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SUMMARY 

In the presence of the plastoqumone antagonist d lbromothymoqumone the photo- 
reduction of ferricyanide by Isolated chloroplast membranes ts attributed to Photo- 
system I1. The reaction is stimulated by the addition of phenylenediamlne or C-sub- 
stituted phenylenediamines (which may form a dnmme on oxidation) but not of N-sub- 
stituted phenylenediamines ( w h i c h  form a stable radical on oxidation). Phenylene- 
dmmlnes also restore N A D P  reduction (and O2 evolution) m 2,5-dlbromo-3-methyl- 
6-1sopropyl-p-benzoqulnone (DBMIB)-treated chloroplasts. In this bypassing of the 
lnhtbitlon site, N-substituted phenylenedlamines are very effective, whereas p-phe- 
nylenediamme and C-substituted phenylenedtamines are inefficient. Uncouplers 
exhibit a surprising effect on these systems. Even under couphng conditions uncou- 
plers inhibit electron flow to ferncyanide mediated by phenylenedlamine in the pH 
range 7 3-8.0, whereas the restoration of the NADP system is stimulated. 

For the lnterpretatmn of the results the side of the membrane revolved ~s 
considered. It is proposed that m fermcyamde reductmn by Photosystem II, a phe- 
nylenednmlne/dmmme shuttle operates which moves reducing equivalents from the 
reside to the outside across the membrane. This shuttle requires a pH gradient across 
the membrane because of different optimal ratms of di lmme/dmmme reside and out- 
side This pH difference is abolished by the uncoupler, accounting for the observed 
mhlbltmn. 

The restoration of electron flow from water to NADP m DBMIB-treated 
chloroplasts is assumed to be a bypass of the mhib~tmn site inside the membrane 
v t a  a phenylenediamme. Because the amine/amine ratm brought about by the pH 
gradient is not favorable for the reside oxidatmn an uncoupler stimulates N A D P  
reductmn even under couphng condmons. 

Abbreviations DBMIB, 2,5-dlbromo-3-methyl-6-1sopropyl-p-benzoqumone (dlbromothy- 
moqumone), DC1P, 2,6-dlchlorophenohndophenol, MMPD, 2-methyl-5-methoxy-p-phenylenedla- 
mine, TMPD, N,N,N'.N'-tetramethyl-p-phenylenedJamme 
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Also in photoreductions by Photosystem I, for example N A D P  reduction at 
the expense of p-phenylenediamme/ascorbate, a shuttle of reducing equivalents 
across the membrane occurs but this time from outside to inside. 

I N T R O D U C T I O N  

Dibromothymoqumone (DBMIB) is an antagonist of plastoqumone 1-3 It 
inhibits electron flow from Photosystem I[ to Photosystem I on the reducing side of 
plastoquinone 1-6. In the presence of DBMIB Hill reactions, i .e.  02 evolution and 
the reduction of an electron acceptor, are attributed to a photoreductlon by Photo- 
system 11 z'3'v. Recently the properties of photoreductlons by Photosystem II  have 
been investigated in more detail by ourselves v' 11 and by Izawa and his colleagues 8- ~ 0 
It was concluded that photoreductlons by Photosystem II  include an energy conserv- 
ing step with a P/e 2 ratio up to 0.4. We pointed out in ad&t~on that the s~de of the 
membrane involved in such photoreductlons is of importance, hpophfllc acceptors 
being reduced inside, polar acceptors outside v'l ~. We proposed that m the stimulation 
of fermcyamde reduction by phenylenedlammes, as observed first by Saha et  a l  i s  
a phenylenediamme shuttle operates, which takes reducing equivalents from the m- 
side to the outslde 11. This paper describes the effect of uncouplers on these systems 
which give further support for this view. The results m&cate the importance of a 
pH gra&ent in facihtatmg the shuttle of  reducing eqmvalents across the membrane 
in the reduction of ferncyamde by Photosystem 1I, i e. in the presence of DBMIB. 
Under these conditions and in a certain pH range uncouplers inhibit femcyamde 
photoreductlon by inhibiting this shuttle 

METHODS 

Spinach chloroplasts have been prepared according to Nelson e t  a l  12 The 
particles were washed once m 5 mM Tncme buffer, pH 8.5. Photosynthehc activity 
was assayed with 0.2 mg chlorophyll at 15 °C under N2 and illumination for 10 mm 
with 30 000 lux. The medium contained in pmoles m a volume of 3 ml' MgC12, 10; 
ADP, 10, morgamc [32p]phosphate, 10; and ferricyamde, 20 or NADP,  6 and fer- 
redoxm, 0.01; respectively. At the &fferent pH ranges 80 Ftmoles of the following 
buffers were used HEPES-NaOH,  pH 7.0-8.6; MES-NaOH,  pH 5.5-6.5, citric 
ac ld-NaOH,  pH 4.0-5.5. 

