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Binding o f radioactively labelled DCM U, ioxynil and terbutryn to spinach chloroplasts is 

determined following preillumination by single-turnover, saturating light flashes. W ith all o f  the 
three herbicides binary oscillations o f binding are observed. Dark-adapted samples, or those pre­
illuminated by an even number o f flashes, bind more inhibitor than samples preilluminated by 
an odd number o f flashes. Binding oscillations depend on inhibitor incubation tim e and on 
the seasonal adaptation o f the plants. The binding kinetics following a single flash display three 
phases, the last two of which can be correlated with reoxidation kinetics o f the secondary photo­
system II acceptor Qb, as determined by fluorescence measurements. Analysis o f  the binding at 
DCMU concentrations up to 10"7 M free DCM U yields identical binding constants for dark- and 
flash preilluminated samples, but much less binding sites following one flash. It is concluded that 
up to 10~7 M free DCMU, centers with bound Q b do not contribute significantly to total binding. 
Displacement o f Q b from the binding site is half-saturated at about 10-6 M DC M U , as monitored 
via fluorescence induction. The data are considered strong support for the Velthuys ‘inhibitor- 
Q i competition model’.

Introduction

Many studies on the photosystem  II acceptor 
complex suggest that electron transport from  the 
prim ary acceptor Q A to the pool o f plastoquinone 
proceeds via a secondary acceptor Q B, previously 
called ‘B’ or ‘R ’ [1 -6 ] . Q B is able to store one elec­
tron until upon a second photoact two electrons are 
accum ulated and then released into the p lastoqui­
none pool. By the use of inhibitors like D C M U  
which block reoxidation of QA and by application  
o f single-turnover light flashes a careful investiga­
tion of this two electron gating m echanism  at the 
photosystem II acceptor side has been possible. 
Observations o f binary oscillations in D C M U -in­
duced fluorescence increase, in dependence o f the 
num ber of preillum inating, single-turnover flashes, 
has been considered a strong argum ent in favour o f 
this concept [1,3, 4],
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Reprint requests to Prof. Dr. W. Urbach.

0341-0382/84/0500-0397 $01 .30 /0

Recently Velthuys proposed that inh ib ito r b ind ­
ing at the PS II acceptor com plex is in com petition  
with the binding of plastoquinone [7], In this m odel, 
Q b is a plastosem iquinone anion which becom es 
stabilized by binding to the prim ary acceptor Q A. 
Inhibitor binding can take place only w hen the 
binding site is vacant, i.e. when not occupied  by Qb. 
Support for this model has com e from  fluorescence 
studies [6 , 8 , 9] and, m ore directly, from  [14C]D CM U  
binding studies [ 1 0 , 1 1 ].

Here, we report in m ore detail on redox-state 
dependent binding o f radioactively labelled PS II 
inhibitors. Particular attention is given to a p o p u la ­
tion of PS II centers which in previous studies 
appeared to bind D CM U  in a redox independen t 
manner [10, 11]. It will be shown, tha t a substantial 
part o f Q i  is reoxidized following a single flash by a 
yet unknown m echanism  and, therefore, will display 
the same binding properties as dark  adap ted  centers.

Materials and Methods

All experiments were carried out w ith isolated 
chloroplast m em branes from  greenhouse-grow n Spi- 
nacia oleracea. The isolation o f the m em branes was 
perform ed as described in [ 1 2 ] w ith the m odifica­
tions as in [10]. The preparation  o f in tact ch loro­
plasts was stored in the dark  on ice for at least 3 h. 
Intact chloroplasts were osm otically shocked in a
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medium containing 50 m M  MES (KOH) buffer, 
pH 6.5, and 5 m M  M gCl2. After addition  o f the sam e 
volume of a m edium  containing 0.66 m  sorbitol and 
the same concentration of buffer (pH 6.5) and 
MgCl2 as the shock m edium , 10- 4 m  K 3 F e(C N ) 6 

were added. 5 min later, the thylakoids were incu­
bated with 5 x 10- 3  m  N H 2OH for at least 15 m in to 
prevent reoxidation of QX via the backreaction  [13]. 
For binding experim ents the following radioactively 
labelled inhibitors were used: [l4 C]DCM U (34.4 jaCi/ 
mg), [14C]terbutryn, a s-triazine (7.9 |iC i/m g ) and 
[14C]ioxynil, a benzonitrile (34.3 (iCi/m g).

