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T he interaction o f  ha logenated  p -b en zoq u in o n es with PS II has been analyzed by m easure­
m ents o f  fluorescen ce induction curves and the average oxygen yield  per flash in iso lated  class II 
chloroplasts. It w as found:
1 )T h e  norm alized area over the fluorescence induction  curve in the presence o f D C M U , A/F max, 

m arkedly in creases if h a logen ated  p -b en zoq u in on es are added before D C M U . The effect is 
elim inated  by D C M U  addition  prior to that o f  the quinones.

2) The extent o f  A /F max increases w ith increasing dark time betw een  the additions o f 2 ,3 ,5-tri-  
b rom o-6-m eth y l-l,4 -b en zo q u in o n e  (T B T Q ) and D C M U , respectively.

3) Som e o f  the h a logen ated  p -b en zoq u in on es w ere found to act as efficient electron  acceptors 
under repetitive excitation  at low  flash frequency (2 H z). In the case o f T B T Q  and 2,3-di- 
ch lo ro -5 -t-b u ty l-l,4 -b en zoq u in on e (T B U  13) the sensitivity o f  the average oxygen  yield  per 
flash was sh ifted  tow ards higher con centrations o f  D C M U .

4) H alogen ated  p -b en zo q u in o n es can also affect the stability o f oxid izing redox equ ivalen ts in the  
w ater oxid izing enzym e system  Y . T his effect depends on the nature o f the substituents.
T he present results are in terpreted  by the assum ption  o f a covalent binding o f halogenated  p-

b en zoq u inon es in the vicinity o f  Q A. This b inding is prevented by D C M U . T he possib ility  o f  
allosteric in teraction  b etw een  the donor and acceptor side o f PS II is discussed.

Introduction

M any herbicides interrupt the electron transport 
betw een the primary (Q A) and secondary ( 0 B) plasto- 
quinone at the PS II acceptor side (for review see  
ref. [1, 2]). B ased on proteolytic degradation experi­
m ents a proteinaceous com ponent was inferred to  
function as apoprotein o f these functional quinones 
which sim ultaneously acts as target for noncovalent 
herbicide binding and as shield to exogenou s redox  
substances [3. 4], PS II herbicides w ere assum ed to

Abbreviations: A , area over  the induction  curve; p -B Q , p- 
ben zoq u inon e; C hloranil, 2 , 3, 5 , 6 te trach loro-1 ,4 -b en zo-  
quinone; D ,,  32 kD a Q B-protein; D C M U , 3-(3 ,4 -d ich loro-  
p h en y l)- l,l-d im eth y lu rea ; Fmax, m axim al fluorescence  
intensity; M E S, 2 -(N -m orp ho lin o ) su lfon ate; T B T Q , 2 .3 .5 -  
trib rom o-6 -m eth y l-l,4 -b en zoq u in on e; T B U  13, 2 ,3 -d i- 
ch lo ro -5 -t-b u ty l-l,4 -b en zoq u in on e; T ric ine, tris (hydroxy- 
m ethyl) m ethylglycine.
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function predom inantly via an allosteric m echanism . 
A n alternative m odel proposed a direct com petition  
o f herbicides with the binding o f Q B [5 ,6 ] . This m od­
el im plies that a plastoquinone m olecule becom es  
tightly bound to the Q B binding site only in its sem i- 
quinone form , but is rather easily exchangeable in 
the quinone and quinol redox state. B inding and re­
placem ent studies with radioactively labeled herbi­
cides as w ell as electron accepting quinones sup­
ported the com petitive m odel to  som e extent [7, 8] 
but other data indicated that allosteric effects are 
also o f functional relevance [9, 10]. The interaction  
of quinone derivatives is o f special interest because  
these substances resem ble native quinones in their 
ability to act as redox active com ponents but in addi­
tion som e o f them can also inhibit the electron trans­
port at PS II [11]. In this com m unication the interac­
tion o f halogenated 1,4-benzoquinones with PS II 
has been analyzed to attack tw o problem s:
1) D o these com pounds bind in the vicinity o f Q A, so 

that a D C M U -insensitive electron transport can 
take place from Q A to the bound quinones?
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2) D o these quinones com pete for the binding site of 
D C M U ?
T hese questions were analyzed by m eans of 

fluorom etric and am perom etric m ethods.

Materials and Methods

Thylakoids (class II chloroplasts) w ere isolated  
from spinach by the m ethod described in ref. [12], 
except that 10 mM ascorbate was present in the 
grinding medium. 5%  dim ethylsulfoxide was added  
for storage in liquid nitrogen. F luorescence induction  
curves were measured at room  tem perature with an 
equipm ent similar to that described previously [13], 
except o f using a sam ple holder for the cuvette  
instead of that for leaves. The reoxidation o f the 
primary quinone acceptor, Q A, in the presence of 
D C M U  and N H 2O H  was m easured via changes o f  
the fluorescence yield as outlined in ref. [14].