02 evoluhon was followed manometncally,  NADPH was measured at 340 nm 
(and calculated from the difference m extinction before and after addition of PMS) 
and ATP was measured by the incorporation of 32p according to the modification 
of Conover et  al.~ 3 

DBMIB has been kindly synthehsed by Dr W. Draber, Bayer Forschungs- 
zentrum, Wuppertal, according to ref. 1. The phenylenediamines, not commercially 
available, were a gift of Bayer-Leverkusen and recrystalhzed from 6 M HCI, GramJ- 
cJdin D was purchased from Serva, Heidelberg. 2-n-Undecylbenzlmldazol was syn- 
thetlsed according to ref. 14. 
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R E S U L T S  

The rate of  ferncyanide reduction by Photosystem II (Le. in the presence of 
DBMIB) IS low in intact membrane systems of  chloroplasts ~-3. It is stimulated by 
the addition of  a benzoquinone 7 or of  a phenylenediamme ~ 0,~ ~. Saha e t  al. ~5 have 
first described p-phenylenediamlne as a superior acceptor for Photosystem I! As 
reported recently phenylenediamine and C-substituted p-phenylenedlammes are par- 
tlcularly active m stimulating the photoreductlon of  ferncyanide by Photosystem 
II m the presence of  DBMIB,  whereas N-substituted phenylenediamines are inac- 
tive ~ 1. This is indicated again in the results of  Table I. 

T A B L E  I 

E F F E C T  O F  G R A M I C I D I N  O N  T H E  P H E N Y L E N E D I A M I N E - S T I M U L A T E D  P H O T O -  
R E D U C T I O N  O F  F E R R I C Y A N I D E  B Y  P H O T O S Y S T E M  11 ( r e  I N  T H E  P R E S E N C E  O F  
10 -6 M D B M I B )  

C o n d m o n s  m the presence o f  A D P / P , .  

4ddtttoHs lteqmc 02 eeohed/lO nun hght 
(10 "~ ~f )  

pH 6.0 pH 8 0 

DllnU,~ p Ill ~ l l l l l l l l  S 

qramtctdm qramtctdm gramtctdm 
(5 ttq,lml} 

N o n e  1 1 1 4 
p-PhenylenedJamme I 6 4 4 6 1 
2 , 6 - D l a m m o t o l u e n e  2 I 5 5 5 8 
2,6-Dlethyl-p-phenylenedmmme 2 6 3.0 5 4 
T M P D  I 4 2 6 I 4 
N,N-Dimethyl-p-phenylenediamme 1 7 3 5 1 5 

pht~ 
qramtctdm 
(5 ltg/ml) 

1 4  
2 4  
2 4  
2 4  
14  
15  

The stimulating effect of  certain phenylenedlamlnes on ferncyamde reduction 
by Photosystem II (i e in the presence of  DBMIB) is dependent on the pH and, 
depending on the pH range used, on the absence or presence of  an uncoupler. The 
effect of  the uncoupler gramlcldln on the system at pH 6.0 and pH 8.0 is shown in 
Table I At pH 6.0 gramicldm stimulates electron flow wzth all phenylenedia- 
mines. At pH 8.0, however, N-subsmuted phenylenediamlnes are practically inactive, 
whether gram~cldin is added or not. More important the stimulating effect o f  p- 
phenylenedlamlne and C-substituted phenylenedlamines is inhibited by gram~cldm. 
It is important to note that the effect of  gramlcldm in Table 1 as well as in Fig. 1 
Js observed in the presence of  ADP/P, .  Fig. 1 summarizes in more details the effect 
of  pH and gramicidm on this ferricyamde photoreduction by Photosystem lI, com- 
paring p-phenylenedmmine and 2,6-dmthyl-p-phenylenediamine. At a high pH range 
gramlcMin inhibits the rate of  the reaction, while at a low pH range ~t is stimulating 
with both phenylenediamines. The pH at which these two effects of  gram~cldln are 
mutually cancelling depends, however, on the subsmution of the phenylenediamine. 
This point, which shall be called here crossover point, is at pH 7.3 in the case of  p- 
phenylenediamine and at pH 6.4 with diethyl-p-phenylenediamme. The pH of  the 
maximum rate in the absence of  gramlcidm above this crossover point (called here 
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Fig I Influence o f  pH and grarmcldm ( 5 p g / m l )  on a pheny]enediamlne ( I 0  -'~ M)-st lmulated 
photoreductmn of ferncyamde by Photosystem |1 (t.e. m the presence of 10 -°  M D B M I B )  