Saturating light flashes o f abou t 5 |is duration  
were applied at 1 Hz with a S trobotac Xenon flash 
tube (General Radio) by focussing the light into the 
reaction vials. H erbicides were dissolved in m e th a­
nol and were added to the assays always under 
vigerous stirring. The final m ethanol concentration  
never exceeded 1% (v/v). After the given incubation  
times the samples were centrifuged (Beckman M ini- 
fuge B) at about 9000 x g for 15 s. W ithin 5 s abou t 
90% of the thylakoids were in the pellet. A liquots of 
the clear supernatant were added to scintillation 
fluid (Zinsser, Q uickszint 2000) and counted for 
radioactivity in a liquid  scintillation counter (Con- 
tron Betamatic). Each sam ple was corrected for 
quenching. D C M U -induced changes o f chlorophyll 
fluorescence were m easured as in [10]. Even in the 
presence o f D CM U and o f N H 2OH the m easuring 
beam was weak enough (10 - 4  W • m ~ 2 • s _1) not to 
cause any fluorescence increase. In all experim ents, 
the tem perature was kept at 1 0  °C.

Results and Discussion

1. Flash-induced binary oscillations o f herbicide binding

Binary oscillations in the am ount o f b inding of 
PS II herbicides to thylakoid m em branes are shown 
in Fig. 1. Addition o f the inhibitors took place 10 s 
after the last flash and sam ples were incubated  for 
5 min with the inh ibitor before b inding was stopped 
by centrifugation. In dependence o f the num ber o f 
preilluminating flashes, strong binding was found 
after zero or an even num ber and weak binding 
after an odd num ber o f flashes. The am plitude of 
the oscillations varied between 30 and 60% o f the 
maximum binding in the dark and was dam ping  out 
with increasing num ber o f flashes. The occurrence

n u m b e r  of  f l a s h e s

Fig. 1. Binding of [14C]DCMU (O), [14C]terbutryn (□) and 
of [l4C]ioxynil (A) at pH 6.5, in dependence of the number 
of preilluminating flashes. Total inhibitor concentration 
2 x 10~7 m, incubation time 5 min, inhibitor added 10 s 
following the last flash, Chi, 25 ng/ml.

o f oscillations in inhibitor binding strongly suggests 
a decisive influence of the redox-state o f the charge 
accumulating secondary acceptor Q B. W ith zero or 
an even num ber of flashes Q B is oxidized, while 
with one or an odd num ber of flashes Q B is singly 
reduced. The fact that the D CM U -type inh ib ito r 
terbutryn as well as the phenol-type inh ib ito r ioxy­
nil also display binary oscillations in b ind ing  su p ­
ports previous conclusions on a com m on b inding 
site [14, 15].

2. Redox-state dependent binding kinetics

In evaluating the results o f Fig. 1 it is im portan t 
to note that inhibitor binding was assayed after
5 min incubation period, which is sufficient to reach 
a quasi-stationary level o f binding, follow ing a 
single flash. The actual tim e dependency o f binding 
is shown in Fig. 2. U nder the given conditions, 
three phases of D CM U -binding following a single 
flash can be distinguished: A rapid phase (phase 1) 
occurring within less than 1 0  s, a slower phase 
(phase 2 ) with a half-tim e o f about 1 m in and a very 
slow phase (phase 3) with less than 10% increase of 
total binding within 45 min. D ark-adapted  sam ples 
reach equilibrium  within less than 20 s. As a conse­
quence of these binding kinetics, the am p litude o f 
the redox-state dependent binding oscillations d e ­
pends on incubation tim e, with largest am plitudes 
after short times.

Comparing the data of Figs. 1 and 2 with p re ­
viously reported results from our laboratory [ 1 0 , 1 1 ], 
there are significant differences in the relative
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Fig. 2. Kinetics o f [l4C]DCM U binding in the dark ( • )  
and after one preilluminating flash (O). Inhibitor addition  
15 s after the flash, total [ |4C]DCM U concentration 1.5 x 
10~7 M, pH 6.5, Chi, 20 ng/ml.

extents o f the three b inding phases following a 
single flash. W hile these differences are by far too 
large to be caused by variation o f experim ental 
parameters, there seems to be a distinct effect of 
seasonal adaptation of spinach plants. As it appears, 
there is a tendency for a large 'phase 1 ’ and a small 
'phase 3’ in w inter spinach [10]. On the contrary, 
summer spinach shows a small ‘phase 1 ’ and a large 
'phase 3’ [11].

