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Several halogen-substituted  1 ,4 -naphthoquinones have b een  syn th esized  and found to be e ffe c ­
tive photosystem  II inhibitors. D u e to their properties as v in y logou s acid halides they can react 
with nucleoph iles under form ation o f  a covalen t linkage. In their presen ce other photosystem  II 
herbicides show  a decreased  binding affinity. T his d ecrease is d ep en d en t from  the preincubation  
tim e. H a logen m eth y l-l,4 -q u in o n es also turned out to be effic ien t ph otosystem  II inhibitors and, 
in add ition , possessed  herbicidal in vivo activity. T h ey  function  as “b ioreductive alkylating  
a gen ts” in a way that after reduction they can split o ff hydrogen halide under form ation o f  a 
o-q u in on em eth id e. This qu inon em eth ide can react w ith nucleop h ilic  groups in proteins.

Introduction

In photosynthetic electron transport the reducing 
pow er o f photosystem  II is transferred to the cyto­
chrom e b6//-com plex via p lastoquinone. Plasto- 
quinone reduction and plastohydroquinone reoxida­
tion can be inhibited specifically and selectively by a 
broad variety o f com pounds. In this respect, quinone  
type inhibitors are of special interest because they  
can undergo redox reactions like p lastoquinone  
itself.

W e have recently reported that halogen-substi- 
tuted 1,4-benzo- and -naphthoquinones are powerful 
inhibitors o f photosystem  II electron transport [1 ,2 ] .  
H alogenated  1,4-benzoquinones in addition inhibit 
electron transport through the cytochrom e b j f - com -

* Part I o f  this series see ref. [1],
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plex [1], D u e to their chem ical nature as vinylogous 
acid halides, halogen-substituted 1,4-benzoquinones 
in a M ichael type addition/elim ination reaction can 
add onto nucleophilic groups in proteins under for­
m ation o f a covalent linkage. In isolated thylakoids a 
[14C ]tetrabrom o-l,4 -benzoqu inon e (brom anil) labels 
a 20 kD a protein which com igrates with the R ieske  
iron-sulfur protein and, in addition, a 41 kD a pro­
tein [1],

W e wish to report here that 1,4-naphthoquinones 
with one or tw o halogen substitutions in the 2- and/or
3-position (s) can react covalently in a similar fashion  
like halogenated  1 ,4-benzoquinones. The sam e is 
true for h a logenm ethyl-l,4 -qu in ones. The latter, 
how ever, have to be transform ed into a reactive state 
by reduction. This reduction to the hydroquinone 
can be achieved by the photosynthetic electron trans­
port chain. A fter reduction, hydrogen halide can be 
split o ff and the resulting o-quinonem ethide can 
react with a nucleophilic group ( “bioreductive alkyl­
ation ”). D u e to the fact that an activation is required  
before a reactive species is form ed, halogenm ethyl-
1 ,4-quinones can be considered as suicide substrates 
or m echanism  based enzym e inactivators [3]. B esides 
their in vitro  activity as inhibitors o f photosynthetic  
electron  transport, these com pounds also show in 
v ivo  herbicidal activity.
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Materials and Methods

The 1,4-quinones as listed in Tables I —III w ere 
synthesized according to the m ethods or references 
in ref. [2] and [4], [1 4C]atrazine (spec, activity
5.9 m C i/m m ol) was a generous gift from C IB A - 
G E IG Y , B asle, Switzerland.

Chloroplasts from spinach w ere prepared accord­
ing to [5] and stored in liquid nitrogen in the pres­
ence o f 10% glycerol. N A D P - and D C IP-reduction , 
the latter in the presence o f 1 |im  D N P -IN T  [6] to 
allow  only for photosystem  II dependent reduction  
w ere perform ed as described in [7], First, the control 
rates w ere determ ined. Then the quinone was added  
and its inhibitory activity assayed im m ediately after 
addition.

For binding experim ents, thylakoids correspond­
ing to 100 |xg Chi were incubated in 2 ml o f a 
m edium  containing 20 m M  tricine buffer, pH  8.0 , 
and 20 mM M gCl2 with 2-bromo-3-rc-propyl- 1,4- 
naphthoquinone for the time indicated. Then [1 4C]- 
atrazine was added and incubation continued for 
another 10 min. Thylakoids w ere pelleted  by cen ­
trifugation at 1 0 0 0 0  x g  for 1 0  min and the pellet and 
an aliquot o f the supernatant assayed for radioactivi­
ty in a 1219 R ackbeta liquid scintillation counter  
(LK B -W allac) with autom atic quench correction.