maximum rate of the shuttle of phenylenediamlne across the membrane) is 8.0 and 
7 6, respectively, while the maximum rate in the presence of gramicldm below this 
point (i e. maximum rate of  the electron transport chain) is 7.0 for p-phenylenedl- 
amine, but 5.0 for 2,6-dlethyl-p-phenylenediamine. In Table II the values of these 
three points are gwen for several substituted phenylenediamines calculated from 
Rg. 1 or from corresponding curves for the other phenylenediamines. The general 
behavlour is the same for all phenylenedlamines hsted but there is a shift towards 
a lower pH range with increasing substitution with alkyl groups on the ring (and 
the lower the pKas discussed later). From Table I it seems that the rate of ferrlcyanide 
reduction in the presence of  gramicldin at pH 8.0 ~s the same independent of the 
(C-substituted) phenylenediamme used. This indicates that the shuttle operating 
maximally only m the absence of  gramlcidin is dependent on the structure of the 
phenylenedlamlne. The N,N,N',N'-tetramethyl-p-phenylenediamlne (TMPD) sys- 

T A B L E  II 

D E P E N D E N C E  O N  pH O F  T H E  E F F E C T  O F  G R A M I C I D I N  ( 5 t t g / m l )  O N  T H E  S T I M U -  
L A T I O N  BY P H E N Y L E N E D I A M I N E S  O F  T H E  P H O T O R E D U C T I O N  O F  F E R R I C Y A N I D E  
BY P H O T O S Y S T E M  II (re. IN T H E  P R E S E N C E  O F  10 -6  M D B M I B )  

4 ddt ttons p H 
( lO-'* ,~[ ) 

M a a t m u m  o f  Cros ~ol er M a x i m u m  oJ 
electron transport  po tn t  p-phen3 lenedtanune 
(presence o f  shut t le  
uncoupler ) { ab.s ence o / u n c o u p l e r  ) 

p-Phenylenedlamme 7 0 7 3 8 0 
2 . 4 - D l a m m o t o l u e n e  6 0 7 0 8 0 
2,6-Dlethyl-p-phenylenedlarnme 5 0 6 4 7 6 
Dlammodurene -_ 5 0 6 2 7 6 
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Flg. 2. Influence of the concentration ofp-phenylenedlamme on the photoreductmn of ferncyamde 
by Photosystem II 0.e. m the presence of 10 .6 M DBMIB) m the absence or presence of 5 ug.'ml 
gram~c~dm. 

tem which is practically reactive in stimulating ferncyamde photoreductlon by Pho- 
tosystem II at pH 8.0 is not effected by gramicldin at this pH. However, at low pH 
also the TMPD system as well as the other phenylenedlamines is stimulated by an 
uncoupler (Table 1). 

The inhibition by gramlcldln of the ferricyanide system stimulated by a C- 
substituted phenylenedlamine at pH 8.0 depends on the concentration of the phenyl- 
enedlamine. As Fig. 2 shows for p-phenylenedlamine the stimulation of ferricyamde 
photoreductlon at pH 8 0 is already saturated at a concentration of about 10 .4  M 
p-phenylenediamlne. At this concentration gramlcidin inhibxts. The inhibition ts 
overcome by adding more p-phenylenedlamme. The P/e2 ratios are lowered at high 
p-phenylenediamlne concentrations. 

