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Summary 

In isolated chloroplasts (Spinacia oleracea), where electron transport to 
Photosystem I is blocked by the plastoquinone antagonist, d ibromothymo-  
quinone, lipophilic catechols in concentrations of  50--150 ~M stimulate ferri- 
cyanide reduction in Photosystem II and associated O2 evolution. 

Non-permeating catechols, such as Tiron, are unable to stimulate this reac- 
tion. Those quinones, such as 2,5-dimethylbenzoquinone,  which act as class III 
electron acceptors,  do not  lead to stimulation of ferricyanide reduction in 
Photosystem II or stimulation of  associated O: evolution, when electron trans- 
port  to Photosystem I is blocked by dibromoquinone.  

Stimulation of ferricyanide reduction is not  observed in Tris-treated chloro- 
plasts, implying that electron donation to Photosystem II by catechols is not  
responsible for the stimulation. 

Various mechanisms for this stimulation in class II chloroplasts are discussed. 

Introduct ion 

Izawa [1] has reported low photophosphoryla t ion rates in EDTA-hydroxyl- 
amine-treated chloroplasts, using catechol as electron donor to Photosystem II, 
with electron transport  to Photosystem I blocked by d ibromothymoquinone  
(DBMIB). Other investigators [2,3] have used catechol as an electron donor  to 

* To whom correspondence should be addressed. 
Abbreviations: DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone; DCMU, 3-(3,4-dichloro- 
phenyl)-l,l-dimethylurea~ DMBQ, 2,5-dimethylbenzoquinone; Tiron, 4,5-dihydroxy-l,3-benzenedi- 
sulfonic acid (sodium salt). 
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Photosystem II in chloroplasts in which the 02 evoluation system has been 
destroyed by different treatments.  In this study, we have tested various cate- 
chols as stimulators of  ferricyanide reduction in Photosystem II in presence of 
d ibromothymoquinone  or associated 02 evolution in class II chloroplasts with 
an intact 02 evolution system. Treatments are described, which differentiate 
this reaction from previously reported electron donor functions for catechol in 
isolated chloroplasts. Mechanisms for the stimulation of  ferricyanide reduction 
and associated 02 evolution in presence of  catechols are discussed in class II 
chloroplasts in which electron transport  has been blocked by dibromothymo-  
quinone [4,5] or KCN treatment  [6]. 

Materials and Methods 

Chloroplasts were prepared from market  spinach (Spinacea oleracea) in 
0.4 M sucrose/0.05 M NaC1 buffer as previously described [7]. Chlorophyll 
was determined according to Arnon [8].  The final chloroplast suspension in the 
sucrose/NaC1 buffer contained mainly class II chloroplasts. 

02 evolution was measured with a Clark-type oxygen electrode. Chloroplasts 
were illuminated with white light (2.5 • 106 ergs • cm -2 • s -1 ). Reaction mix- 
tures are given in the various figure legends. 

Tris-treated chloroplasts for the inactivation of  the 02 evolution system were 
prepared according to the method of  Yamashita and Butler [9].  KCN-treated 
chloroplasts were prepared according to Ouitrakul and Izawa [6]. 

Results and Discussion 

Ferricyanide is a nonpenetrating electron acceptor,  which can be used to test 
chloroplasts for fragmentation [10].  According to BShme et al. [5] broken 
chloroplasts are insensitive to d ibromothymoquinone  inhibition. Ferricyanide 
normally accepts electrons in Photosystem I [11].  However,  Trebst and Reimer 
[12] and Heathcote  and Hall [13] have shown that in chloroplasts, in which 
electron transport  to Photosystem I has been inhibited by d ibromothymo-  
quinone, ferricyanide acts as a Photosystem II electron acceptor.  In lettuce 
chloroplasts at low pH, ferricyanide also accepts electrons exclusively from 
Photosystem II, as shown by Ben-Hayyim et al. [ 14]. 