3. Stability o f  the semiquinone anion Q B

According to a simple model of charge accum ula­
tion at the PS II acceptor side, a single-turnover, 
saturating flash should produce almost quan tita tive­
ly Qb, provided the acceptor com plex is com pletely 
oxidized before the flash. F urtherm ore this Q i  
should be very stable, if  reoxidation via the PS II 
back-reaction is prevented by N H 2 OH. The data o f 
Fig. 2 and o f previous reports [10, 11] cannot agree 
with such a sim ple model, when at the sam e tim e 
the 'inhibitor-plastoquinone com petition m odel’ 
shall apply, i.e. that D CM U will bind only to centers 
w ithout bound Q i. Obviously even after a single 
flash a considerable am ount o f D CM U  can be 
bound (see Fig. 2), i.e. a considerable degree o f Qb 
reoxidation would have to take place by m echa­
nisms which are ‘forb idden’ by a sim ple charge- 
accum ulation model.

Reoxidation o f Q i  can be m onitored by m easur­
ing the D CM U -induced rise in dark fluorescence in 
dependence o f the tim e following a flash. U nder 
conditions which were alm ost identical to those of
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the [14C]DCM U binding experim ents, such fluores­
cence m easurem ents yielded the reoxidation  k ine t­
ics depicted in Fig. 3. As it appears, part o f Q i  
becomes reoxidized w ith a half-tim e o f abou t
1 min, while another part (approxim ately  50%) stays 
reduced even for extended dark-tim es.

These fluorescence data suggest a m arked hetero ­
geneity o f PS II centers w ith respect to the ir capa­
bility of reoxidizing Q i  by a m echanism  different 
from charge accum ulation.

4. Analysis o f concentration dependent inhibitor 
binding

In Fig. 4 the concentration dependency o f [ 14C]- 
DCM U binding with and w ithout flash p reillum ina­
tion, and in Fig. 5 the corresponding double recip­
rocal plots are depicted. U nder our experim ental 
conditions, with and w ithout flash preillum ination , 
high-affinity binding saturated  at abou t 5 x 1 0 - 8 m 
free DCMU. The double reciprocal plot suggests 
identical binding constants o f 1 . 8  x 1 0 - 8  m , while the 
number of binding sites was cut down to about ha lf 
by a preillum inating flash.

Following a formal analysis according to enzyme 
kinetics one may be led to conclude tha t p re illum i­
nation by a single flash results in non-com petitive 
binding of inhibitor and Q i  (the la tter created in

tim e  ( f la sh  —*DCM U), m in
Fig. 3. DCMU-induced increase o f chlorophyll fluores­
cence in dependence o f  the time between a saturating, 
single-turnover flash and DCM U-addition. Sample-prein- 
cubation 15 min in the dark in presence o f  5 mM N H 2OH 
and 0.1 mM K3F e(C N )6. T, 10 °C, pH 6.5, Chi, 7.5ng/m l. 
Final DCMU concentration 10-5 m . The increase o f fluo­
rescence 30 s following injection is plotted. One relative 
unit corresponds to the dark fluorescence level before ap­
plication of a flash. The dotted line gives the level o f  
DCMU-induced fluorescence rise without preilluminating 
flash.
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f r e e  DCMU (fjM)
Fig. 4. Concentration dependent binding o f [ 14C]DCM U to 
thylakoids, dark adapted ( • )  or flash preilluminated (O). 
DCMU incubation time 5 min, pH 6.5, Chi, 25 ^xg/ml.

7/Aree DCMU (1//j M)
Fig. 5. Double reciprocal plot o f  concentration dependent 
[ l4C]DCMU binding to thylakoids, dark adapted ( • )  or 
flash preilluminated (O). The abscissa intercepts reveal 
Kb, the ordinate intercepts the concentration o f  binding
sites.

t im e  (m in )
Fig. 6. DCMU-induced fluorescence increase following a 
single, saturating flash in dependence o f  DCM U-concen- 
tration. DCMU-injection at time zero, 15 s following a 
flash. T, 10 °C, pH 6.5, Chi, 20 |ig /m l. One relative unit 
corresponds to the dark fluorescence level before flash- 
illumination.