Those phenylenedlamines which are inactive m stimulating femcyanide re- 
duction by Photosystem 1I (i.e. in the presence of DBMIB) are active in restoring 
NADP reduction and t v c e  v e r s a ,  p-Phenytenedlamine which is very active in stimu- 
lating the ferrlcyanide system rather weakly restores NADP reduction. On the other 
hand TMPD is very active in restoring NADPH formation in the presence of DBMIB 11. 
This effect of different phenylenedlamlnes on the bypassing of the inhibition site of 
DBMIB and thus restoring NADPH photoreductlon (and stolchmmetrlc Oz evolu- 
tion ~ l) is summarized m Table III. Furthermore the effect of ADP/P, and gramlcldln 
is indicated m Table III The stimulatory effect of ADP/P,, apparent in the two N- 
substituted phenylenedlamme systems with high electron flow rates is indicative of 
the coupling of these systems to ATP formatmn. In the other systems no stimulation 
can be expected, because it zs qmte obvious that the p-phenylenediamme bypass is 
limiting As presented elsewhere 11 the P/e2 ratms in these restored N A D P H  systems 
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TABLE III 

EFFECT OF GRAMICIDIN ON THE RESTORATION OF NADP REDUCTION BY PHE- 

NYLENEDIAMINES IN DBMIB-TREATED CHLOROPLASTS (pH 8 0) 

Add~tmnc to IO-6 M DBMfB 

Control without DBMIB 23 43 50 
- 02 02 

TMPD 38 43 44 
N.N-DImethyl-p-phenylenedmmme 32 42 44 
p-Phenylenedtamine 09 I I 22 
2.4-Dlamlnotoluene 10 I.1 17 
MMPD 19 1.6 10 
2,6-Dlethyl-p-phenylenedlamlne 1.1 1.2 I I 
Dumlnodurene 10 06 04 

are about 1. For the purpose of thus paper the ADP/P, column is only to Illustrate that 
the large gramicidm effects even m the presence of ADP/P, are not reflecting control 
V/O the coupling system. Whereas there is no or little effect of gramlcrdm m the TMPD 
system (which has already very high rates) the p-phenylenedtamine and 2,4-diamrno- 
toluene systems are sttmulated. The pH dependence of this gramlcrdm stimulation 
111 the p-phenylenediamine system IS shown in Frg. 3. From thts rt is evident that 
under the condltron in which gramicidin inhibits the phenylenediamine sttmulation 
of ferrrcyamde photoreduction, It sttmulates NADP reduction (compare Figs 1 and 
3) As pointed out already r1 the chemtcal constnutron of a phenylenedramrne re- 
qurred for stimulatrng NADP reduction is just the opposite of the one for ferrrcy- 
amde reduction and vice uersu. Thts becomes very clear again from the experiments 

I 
I I I 

70 80 90 

pH---_, 

Fig. 3 Influence of pH and gramudm (5 [cgjml) on the restoration of NADP reduction by IO-” M 
p-phenylenedlamme (In the presence of 10m6 M DBMTB) 
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TABLE IV 

EFFECT OF UNCOUPLERS ON THE RESTORATION OF NADPH FORMATION OR 
STIMULATION OF FERRICYANIDE REDUCTION IN DBMIB-TREATED CHLORO- 
PLASTS 

Addttions to 10 . 6  m DBMIB /tequtt" Oz et,oh'ed/lO mm hclkt 

NA DP system Ferrto amde 
,system 

Control without DBMIB 4 5 4 6 
- -  01 14 
10 "~ M p-phenylenedlamme I 2 5 6 
10 -~ M p-phenylenedlamlne+gramlcldm (5/tg,'ml) 2 3 2 3 
10 -~Mp-phenylenedlamme+2 10 -5 M undecylbenzlmJdazole 20 2 I 
10 - 4  Mp-phenylenedlamlne 2 10 -3 M NH~CI 2 2 2 3 

discussed m th~s paper .  Subst i tu ted phenylenedlammes  with more  than  one alkyl 
subs t i tuent  (llke M M P D ,  d ie thyl -p-phenylenedlamine  and d t a mmodure ne )  are sl ightly 
inhibi ted by gramic ldm in the res tora t ion  of  N A D P  pho to reduc t lon  (Table II1). 