In this study,  we provide evidence for a different type  of  ferricyanide 
acceptor  site in Photosystem II, which occurs only in presence of  lipophilic 
catechols, such as 4-tert-octylcatechol (Fig. 1). The pH opt imum for this reac- 
tion is shown in Fig. 2. Only lipophilic, membrane-penetrating pyrocatechol  
(Fig. 3) or quercetin {Fig. 4) stimulate ferricyanide reduction or associated 02 
evolution in Photosystem II in presenCe of d ibromothymoquinone .  Coumarin 
(Fig. 5) is also a stimulator like 4-tert.octylcatechol, but  a nonpenetrating 
phenol like Tiron, 2,3-dihydroxybenzoic acid or those quinones, which act as 
class III electron acceptors according to  Saha et al. [15],  are unable to 
stimulate ferricyanide reduction in Photosystem II or associated 02 evolution. 

The properties of the new 4-tert.octylcatechol reaction are summarized in 
Table I. The 4-tert-octylcatechol pathway does not  work in Tris-washed chloro- 
plasts, in which the O2 evolution mechanism has been inactivated [9],  but  it 
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works in KCN-treated chloroplasts, in which the pathway to Photosystem I has 
been blocked by removal of  plastocyanin [6]. Whitmarsh and Cramer [16] 
have recently found that in KCN-treated chloroplasts cyclic electron flow 
around Photosystem II could occur, involving cytochrome b-559. Since the 
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T A B L E  I 

I N H I B I T I O N  OF 4-ter t -OCTYLCATECHOL-INDUCED S T I M U L A T I O N  OF F E R R I C Y A N I D E  REDUC- 
T I O N  A N D  A S S O C I A T E D  02  E V O L U T I O N  IN P H O T O S Y S T E M  II OF SPINACH C H L O R O P L A S T S  

R e a c t i o n  m i x t u r e  for  H 2 0 - - > F e C N  (+DBMIB and TOC)  co n t a in ed  ch loroplas t s  (50  Dg ch lorophyl l ) ,  25 
m M  Tris-Mes (pH 7), 2 mM NH4C1, 3 mM MgC12, 0.5 m M  FeCN, 2 ~M DBMIB and 0.1 mM TOC. Reac-  
t ion  m i x t u r e s  for  H 2 0 - - > D M B Q  (+DBMIB) were  the same excep t  0 .75  m M  DMBQ was  used ins tead of  
FeCN and there  was  no  TOC presen t .  TOC = 4-tert-octylcatechol. 

Inh ib i to r  Concen-  H 2 0  --> FeCN Inhibi-  H 2 0  --> DMBQ Inhibi-  
t r a t i on  (+DBMIB and T O C )  t ion  (+DBMIB) t ion 
(pM) (pequiv .  O 2 / m g  (%) (pequiv .  O 2 / m g  (%) 

ch lo rophy l l  Per  h)  ch lo rophy l l  per  h)  

None  - -  520 0 6 6 0  0 
DCMU 6 0 100 0 100  
D i b r o m o t h y m o q u i n o n e  2 520  0 6 6 0  0 
o -Phenan th ro l ine  7.5 0 100  0 100  
8 - H y d r o x y q u i n o l i n e  15 0 100  528  20 
Picryl  h y d r a z y l  500 208  40 65 75 

4-tert-octylcatechol reaction is sensitive to DCMU, but  not  to d ibromothymo-  
quinone, and since it was not  affected by the KCN treatment  of  chloroplasts, 
it is possible that  the 4-tert-octylcatechol reaction also involves cyclic electron 
flow around Photosystem II. Other alternatives to interpret the mechanism of 
the 4-tert-octylcatechol reaction, such as electron donation to Photosystem II 
by  4-tert-octylcatechol or by other catechols, as described by Izawa in EDTA- 
hydroxylamine-inactivated chloroplasts [1] appears inlikely in this case, 
because 02 evolution, not  02 uptake as in Izawa's case, is measured in the 
4-tert-octylcatechol reaction. Another  alternative, such as bypassing the 
DBMIB block on the inside of  the thylakoid membrane,  as in the case of  
phenylenediamine described by Selman [7],  can be excluded on the basis of  
the 4-tert-octylcatechol reaction remaining unaffected by washing chloroplasts 
with KCN. 

