant  for energy trapping by  the reaction center in the state P 
Q- 
rate constant  for energy transfer from an excited chlorophyll  molecule 
to another chlorophyll  molecule (in the same unit) 
rate constant,  'averaged' over all chlorophyll  molecules in a unit for 
energy transfer to a chlorophyll  molecule in another unit; this rate con- 
stant only plays a role in the model  of  limited energy transfer between 
photosynthet ic  units 
k~ + kic + ktsc, rate constant  for energy loss 
rate constant  for quenching of  an excited chlorophyll  molecule by  an 
artificial quencher molecule 
rate constant  for quenching by  C T 
(relative) fluorescence yield of  a system of  units or chlorophyll  mole- 
cules in vivo. ~0 is the zero fluorescence yield in the state P Q and 
~m~x is the maximal yield in the state P Q- 

for one (particular) unit;  the subscript i stands for the number  of  
artificial quenchers in that  unit  
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