Other  uncouplers  show the same effect as gramlcidm.  Table  IV indicates  that  
the uncouplers  NH~CI and undecylbenzlmidazo114 have the same influence as gra- 
mlcldm,  t.e. they inhibit  the s t imula t ion  by p-phenylenedlamine  of  the pho to reduc -  
t lon of  ferr icyanlde and s t imulate  the res tora t ion  of  N A D P H  fo rma t ion  (all in the 
presence of  D B M I B  and o f  A D P  and phosphate) .  

The in terpre ta t ion  of  the results, as discussed later,  is that  in ferrlcSanlde 
reduct ion a pheny lened lamme shutt le across the membrane  occurs,  which c a m e s  
electrons as well as hydrogens  f rom the reside to the outside Accord ing  to the 
chemiosmot lc  hypothesis  this will lower the coupled A T P  fo rmat ion  and the P/e2 

rat io  as is actual ly  observed in such photoreduc t lons  by Photosys tem 1111. We as- 
sume that  the same phenylenedlamlne  shutt le operates  and  hydrogens  are removed 
f rom the inside also in the ferr icyanlde Hill r e a c t l o n A p - p h e n y l e n e d l a m m e  in the 
absence of  DBMIB,  i e. under  the or iginal  condi t ions  of  Saha et  a115 As Saha et 
al.15 found by add ing  p -phenylened iamlne  to a fe r r icyamde HIll react ion by broken 
chloroplas ts ,  the rate o f  e lectron flow is s t imula ted  with a P/ez rat io  of  abou t  0 5. 
This was explained by Saha et  al. ~5 as a pho toreduc t lon  by Photosys tem lI  with the 
par t ic ipa t ion  of  jus t  one A T P  forming  site. We qmte agree with them 7'11 that  photo-  
reduct ions  by Photosys tem 1l are coupled to jus t  one energy conserving step. But we 
would hke to po in t  out  that  it is quite possible that  p las toqumone  and the energy con- 
serving step coupled  to it, st~ll par t ic ipate  in the phenylenedmmlne  reduction by 
Photosys tem II. But the p-phenylenediamine  shuttle th rough  the membrane  will 
t r anspor t  some of  the hydrogens  back outside.  It is this shutt le which lowers the 
P/e2 rat io In Fig. 4 the effect o f p - p h e n y l e n e d m m m e  and gramlcldln  on a fe r r icyamde 
Hill react ion is descr ibed m the absence o f  D B M I B  (these are the condi t ions  of  Saha 
et a115)  It  is apparen t  that  indeed p -pheny lened lamine  acts as a kind of  uncoupler .  
The rate o f  electron flow to ferr icyanide ~s s t imulated by either gramic ld in  or  p- 
phenylenedlamme.  By adding  p-phenylenedmmlne  to a fer r lcyamde reduct ion s2,stem 
only the electron flow rate ~s increased but  not  the rate of  A T P  format ion ,  ~.e. the 
s t imula ted  electron flow rate is not  coupled.  We would like to term this uncouphng  
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Fig 4. Stlmulatmn of femcyamde photoreductmn by gramlcldm (5 icg/ml) and/or 10 -4  M p-phe- 
nylenedmmme (PD) (m the absence of DBMIB). 

effect of p-phenylenediamlne a stolchmmetric uncoupling, because the uncouphng 
effect of p-phenylenediamme is sto~chmmetrlc to the increased rate brought about 
by p-phenylenedlamme. 

DISCUSSION 

Rumberg's 23'24 as well as Avron's g r o u p  25'2° have pointed out that the inter- 
nal rather than the external pH controls the rate of electron transport m chloroplast 
membranes The pH gradmnt generated m the hght inside the membrane allows 
maximum electron transport even when the outside pH is high. Uncouplers shift the 
pH maximum of electron flow (in the medmm) to lower pH values because now a 
lower pH reside than outside Js not maintained Recently Bamberger e t  al .  27 sug- 
gested that the rate controlhng site is embedded m the membrane and is a functmn 
of both internal and external pH. Their result in the light of the results presented 
here may be viewed rather as a mamfestatlon of the optimal pH favoured reside 
(for oxidation) and outside (for reduction) for the native shuttle of reducing eqmva- 
lents as well as hydrogens across the chloroplast membrane ~,la plastohydroquinone/ 
plastoquinone. 