Results and Discussion

1. H alogen-1,4-naphthoquinones

T able I shows the inhibitory activity o f various 
halogen-substituted 1,4-naphthoquinones on e lec ­
tron transport through photosystem  II. This table

T able I. p /50-values for inhibition o f  photosystem  Il-d e-  
pendent D C IP-reduction  (in the presence o f D N P -IN T ) for 
various halogen-substituted  1,4-naphthoquinones.

C om pound R2, R3 p /50-value

1 Br, H 4.722 Cl, c h 3 5.08
3 Br, C H , 5.44
4 Cl, Cl 5 .48
5 Br. C6H 5C H 2 5.636 Br. «-C4H 9 5.71
7 Br. (C H 3)2CH 5.738 Br, «-C7H 1S 5.74
9 Br, Br 5.8910 Br, ai-C3H 7 5 .9611 I, I 6 .16

includes 2-brom o-3-isopropyl-l ,4-naphthoquinone  
(com pound 8) which has been recognized as the most 
active naphthoquinone type photosystem  II inhibitor 
so far [8 ]. H ow ever, several other naphthoquinones 
exceed  the latter in their inhibitory potency (com ­
pounds 9—11). In general, activity increases if an 
alkyl side chain is present and from chlorine to 
brom ine to iodine. Contrary to halogen-substituted
1.4-benzoquinones, halogen-substituted 1,4-naph- 
thoquinones are only weak inhibitors o f electron  
transport through the cytochrom e ^ /-c o m p le x  (data 
not show n).

W e had recently dem onstrated that halogenated
1.4-benzoquinones in a M ichael type addition/elim i­
nation can react with nucleophilic com pounds, for 
instance ß-m ercaptoethanol [1], The replacem ent of 
on e or m ore brom ine atom s in tetrabrom o-1,4- 
benzoquinone (brom anil) by the thio-(2 -hydroxy)- 
ethyl m oiety will lead to new com pounds which are 
characterized by a lower p / 5 0 -value as com pared to 
the parent com pound. In an actual experim ent this 
look ed  like a reversal o f bromanil inhibition by 
ß-m ercaptoethanol [1], A  similar experim ent using 
2-brom o-3-«-propyl-l ,4-naphthoquinone (com ­
pound 10, Table I) is dem onstrated in Fig. 1. Here  
photosynthetic N A D P -reduction  was m onitored b e­
cause ß-m ercaptoethanol chem ically reduces D C IP. 
In addition, D N P -IN T  [6 ] is present in the assay m ix­
ture and T M P D , to bypass the D N P-IN T  inhibition
[9]. This was done to overcom e a slight inhibition of 
electron transport by the naphthoquinone in the

Fig. 1. Inhibition o f  photosyn th etic  N A D P -reduction  (in 
the presence o f  1 |xm D N P -IN T  and 100 T M P D ) by 
2-brom o-3-/i-p rop yl-l,4 -n ap hth oq u in on e after addition o f  
varying am ounts o f  ß -m ercaptoethanol. The incubation  
tim e with ß -m ercaptoethanol w as 2 min.



W . O ettm eier et al. • Irreversibly B inding Inhibitors 695

Fig. 2. L inew eaver-B urk plot for [14C]atrazine binding to 
iso la ted  thylakoids after various preincubation tim es with
2-brom o-3-rc-propyl-l ,4-naphthoquinone. (O --------- O)
con tro l, (A --------- A) 10 m in, ( □ --------- □ )  30 m in,
( • -----------• )  40 min. Chi =  chlorophyll; free =  unbound
lab eled  atrazine.

cytochrom e ^ /-c o m p le x . U nder these conditions 
the p /5(rvalue o f 2-brom o-3-A2-propyl-l,4-naphtho­
quinone drops from 6.1 to 5.3 in the presence o f  
1 m M  ß-m ercaptoethanol. This indicates that indeed  
ß-m ercaptoethanol can react chem ically with the 
naphthoquinone in a covalent fashion.

