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b en zoq u inon e

B esid es s-triazine and triazinone herbicides the chrom one stigm atellin  and tetrahalogen-substi- 
tuted 1 ,4 -benzoqu in on es are inhibitors o f  photosynthetic electron  flow  from  reduced  cytochrom e  
c to  u b iqu in on e-6 in iso lated  bacterial reaction centers. W ith iso la ted  bacterial chrom atophores  
binding experim ents with radiolabeled herbicides can be perform ed in a sim ilar w ay as with  
thylakoids from  higher plants. T etrahalogen-substituted  1 ,4 -benzoqu in on es in a M ichael type  
reaction can add on to  nucleophilic groups in proteins. In bacterial reaction cen ters, a [14C]tetra- 
b ro m o -l,4 -b en zo q u in o n e  (brom anil) exclusively binds to the H -subunit.

Introduction

The recent X-ray crystallographic analysis o f the 
reaction center o f the photosynthetic bacterium  
R hodobacter viridis [1] has trem endously increased  
our know ledge about the organization o f this simple 
photosystem . It consists out o f three protein sub­
units, known as the H- (“heavy”), M- (“m edium ”) 
and L- (“light”) subunit. The M- and L-subunit carry 
the primary and secondary quinone acceptor m ole­
cules, Q a and Q b, respectively, whereas the H -sub­
unit stabilizes the reaction center core com plex. 
M ost recent com parisons o f amino acid sequences 
have revealed a high sequence hom ology betw een  
the L-subunit and the D  1-protein (“herbicide bind­
ing protein” , “Q B-protein”) o f photosystem  II and 
betw een the M -subunit and the D  2-protein o f photo­
system  II [2]. This has led to the speculation that D 1 
and D 2  constitute the photosystem  II reaction center 
core com plex and that this reaction center core com ­
plex is organized in a way similar to that of the bacte­
rial reaction center [2]. Indeed, a photosystem  II 
preparation has been isolated which consists out of  
D l ,  D 2 , and cytochrom e b559 and perform s the pri­
mary photochem istry o f photosystem  II [3]. Thus, 
the bacterial reaction center may be considered as a
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m odel system  for photosystem  II o f higher plants 
and algae. W e wish to report here on the inhibitory 
activity o f com m on photosystem  II herbicides and 
inhibitors in bacterial reaction centers and their bind­
ing characteristics. Furtherm ore, a new ly synthesized  
[14C ]tetrabrom o-l,4 -benzoqu inon e (brom anil) was 
found to bind exclusively to the H-subunit o f the 
bacterial reaction center.

Materials and Methods

C hrom atophores and reaction centers from  
R h odobacter sphaeroides  (strain 2 .4 .1 ) were pre­
pared according to Jolchine and R eiss-H usson [4] 
with the m odification that the dissociation with
0.22%  L D A O  was perform ed twice. In a typical 
binding experim ent with [14C]m etribuzin (spec, activ­
ity 25 .7  m C i/m m ol) chrom atophores at a concentra­
tion corresponding to 100 |ig Bchl w ere incubated in
2 ml o f 20 m M  tricine, pH 8.0 , and 20 m M  M gCl2 for 
10 min. C hrom atophores w ere separated by centrifu­
gation for 15 min in a Beckm an SW 60 Ti swinging 
bucket rotor at 2 3 0 0 0 0 x g .  Pellet and an aliquot of 
the supernatant w ere assayed for radioactivity in a 
1219 R ackbeta liquid scintillation counter (LK B- 
W allac) with autom atic quench correction. O xida­
tion o f reduced cytochrom e c (from  horse heart) by 
isolated  bacterial reaction centers under anaerobic 
conditions in the light (610 nm) was follow ed spec- 
trophotom etrically at 550 nm according to Clayton et 
al. [5]. The reaction mixture contained in a volum e 
o f 1 ml 10 mM Tris buffer, pH  7.5; 0.05%  L D A O : 
reduced cytochrom e c, 10 |^m; ubiquinone-6, 3 îm:
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and reaction centers corresponding to 0.5 Bchl. 
[14C]bromanil (spec, activity 45 m Ci/m m ol) was 
synthesized as described recently [6]. The assay o f  
radioactivity distribution after gel electrophoresis 
was perform ed essentially as in [7].

R esults and D iscussion

M ost o f the com m only used photosystem  herbi­
cides o f the D C M U -type and phenol type do not act 
or only m oderately, as inhibitors o f electron trans­
port through the bacterial reaction center [8]. There 
exists, how ever, one exception: 5-triazine herbicides 
are effective inhibitors in the bacterial system; ter- 
butryn being the m ost active one [8]. In their system , 
Stein et al. [8] have used reaction centers from the 
carotenoidless mutant R hodobacter sphaeroides  
R-26, whereas the wild type has been used in our 
studies. W e have assayed steady state electron trans­
port in the bacterial reaction center using reduced  
cytochrom e c as the electron donor and ubiquinone-6  
as the electron acceptor. The assay was run under 
anaerobic conditions. A s Table I dem onstrates, ter- 
butryn is an excellent inhibitor in our testing system  
as w ell. Contrary to Stein et al. [8], metribuzin was 
also found to be active with a p /50-value o f 5 .22. 
From the phenol type inhibitors tested , only 2-iodo- 
4-nitro-6-isobutyl-phenol exhibited inhibitory activi­
ty, whereas the others were much less active or not at 
all (Table I). Interestingly, the chrom one type in­
hibitor stigm atellin [9] proved to be an efficient in­
hibitor. The sam e is true for the four tetrahalogen- 
substituted 1,4-benzoquinones [6], where inhibitory 
activity increased with increasing m olecular w eight 
o f the halogen (Table I). Furtherm ore, U H D B T

T able I. p /50-values for inhibition o f photosynthetic e le c ­
tron transport by various herbicides and inhibitors in b acte­
rial reaction centers.