The chloroplast suspension contained: 5 ng 
chlorophyll/m l, 2 mM NaCl, 2 mM M gCl2 and 50 mM 
Tricine N aO H  pH =  7.5. The sam ples were com ­
pletely dark adapted before starting the m easure­
ments. Q uinones were added as indicated in the fig­
ure legends. The average oxygen yield per flash was 
measured with a Clark type electrode as described in 
ref. [15]. In this case the chloroplast suspension  
contained 50 [ig chlorophyll/m l, 10 m M  KC1, 2 m M  

M gCl2 and 20 mM M E S-N aO H , pH =  6.5 o f exogen ­
ous electron acceptor w ere added as indicated in the 
figure legends. The synthesis o f the 1,4-benzo- 
quinones is described in ref. [16].

Results

In order to test the possibility o f the binding of 
halogenated 1,4-benzoquinones in the vicinity o f Q A 
fluorescence induction curves w ere m easured in the 
presence o f D C M U  w ithout and with the corre­
sponding quinone. A  typical trace o f the curves o b ­
tained is depicted in Fig. 1. G enerally two effects 
arise if the sam ples are incubated in the dark with 
halogenated 1,4-benzoquinones 5 min before 
D C M U  addition: a) the maximum level o f the 
fluorescence decreases due to the w ell established  
non-photochem ical quenching effect o f quinones
[17]. This effect which is not specific for halogenated  
quinones also occurs if quinones are added after 
D C M U . b) The area over the fluorescence induction  
curve, A , normalized to the m aximum level, Fmax,

Fig. 1. Schem atic representation o f fluorescence induction  
curves in thylakoids in the absence and presence o f  h a loge­
nated  1 ,4 -benzoqu in on es and D C M U . Q =  quinone.

m arkedly increases due to incubation with h aloge­
nated 1,4-benzoquinones. This effect disappears if 
D C M U  is added before the quinones (vide infra). 
The area over the induction curve norm alized to the 
m axim um  fluorescence, A /F max, represent the accep­
tor capacity for electrons [18]. A s the capacity o f the 
control in the presence of D C M U  is one electron, the 
ratio (A  / Fmax)Q/(A t  Fmax)control reflects the total 
D C M U  intensitive number o f electrons that can be 
stored at the PS II acceptor side. The data sum ­
m arized in Table I indicate that in the presence o f  
D C M U  2 —4 electrons can be transferred to the 
halogenated  1,4-benzoquinones. This am ount does 
not correlate with the redox potential and the steric 
param eters (see [11]) o f the different quinone deriva­
tives. The increase o f the norm alized area over the 
fluorescence induction curve is not observed for non- 
halogenated  quinone derivatives (data not show n). 
T he m ost sim ple explanation for this phenom enon  
can be offered by the assumption that 1—2 haloge­
nated quinones are bound in the vicinity o f Q A so 
that a sufficiently rapid electron transfer can take 
place. The effect saturates with increasing quinone 
concentration as is shown in Fig. 2. A  com pletely  
different pattern how ever is observed if the haloge­
nated quinones are added after D C M U . In this case 
no increase o f AIFmax arises (see Fig. 2). This result 
indicates that D C M U  prevents quinone binding in 
the vicinity o f Q A. On the other hand quinone bind­
ing d oes not elim inate the blockage o f electron trans­
port by D C M U . In order to understand these effects 
it appears reasonable to assume that halogenated  
quinones bind irreversibly at a site which is different 
from that for D C M U . This idea is in line with latest
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T able I. E ffects o f  various halogenated  1,4-benzoquinones on the norm alized  area over  
the fluorescen ce induction curve (A //rmax)o/,(^^max)controi-
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Fig. 2. N orm alized  area over the fluorescence induction  
curve, A/F max, as a function o f  T B T Q -concentration  in thy­
lakoids. •  , 5 min dark incubation at the indicated T B T Q  
concentration  prior to addition o f D C M U  to a final con ­
centration  o f  5 |^m; O, D C M U  addition before T B T Q . 
O ther experim ental details as in M aterials and M ethods.

findings o f a covalent binding o f [14C ]tetrabrom o-l ,4- 
benzoquinone to a 41 kD a polypeptide in PS II [19]. 
On the basis o f the above m entioned interpretation  
the replacem ent o f halogenated 1,4-benzoquinones 
is expected  to depend on the tim e elapsed betw een  
additions o f the quinone and o f D C M U , respective­
ly. In Fig. 3 the norm alized area over the fluores­
cence induction curve (;4/.Fmax)Q/(v4/Fmax)contro, is d e­
picted as a function o f the dark incubation time with 
2,3 ,5-tribrom o-6-m ethyl-l,4-benzoquinone (T B T Q ) 
before addition o f D C M U . The data show  an in­
crease o f the norm alized area over the fluorescence

induction curve with increasing dark incubation 
reaching the m axim um  value after 2 —3 min. This 
tim e course can be interpreted as the binding kinetics 
o f T B T Q .