The results m this paper show how this optzmal pH difference for electron 
flow, governed by the native shuttle, ~s shifted when the optimal pH &fference of 
an amficial shuttle of reducing equivalents is superimposed m the presence of a plas- 
toqumone antagomst. Such a shuttle m the opposite &rectlon across the membrane 
occurs when in photoreductlons by Photosystem II (electron flow to Photosystem I 
prevented by DBMIB) a phenylenediamme medmtes an electron flow from plasto- 
hydroquinone inside the membrane towards the terminal acceptor, the polar fern- 
cyanide, outside. In th~s shuttle the phenylenedfimme xs transported to the inside 
and the phenylenedmmlne to the outslde (see the scheme m Fig 5). The propertms of 
the reduced as well as the oxidized form, i e. hpophdlclty, charge and difference in 
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Fig 5. Scheme of photosynthetic electron transport in a zlg-zag across the membrane The inhi- 
bition site of DBMIB, a phenylenedlamme shuttle across the membrane in/out in the photoreductton 
of ferrlcyanlde by Photosystem lI, a phenylenedlamme shuttle out/in for the photoreductmn of 
NADP by Photosystem I and a bypass of the inhibition site by TMPD inside the membrane is in- 
dicated. No StOlChlometry of protons released inside is given . , native electron flow in the absence 
of DBMIB. 

p K  influence the act ivi ty  of  a phenylenedlamine  in this shuttle. N-Subs t i tu ted  
phenylenediamines  are oxidized by ferr icyanlde outside to the po la r  radical ,  which 
cannot  penet ra te  the membrane  against  the posit ive membrane  potent ia l  inside. 
Therefore  T M P D  and N-d imethyl -p-phenylenedlamlne  do  not  s t imulate  the pho to -  
reduct ion of  fer r lcyamde by Photosys tem II at p H  8.0. At  p H  6 0 and in the presence 
of  gramlCldln T M P D  does st imulate,  poss ibly  because the membrane  potent ia l  is 
b roken  down.  The imlne form of  p -pheny lened lamme and C-subst i tu ted  phenylene-  
d lammes  have p K  values a round  3-428. They are not  p ro tona ted  at  high p H  outs ide 
and,  therefore,  are able to penet ra te  the membrane .  The amine form with p K  values 
a round  628 are p ro tona ted  inside. In  this way they are even act ing as internal  
buffers 26. This will lead to a low concent ra t ion  of  the free base of  the amine  inside 
but  high outs ide of  the membrane .  Assuming  that  the free base is the species react ing 
in ox ida t ion  and reduct ion  react ions,  the pH gradient  built  up by the energy con- 
serving sites of  the electron flow system will lead to a d is t r ibut ion  of  lmlne and amine  
(as base)  inside and outside which is favourable  for the overal l  react ion with the 
reduct ion  o f  the lmlne inside and oxida t ion  of  the amine  outside,  i.e. a high ra t io  
reduced/oxid ized  outs ide and a high rat io oxid ized/ reduced (not  p ro tona t ed )  inside 

An  uncoupler  by break ing  down the p H  gradient  inhibits  this shutt le and this 
favourable  ra t io  inside and outs ide because of  the equi l ib ra t ion  and,  therefore,  in- 
hibits  the s t imula t ion  of  f e m c y a n i d e  reduct ion  by a l lpophdlc  phenylenedlamlne  at 
high outside pH. It  should  be kept  in mind that  this inhibi t ion by an uncoupler  at 
high outside p H  occurs in the presence of  ADP/P ,  and,  therefore,  does not  reflect an 
influence of  the uncoupler  on the coupl ing system. Increasing the absolute  concen- 
t raUon o f  p -pheny lened lamme in the system overcomes the inhibi t ion  of  the uncou-  
pler by increasing the concent ra t ion  of  free base inside. In a way p-phenylened iamine  
at hlgh concent ra t ion  Js to be considered an uncoupler .  Also  in the presence of  
gramicldin  in the high p H  range no dependence  on subst i tut ion (leave out  the 
N-subs t i tu t ion)  is observed indica t ing  tha t  the shutt le is l imit ing the overall  rate. 

At  lower pH outside,  the inhibi t ion by an uncoupler  d isappears  and the usual 
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stimulation of an electron transport chain by an uncoupler becomes apparent be- 
cause now the coupling system limits electron flow. 