If halogen-naphthoquinones as inhibitors o f  
photosystem  II are binding covalently in the ph oto ­
system  II reaction center core com plex in the vicinity  
o f the Q b binding site, this should affect the binding  
properties o f another photosystem  II inhibitor. 
C ovalent binding is a tim e-dependent process and, 
h en ce, the binding o f another photosystem  II in­
hibitor should be m ore affected with increasing tim e. 
In the experim ent as shown in Fig. 2, 2-bromo-3-AJ- 
propyl-1,4-naphthoquinone (100 nm ol/m g Chi) was 
allow ed to react with thylakoids for different tim e 
intervals and subsequently the binding o f [14C]- 
atrazine has been studied. For increasing tim e inter­
vals, the affinity o f atrazine decreased (ordinate 
intercepts) whereas the number o f binding sites re­

m ained constant (abscissa intercepts). If the binding 
sites for atrazine and 2-brom o-3-«-propyl-l,4-naph­
thoquinone w ere identical, one w ould expect no  
change in the atrazine affinity but a decrease in the 
num ber o f binding sites. O bviously, the binding sites 
for the tw o com pounds are different. A  similar ob ­
servation was reported by Verm aas et al. [10]. They  
have used a covalently binding azido-quinone and 
studied atrazine and ioxynil binding as w ell.

2. H alogenm ethyl-1 ,4-qu inones

H alogen m eth y l-l,4 -q u in on es are possible candi­
dates for functioning as “bioreductive alkylating 
agents” , i.e. that they becom e potent alkylating 
agents after they undergo a reduction (for reviews, 
see [11, 12]). The underlying basic mechanism  is 
depicted in Fig. 3. A fter reduction to the hydro- 
quinone, hydrochloride may be split o ff under for­
m ation o f a o-qu inonem eth ide. This quinonem ethide  
is prone to an attack by a nucleophile (N u) and a new  
covalent bond is form ed. The nucleophile may be a 
suitable am ino acid within the sequence o f the en ­
zym e which catalyzes the quinone reduction. In this 
case the enzym e may be inactivated by the form ation  
o f the covalent bond. It has been reported indeed  
that 1,4-benzo- and naphthoquinones equipped with 
suitable leaving groups can function as inhibitors of 
ubiquinone m ediated m itochondrial enzym e system s 
and possess inhibitory activity against adenocarcino­
ma and sarcom a ascites cells [13]. Q uinone reduc­
tions take place in photosynthetic system s and, 
therefore, we have investigated the inhibitory prop­
erties o f halogenm ethyl-substituted 1,4-benzo- 
quinones (T able II) and 1,4-naphthoquinones (Table 
III). T hey indeed proved to be potent photosystem  II 
inhibitors with maxim al p /50-values o f 5.3 and 5.9, 
respectively. In a series o f hom ologous 3-alkyl- 
2-chlorom ethylnaphthoquinones, an optim al chain 
length o f five carbon atom s was found; below  and 
above this num ber, inhibitory activity decreased  
(T able III). B esides their in vitro  activity, both types 
o f quinones show ed herbicidal in vivo  activity and

H,Cl CH2-C i CH 2Nu

Fig. 3. M echanism  o f  reaction for form ation o f  
a o -q u in on em eth id e from a chlorom ethyl-1 ,4- 
quinone and its reaction with a nucleophile  
(N u ).
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Table II. p /50-values (H 20  —D C IP ) and herbicidal activity (%  dam age three w eek s after postem ergence application o f  
4 kg/ha) o f ha logenm ethyl-substituted  1 ,4 -benzoqu in on es.

N o. . . .  1 .4-benzoqu inone pAso
value

Beta vulg. Amaranthus
retrofl.

Sinapis
alba

Panicum
miliac.

Gossypium
hirsut.

Phaseolus
vulg.

1 2 ,5-B is(ch lorom eth yl)- 4 0 100 100 0 0 0
2 2-C hloro-5-ch lorom ethyl- 4 .40 30 100 90 70 0 0
3 2-C hlorom ethyl-6-t.butyl- 4 .66 0 100 40 0 0 0
4 2-C hlorom ethyl-3-m ethyl-

6-isopropyl-
5 .18 70 70 80 90 70 90

5 2 ,3 -B is(ch lorom eth y l)-
5,6-dim ethyl-

5 .22 10 90 0 95 10 40

6 2-B rom o-3,6-b is-
(ch lorom ethyl)-

5 .30 0 80 0 0 0 50

7 2 ,5 -D ibrom o-3 ,6-b is-
(ch lorom ethyl)-

5 .30 0 100 10 0 0 50

8 2-C h lorom eth yl-3 ,5 ,6 -
trim ethyl-

5.31 0 30 80 30 30 80

Table III. p /50-values (H 20 - D C I P )  and herbicidal activity (% dam age three w eek s after postem ergen ce application o f  
4 kg/ha) o f  halogenm ethyl-substitu ted  1 ,4-nap h th oq uin on es.