4-tert-Octylcatechol can act as a chelator. It has previously been shown by 
Crane and Barr [18] that  it inhibits the DCMU-insensitive sil icomolybdate 
reduction in Photosystem II, while stimulating ferricyanide reduction in the 
presence of  d ibromothymoquinone .  The mechanism proposed by Crane and 
Barr [ 18] for stimulation of  forward electron transport,  when sil icomolybdate 
reduction is inhibited, probably does not  apply to the 4-tertoctylcatechol 
action observed in the present study,  because coumarin, a non-chelatig agent, 
also stimulates ferricyanide reduction in Photosystem II, when forward electron 
transport  is inhibited by d ibromothymoquinone .  Inhibition of  4-tert-octylcate- 
chol stimulation of  ferricyanide reduction (Table I) by 8-hydroxyquinoline,  a 
Cu 2÷ chelator, may indicate that  a copper-containing Photosystem II protein 
is involved in this pat thway.  Since dimethylbenzoquinone reduction by Photo- 
system II is only inhibited 20%, while ferricyanide reduction is totally inhibited 
by  8-hydroxyquinoline,  it is possible that  there is a divergence of  electron 
transport  pathways before the class III acceptor  site. Cytochrome b-559 may be 
involved in the 4-tert-octylcatechol stimulated ferricyanide reduction or asso- 
ciated 02 evolution in Photosystem II as outlined in Fig. 6. Whitmarsh and 



82 

DMBQ 

SM ~ DCMU R--.~..~ 

, \ 
cYTt b '559  PC 

I 
I 
I 

O=~PX M ~  . , I f 
n ~ P680 J 

MV, FeCy 

X - - ~  Fd- -...--~ NADP * 
reductase 
complex 

" " ~ P 7 0 0  

H20 

Fig. 6. Scheme of  the e lec t ron  t r anspo r t  in sp inach chloroplas ts ,  showing  a cyclic p a t h w a y  a round  Photo-  
sys tem II and  including a site for  ferr icyanide reduc t ion .  4-tert-Octyleatechol s t imulates  ferr icyanide 
r educ t i on  in the  presnee of  DBMIB in P h o t o s y s t e m  II, possibly involving c y t o c h r o m e  b-559.  MV, me thy l  
viologen; PQ, p la s toqu inone ;  PC, p las tocyan in ;  SM, s i l icomolybdic  acid; R, an  u n k n o w n  elect ron accep-  
tor ,  p re sumed  to be a special type  of  PQ A. 

Cramer [ 16] have shown a similar pathway in Photosystem II. 
The fact that  coumarin (Fig. 5) can also stimulate the d ibromothymo-  

quinone-insensitive ferricyanide reduction in Photosystem II indicates that the 
stimulation is not  dependent  on the redox function of  the stimulating com- 
pound. The effectiveness of  quercetin (Fig. 4), an energy transfer inhibitor 
[19],  which binds to coupling factor 1, but  acts as a stimulator of  ferricyanide 
reduction in Photosystem II , may point  to a control mechanism of  electron 
transport  in Photosystem II. 

The stimulation of  ferricyanide reduction or associated O2 evolution in 
Photosystem II by  catechols cannot  be explained entirely on the basis of 
chemical oxidation of  catechols to the corresponding quinones by ferricyanide 
in the reaction mixture. When these quinones are used in the catechol-stimu- 
lated reaction in place of  catechols, no stimulation of  ferricyanide reduction in 
presence of  d ibromothymoquinone  is observed, although these quinones act as 
class III electron acceptors and give good Photosystem II electron transport 
rates. Therefore,  the interaction between catechols and ferricyanide, leading 
to stimulation of  ferricyanide reduction by  Photosystem II must involve a 
chloroplast component  other than the class III electron acceptor  site. 
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