The data reported so far suggest that TBTQ  binds 
covalently in the vicinity o f Q A and that this effect is 
prevented in the presence o f D C M U . This implies 
that a mutual interaction does exist betw een the 
binding sites o f D C M U  and T B T Q , respectively. A c ­
cordingly, after covalent T BT Q -binding also the af­
finity o f D C M U  is expected  to be affected. In order 
to test this idea the effect o f D C M U  on the electron  
transport was analyzed in control and TBTQ  treated  
sam ples by m easuring the average oxygen yield per

Fig. 3. N orm alized  area over the fluorescence induction  
cu rve, A/F max, as a function  o f  the dark incubation time 
b etw een  addition  o f  T B T Q  (3 ^m) and D C M U  (5 hm), re­
sp ectively , in thylakoids. O ther experim ental details as in 
M aterials and M ethods.
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Fig. 4. A verage oxygen  yield  per flash as a func­
tion o f  D C M U -concentration  in thylakoids. E lec­
tron acceptors: • .  100 jam p-ben zoq u in on e; A, 
100 jam 2 ,3 -d ich loro-t-b u ty l-l,4 -b en zoq u in on e; O, 
100 jam T B T Q . Tim e betw een  the flashes 250 ms. 
O ther experim ental conditions as described in 
M aterial and M ethods.

flash as a function o f D C M U  concentration. The re­
sults obtained are depicted in Fig. 4. It is show n that 
TBT Q  decreases the susceptibility o f oxygen evo lu ­
tion to D C M U  by about one order o f m agnitude.
This phenom enon is only observed if T BT Q  is added  
before D C M U  (data not show n).

B esides of the specific binding effect o f ha loge­
nated 1,4-benzoquinones the possibility should be 
taken into account that these com pounds could also  
interact in the presence o f D C M U  with QÄ w ithout 
covalent binding in its vicinity. To check this possibil­
ity experim ents were perform ed in thylakoids that 
were pretreated with D C M U  and N H 2O H . In this 
case the back reaction betw een QÄ and S2 o f the 
water oxidizing enzym e system  Y  is prevented so that 
QÄ exhibits a very long life tim e [20]. The reoxida­
tion o f QÄ was measured via the relaxation o f the 
flash induced fluorescence yield accounting for the 
nonlinear relation betw een QÄ (t) and F(t) by a pro- °  
cedure outlined previously [14, 21]. It is known that 
after one saturating flash the maximum fluorescence ^  
yield is not reached. Therefore the sam ples w ere il- H  
lum inated with 25 flashes and the fluorescence decay c f  
was measured after the last flash. The data obtained  
are shown in Fig. 5. In the absence o f added  
quinones QÄ exhibits the expected  high stability.
A fter addition o f TBTQ  the decay kinetics becom e  
accelerated. The relaxation rate increases with in­
creasing TBT Q  concentration. It is interesting to 
note that this effect does not disappear if D C M U  is 
added before TBT Q  (data not show n). This result 
indicates that TBT Q  can interact with QÄ also under

conditions w here binding in its vicinity is prevented  
by D C M U . H ow ever, it has to be em phasized that in 
this case the electron transfer from QÄ to T BT Q  is 
slow er by orders o f m agnitudes than under condi­
tions w here T B T Q  is bound in the neighbourhood of 
Q a - The data o f Fig. 5 exhibit another effect. B ased  
on the m ultiphasic decay kinetics a heterogenous  
type o f interaction betw een QÄ and TBT Q  appears 
to be likely. H ow ever, this phenom enon will not be 
further analyzed in this com m unication. A  last point 
should be considered for the interaction betw een  
T B T Q  and the PS II acceptor side. A s the polypep­
tides o f the PS II core com plex span the thylakoid

Fig. 5. R elative extent o f  reduced QÄ as function o f  tim e  
after excita tion  with 25 flashes o f thylakoid in the presence  
o f  2 jam D C M U  and 500 (am  N H 2O H  at different T B T Q  
con cen tration s. • ,  C ontrol; O, 3 (a m ; □ ,  6 (a m ; A, 12 |a m . 
T h e suspension  contained  20 |Ag chlorophyll/m l. O ther  
experim enta l cond itions as described in M aterial and 
M ethods.
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Fig. 6 . A verage oxygen  yields per flash as a func­
tion  o f  tim e betw een  the flashes in thylakoids in 
the presence o f  d ifferent quinones. O, 100 
T B T Q ; • ,  100 [xm 2 ,3-d ibrom o-5-t-buty l-l,4 -ben- 
zoq u in one; A, 100 îm chloranil. O ther experi­
m ental con d ition s as described in M aterial and 
M ethods.