A . “D C M U -ty p e” dinoterb none
terbutryn 6.25
m etribuzin 5.22 C. C hrom one type
D C M U 4.30 stigm atellin 6.09
phenisopham none

D. Q uinone type
B. Phenol type (1 ,4-benzoqu inone)
2-iodo-4-nitro-6 tetrafluoro- 5 .00
isobutylphenol 4.80 tetrachloro- 5.25
picric acid < 4 tetrabrom o- 5 .60
ioxynil < 4 tetraiodo- 6.00
i-d inoseb none U H D B T 4.60

which is a pow erful photosystem  II inhibitor [10] was 
also active to som e extent in the bacterial system . It 
should be noted  that other halogen-substituted  
quinones as described in [6] could replace ubi­
quinone-6 as electron acceptor in a terbutryn-sensi- 
tive reaction.

So far no binding experim ents with radioactively  
labeled herbicides or inhibitors and bacterial 
chrom atophores have been perform ed. This tech­
nique, as introduced by Tischer and Strotmann [1 1 ] ,  

is w idely used with isolated thylakoids. For separa­
tion o f  chrom atophores from the supernatant in the 
binding assay much higher centrifugal forces than for 
thylakoids are required. Fig. 1 show s the binding of  
[14C]m etribuzin to isolated bacterial chrom atophores 
and the inset in Fig. 1 the corresponding Eadie- 
Scatchard plot for the binding data. In both presenta­
tions clearly a high and a low affinity binding can 
be distinguished. A  binding constant /Cb =  9 0 n M  

(p/£b =  7 . 0 2 )  and a number o f binding sites 
x t =  0 . 1 2  nm ol/m g Bchl were calculated for the high 
affinity binding. There is a discrepancy o f more than 
one order o f m agnitude betw een the p /50-value 
(T able I) and the p/Cb-value o f metribuzin. In thy­
lakoids, these values are identical [11].  The reason  
for this discrepancy is not known yet. For terbutryn, 
w hose binding characteristics are similar to that of  
m etribuzin, p /50- and p/Cb-value are in the same 
range [12 ] ,  Other D C M U -type inhibitors like 
phenisopham  and D C M U  itself show  no high affinity 
binding. The sam e is true for phenol type herbicides

0.5 i.o

Fig. 1. B ind ing o f  [14C ]m etribuzin to isolated  bacterial 
ch rom atophores. T he dashed  line indicates the am ount o f  
low  affin ity (unspecific b inding). Inset: Eadie-Scatchard  
plot o f  b inding data. Free =  unbound labeled  m etribuzin; 
BC hl =  bacterial ch lorophyll.
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with the exception o f 2-iodo-4-nitro-6-isobutyl- 
phenol.

The herbicide-derived photoaffinity label azido- 
atrazine in isolated bacterial reaction centers exclu ­
sively binds to the L-subunit [13, 14], w hereas an 
azido-anthraquinone tags the M -subunit [15]. These  
results localize the Q A binding site on the M -subunit 
and the Q B binding site on the L-subunit, in agree­
m ent with the X-ray crystallographic data [1]. W e 
have recently dem onstrated that halogen-substituted
1,4-benzoquinones in a M ichael type reaction can 
add onto nucleophilic groups in soluble m olecules 
and m em brane bound proteins under form ation o f  
a covalent linkage [6]. A s already stressed, tetra- 
halogen-substituted 1,4-benzoquinones are also in­
hibitors o f electron transport in the bacterial reaction  
(T able I). In isolated bacterial reaction centers a 
[14C]bromanil [6] exclusively binds to the H -subunit 
(Fig. 2). So far, no functional role in quinone bind­
ing has been attributed to the H -subunit. H ow ever, 
recent results have dem onstrated that the H -subunit 
plays a m ajor role in defining the Q B binding site
[16]. U pon rem oval o f the H-subunit from  the reac­
tion center com plex the rate o f electron transfer from  
Q a to Q b is greatly dim inished and sensivity o f this 
electron transfer towards inhibitors like terbutryn is 
greatly decreased [16]. The labeling o f the H-subunit 
by bromanil further stresses the im portance o f the H- 
subunit for the stability o f the Q B-site and the intact­
ness o f the reaction center core com plex.

Fig. 2. P hotograph o f a SD S  polyacrylam ide e lectro ­
phoresis gel (1 0 —15% ) (bottom ) and radioactivity distribu­
tion therein  o f  bacterial reaction centers labeled  with 
[I4C ]brom anil (10 nm ol/m g bacterial chlorophyll).
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