N o. . . .  1 ,4-naphthoquinone pAo
value

Beta vulg. Amaranthus
retrofl.

Sinapis
alba

Panicum
miliac.

Gossypium
hirsut.

Phaseolus
vulg.

1 2-C hlorom ethyl-3-m ethyl- 5 .24 0 100 100 70 0 60
2 2-C hlorom ethyl-3-ethyl- 5 .26 50 100 95 40 50 40
3 2,3-B is(ch lorom eth yl)- 5 .39 30 50 100 100 30 0
4 2-B rom om ethyl-3-m ethyl- 5 .39 0 100 90 0 0 30
5 2-B rom om ethyl-3-ethyl- 5 .43 0 100 80 95 30 50
6 2-C hlorom ethyl-3-n-octyl- 5 .57 0 0 50 0 0 0
7 2-C hloro-3-ch lorom ethyl- 5 .57 0 100 100 0 0 90
8 2-C hlorom ethyl-3-«-butyl- 5 .58 30 40 80 0 30 0
9 2-C hlorom ethyl-3-«-heptyl- 5 .78 0 30 60 30 0 20
10 2-Chlorom ethyl-3-/?-pentyl- 5 .92 50 80 80 30 0 30

plant specifity (Tables II and III). In the hom ologous  
series o f 3-alkyl-2-ch lorom ethyl-l,4-naphthoqui­
nones in the in v ivo  system  the m axim al b iological 
activity was reached at a length o f only tw o carbon  
atom s (T able III). It should be n oted , how ever, that 
the in v ivo  effects are not necessarily connected  to  
an inhibition o f photosynthetic electron transport. 
A t any place within the w hole plant w here a quinone  
reduction may occur the resulting quinonem ethide  
can attack and inactivate the participating enzym e  
system .

So far no direct proof for a covalent binding o f a 
halogenm ethylquinone to a protein com ponent o f  
the thylakoid m em brane could be dem onstrated b e ­
cause no radiolabeled com pound is available yet. A n

indirect proof for covalent binding o f a halogen- 
m eth y l-l,4 -b en zoq u in on e was obtained in the fo l­
low ing w ay. T hylakoids were incubated with  
10 |xm  2,3-b is(ch lorom ethyl)-5 ,6-d im eth yl-l,4 -benzo-  
quinone (com pound 5, Table II) for 10 min in the light 
or in com plete darkness. A fter that the sam ples w ere 
w ashed twice and centrifuged twice to rem ove non- 
covalent bound m aterial. Both sam ples w ere then  
assayed for their capability in perform ing light-in­
duced N A D P-reduction . The sam ple which has been  
preincubated in the dark exhibited a normal rate of 
N A D P -redu ction  which was slightly stim ulated by 
addition o f D A D /a sc  (Fig. 4, left). H ow ever, the 
sam ple which was preincubated in the light show ed  
only little activity in light-induced N A D P -form ation ,



W . O ettm eier  et al. ■ Irreversibly B inding Inhibitors 697

Fig. 4. P h otosyn th etic  N A D P -red uction  with iso lated  thy­
lakoids pretreated  in the dark (left) or in the light (right) 
w ith 10 |xm 2 ,3 -b is(ch lo ro m eth y l)-l,4 -b en zo q u in o n e  for 
10 m in. U pw ard  arrow m eans light on; dow nw ard arrow  
light off. For d eta ils , see text.

but this low  rate was drastically stim ulated by D A D /  
asc addition (Fig. 4 , right). This indicates that a cova­
lent attachm ent o f the h a logenm eth yl-l,4 -benzo- 
quinone obviously takes place, but predom inantly in 
photosystem  II because photosystem  I dependent 
N A D P -reduction  at the expense o f  D A D /a sc  is not 
im paired. H ow ever, further experim ents have to be 
perform ed to assure a covalent binding and to  
localize this presum able binding site within the 
photosystem  II com plex.
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