the flash), to two separated receptor sites. Such 
approach has proven useful in a large num ber o f 
investigations on the m ode of com petition  o f d iffe r­
ent herbicides [14—17], In the present case, how ­
ever, such conclusion would be in contradiction  to 
the original 'inh ib ito r-Q i com petition m odel’ [7] as 
already pointed out previously [11]. O ur new obser­
vation of partial Qb reoxidation following a single 
flash (see Fig. 3) may resolve this apparen t co n tra­
diction: Under the given conditions, even following 
a single flash, at about half o f all centers the 
binding site is vacant from Q i during the in cu b a­
tion period of the inhibitor. Hence, the inh ib ito r 
binding properties displayed in Figs. 4 and 5 ap p ear 
to reflect only those centers w ith vacant b ind ing  
sites, with as well as w ithout flash preillum ination . 
This explains the identical /£b-values. W ithin the 
used DCM U concentration range (up to 3 x 10- 7  m ) 
and under the given conditions, displacem ent o f Q B 
by the inhibitor seems to play a m inor role as 
compared to binding to vacant sites. M easurem ents 
o f the DCM U-induced fluorescence increase follow ­
ing a single flash confirms that, at pH  6.5 and 10 °C , 
displacement o f Qb by 3 x 10- 7  m D CM U  is ra th e r 
slow (r | / 2  =  1 min) and incom plete (about 30% w ith­
in 4 min incubation) (see Fig. 6 ). It was previously 
shown by Lavergne [8 ] that half-sa turation  o f 
DCM U-induced fluorescence increase is at a con­
centration o f 6.5 x 10- 7  m at pH 7.

Discussion

The presented binding data, in com bination w ith 
the fluorescence data give strong further support to 
the ‘inhibitor-plastoquinone com petition m o d e l’ 
proposed by Velthuys [7] and elaborated  by 
Lavergne [8 , 9]. The data suggest that the singly 
reduced, secondary PS II acceptor Qb binds strongly 
to the inhibitor binding site and thus prevents sig­
nificant inhibitor binding w ithin a concentration  
range (up to about 10“ 7 M free D C M U ) which gives 
saturated binding at oxidized centers (see Figs. 4 
and 5). D isplacem ent of Qb by D CM U , w hich 
causes a fluorescence increase by electron reversal 
on the prim ary acceptor Q A, will occur at consider­
ably higher inhibitor concentrations (see Fig. 6  and 
[9]) and therefore, does not contribute significantly 
to binding properties displayed in Figs. 4 and 5. 
Binding experiments with higher inh ib ito r concen­
trations proved to be rather difficult because o f the 
unfavourable ratio o f bound to free [ 14C]D CM U .
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There is a considerable am ount o f inh ib ito r b ind ­
ing following a single flash which at first sight 
appears to be redox-state independent and actually 
has been interpreted that way [10]. However, the 
fluorescence data o f Fig. 3 suggest that under con­
ditions of binding experim ents, there is substantial 
reoxidation of Q i  following a flash by a yet un­
known mechanism. As this reoxidation can take 
place before and during inh ib itor incubation, 
DCM U can bind to the thus vacated binding site. 
Such explanation appears m ost reasonable to ac­
count for 'phase 2’ and ‘phase 3’ o f the D CM U  
binding kinetics displayed in Fig. 2. There rem ains 
uncertainty about ‘phase F. F or tim es shorter than 
1 0  s it is difficult to determ ine Q i  by m easuring the 
D CM U-induced fluorescence increase, as this in ­
crease is then overlapping with the fairly steep 
relaxation kinetics o f the flash-induced fluorescence 
increase.

The question arises by which m echanism  Q i  be­
comes reoxidized following a single flash. As shown 
in Fig. 3, this reoxidation is not due to the presence 
of a significant am ount o f Q i  before the flash. Also, 
the presence o f 5 mM N H 2OH should block charge 
recom bination at the PS II centers and prevent 
double-hits [18]. An outstanding feature o f this type

of Q i reoxidation appears to be its large variability  
with seasonal adaptation  o f the plants. O ne m ay 
consider the possible existence o f an additional 
redox com ponent in the PS II acceptor com plex, 
which may either feed an electron into Q i  or 
receive an electron from it. Both cases w ould lead to 
reoxidation of Q i  and to its release from  the b ind ­
ing site. The seasonal fluctuations o f the am ount o f 
DCM U bound following a single flash m ay indicate 
variability in the relative concentration  o f such 
hypothetical, alternate acceptor or o f its reduction  
level. There are num erous reports from  Jo lio t’s 
laboratory [19 — 21] and by Lavergne [9, 22, 23] on 
alternate PS II acceptors. Also, the ‘high p o ten tia l’ 
PS II acceptors described by Bowes et al. [24] and by 
Hardt [25] may be involved.
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