Even at pH 5.0 and below high electron transport rates are observed. This 
depends on the effectiveness of the phenylenedlamine shuttle. Highly C-substituted 
phenylenediamlnes, which will have higher lipophlhcity and also lower pK values 
(because of steric shielding of the amino group) are better electron acceptors for 
Photosystem II at lower pH than the unsubstituted p-phenylenediamme. The points 
chosen in Table II to illustrate this are, of course, of no significance as such because 
at any pH the system is complex. 

The stimulation by phenylenedlammes of the bypassing of the DBMIB inhi- 
bition s~te in the NADP system is vlsuahzed to occur reside. Both the reduction and 
oxidation of the p-phenylenedmmme used occurs inside and no shuttle across the 
membrane is required. Arguments for this have also been discussed elsewhere 1~ 
The inhibition of the shuttle by gramicidin as observed m the ferrlcyanide system 
(Table I) has been attributed above to an increase m the amount and raho of the 
reduced (not protonated) to the oxidized form of the phenylenediamine reduced 
inside (see above) This ratio is favourable for a reduction of the donor side of Pho- 
tosystem I and, therefore, uncouplers stimulate the NADP system. 

The shuttle of the phenylenedilmine/phenylenediamlne m the ferricyamde 
system will also carry hydrogens across the membrane, because hydrogens are re- 
qmred for reduction of the di~mme (not to be confused with the protomsatlon of the 
amine). According to the chemlosmotic theory this will lower the amount of protons 
available for the ATP-formmg system and the P/e2 ratio of the complete systems 
The P/e 2 ratio of the photoreductlon of ferrlcyanlde by Photosystem II, therefore, 
does not necessarily indicate that only one energy conserving s~te is participating, 
but rather that some of the hydrogens pumped reside across the membrane are trans- 
ported back outside stolchlometmcally to the electron flow. This we would like to 
term stolchlometmc uncouphng. 

Stolchiometmc uncoupling also occurs, when p-phenylenedlamine is added to 
a ferricyanide system m the absence of DBMIB, i e. the conditions of Saha e t  a l  15 

Therefore, the conclusion that only one energy conserving site is operating in photo- 
reductions by Photosystem I I is correct only if the overall stolchlometry IS considered. 

To account for the couphng to ATP formation of photoreductlons by Photo- 
system II with about half the stoichiometry (P/e2 ratio) of non-cyclic electron 
flow 7-1~, we would hke to accept the scheme of Wltt and his colleagues ~6 Accord- 
mg to Junge and W~tt and co-workers 16'29'3° the water-sphttlng reaction occurs in- 
side the membrane The protons released in the water-splitting reaction contribute 
together with the protons pumped across the membrane in a plastoqulnone shut- 
tie 3~'32 to the pH gradient, which m turn gives rise to ATP formation (wlth a Pie2 
ratio of 1.33 m non-cychc electron flow on the assumption of 3 H+/ATP33). The 
protons released m the water-sphttlng reaction inside are responsible for the energy 
conserwng site m photoreductlon by Photosystem lI (Fig 5). 

Presumably in a phenylenediamine shuttle two protons per 2 e are moved 
back outside. This would then lead to an expected P/e2 ratio of about 0.66 The ob- 
served value m photoreduct~on by Photosystem lI as reported is in the order of 0 3- 
0 57-1~ Because m the restoration of electron flow from water to NADP (bypass 
of the DBMIB inhibition site) Ira  TMPD reside (F~g. 5) no hydrogens are lost 
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the P/e2 ratio is again 111 
In photoreduct ions  by Photosys tem I at the expense of  an electron donor  sys- 

tem hke various phenylenediamines/ascorbate  or DCIP/ascorbate  a shuttle of  reduc- 
ing eqmvalents  also occurs, but this t ime from the outside to the reside because the 
polar ascorbate wdl not  penetrate through the membrane  2~. If  a l ipophihc, hydrogen 
carrying pheny lenedmmme is used, the system is coupled to ATP formation 17'~9 
This is again because the shuttle not only carries reducing equivalents reside but also 
releases protons msxde- . The stimulation of the DCIP/system by NH4CI which has 
been observed ~7-19,22 but not  yet satisfactorily explained, is possibly due to a stim- 
ulation of  thls shuttle. 
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