m em brane structural m odifications at the acceptor 
side could also indirectly change the reaction pattern  
at the donor side. In this respect the stability o f ox i­
dizing redox equivalents in the water oxidizing en ­
zym e system  Y is a parameter that could be easily  
affected. Inform ations about the stability o f the in­
term ediary redox states are obtainable by m easuring  
the average oxygen yield per flash as a function o f  
the tim e betw een the flashes [15]. D ifferent h aloge­
nated 1,4-benzoquinones w ere tested. The data o b ­
tained (see Fig. 6) reveal that effects on the water 
oxidizing enzym e system are strongly dependent on  
the type o f the substituents. A  similar effect has been  
reported previously for substituted diphenyl-am ines
[23].

D iscussion

The results presented in this study provide ev i­
dence for a covalent binding o f halogenated 1,4-ben- 
zoquinones in the vicinity of Q A which permits rapid 
Q A-reoxidation after preillum ination in the presence  
of D C M U . This quinone binding is prevented by 
D C M U .

The first indication for the interaction o f an ex ­
ogenous quinone with PS II has been reported previ­
ously [24] for unsubstituted p-benzoquinone (p -B Q ). 
In this case, how ever, the p -benzoquinone becom es  
sufficiently tightly bound only if its reduced sem i- 
quinone form is generated by electron transfer from  
O b  to p-B Q . N o binding was observed in the dark. In

contrast to p-B Q  in this study halogenated p-benzo- 
quinones w ere found to bind in the dark. This sug­
gests a different type o f binding mechanism . Based  
on latest findings [19] a covalent binding seem s to 
take place o f the halogenated p-benzoquinones 
reacting as vinylogous acid halides with nucleophilic 
residues o f the protein in a M ichael-type addition/ 
elim ination m echanism .

T he binding o f quinones raises the question about 
the target polypeptide. A s the 32 kD a atrazine bind­
ing protein D 1 is inferred to contain the Q B-binding 
site [25], one might expect that halogenated p-benzo- 
quinones com pete with the endogenous plasto- 
quinone for the native site o f Q B. This how ever does 
not seem  to be the case because latest experim ents 
with a 14C -labeled tetrabrom o-l,4-benzoquinone  
revealed that a 41 kD a polypeptide o f PS II becom es 
predom inantly tagged but not the 32 kD a Q B-pro- 
tein. If one assum es that the results reported in Fig.
1—3 o f this study are due to quinone binding to the 
41 kD a polypeptide then that part containing the 
binding site should be in close contact with Q A be­
cause o f the rapid electron transfer from Q A to these 
quinones. Furtherm ore, it has to be taken into  
account that D C M U  prevents the binding of haloge­
nated p -benzoquinones. The inhibitory effect could  
be explained by a m odification o f the Q B-site due to 
binding o f the exogenous quinones. This probably  
leads to a m arked retardation o f the electron trans­
port rate under continuous illum ination rather than 
to a com plete blockage o f Q A-reoxidation. This idea
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is supported by the finding that under repetitive exci­
tation at low  flash frequency (2 H z) the average oxy­
gen yield declines only at rather high concentrations. 
Som e o f the halogenated p-benzoquinones (e.g. 
T B T Q ) even act as efficient electron acceptors under 
these conditions. A nother effect which should be 
briefly m entioned  is the slight destabilization o f o x ­
idizing redox equivalents in the water oxidizing en ­
zym e system  Y  by a few  derivatives (e.g. chloranil). 
This phenom enon  reflects allosteric interaction b e ­
tw een donor and acceptor side reactions. In this re­
spect it is interesting to note that partial inhibition o f  
electron transport by D C M U  leads to reduction o f  
the life tim e o f the intermediary redox states in sys­
tem  Y  [26, 27]. A s the effect disappears after trypsin 
treatm ent o f the thylakoids [23] an allosteric m echa­
nism appears to  be reasonable. This result would be 
in line with the assum ption that D - l  does not only  
contain the binding site for D C M U  but also partici­

pates in the ligation o f the functional m anganese in 
system Y  [28]. L ikew ise other classes o f substances 
like diphenylam ines also affect the donor side [23]. 
H ow ever in the latter case, the effect on system  Y  
does not disappear after trypsin treatm ent [23]. 
These results indicate that there do exist m echanistic  
differences. The im plication o f these data for the 
structural and functional organization o f PS II and 
the interaction o f herbicides (for recent discussions 
see ref. [29—31]) have to be analyzed by further 
m ore detailed m echanistic studies.
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