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SUMMARY 

Electron transport, phosphorylation and the absorption changes of plasto- 
quinone and chlorophyll-ai have been measured as a function of 3(3,4-dichlorophenyl)- 
I,I-dimethylurea(DCMU) concentration. The differential effect of DCMU observed is 
not consistent with the concept of isolated chains of electron carriers. Two types of 
cooperation are realized. 

i. Electron exchange is possible between at least IO chains within a common 
plastoquinone strand. This follows from the different sensitivity of the electron 
transfer reactions against DCMU with regard to short and long time excitation under 
uncoupled conditions. 

2. All the electron transport chains of one thylakoid seem to interact by means 
of the internal protons which are pumped into the common inner phase by the chains 
and react on them by means of pH-sensitive electron transfer reactions. This is the 
interpretation of the different DCMU dependence of basal, coupled and uncoupled 
electron transport. 

1NTROD UCTION 

In the past many laboratories have identified and investigated a number of 
electron carriers which mediate the transfer of electrons from water to NADP +. 
A simplified scheme of one electron transport chain is shown in Fig. I. The pathways 
of electrons have mainly been regarded, so far, as isolated chains. However, we have 
direct experimental evidence, that the electron transport chains interact on the level 
of plastoquinone which has been published in a short note in several papers 2-4, for 
which we would now like to present the reasoning and experimental details. Further- 
more, the cooperation of electron transport chains will be discussed within the larger 
scope of different possibilities of interaction, proceeding from the known facts of 
structure and mechanism. A cooperation of different units on the level of bulk chloro- 
phyll is already known, i.e. Joliot's energy transfer between Reaction centres I i  5. 
The next possible sites of interaction would be: the reaction centres thenlselves, the 

Abbrev ia t ions :  Chl-a~ and  Chl-air, Reac t ion  cent re  chlorophyl ls  of P h o t o s v s t e m  I and  II, 
respec t ive ly ;  DCMU, 3 - (3 ,4 -d ich lo ropheny l ) -LI -d ime thy lu rea ;  MES, 2- (N-morphol ino)  e thane-  
sulfonic acid; PQ,  p l a s toqu inone ;  Tricine, Ar-tris ( h y d r o x y m c t h y l ) m e t h y l g l y c i n e ;  X, u n k n o w n  
in t e rmed ia t e  in t he  e lect ron t r a n s p o r t  chain.  
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various electron carriers of the chains and the ionic atmosphere of the thylakoids. 
The discussion will proceed in this order. All the types of coupling may be deduced 
from 3(3,4-dichlorophenyl)-I,I-dimethylurea (DCMU) experiments. 
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Fig. I..Simplified schenle of one electron t r anspor t  chain according to \VITT el aL 1. 

MATEI~:IALS AND METHODS 

l'reparatiol~ of chloroplasts 
The experiments were performed with suspensions of spinach chloroplasts 

which were isolated as described in ref. 6, except that IO mM ascorbate were present 
during grinding. Small aliquots were frozen in liquid nitrogen (in the presence of 5 o; 
dimethylsulfoxide) and stored until use. For all the suspensions chloroplasts from the 
same stock were taken. The activity of the chloroplasts frozen and thawed was as 
good as that of fresh samples. 

ReactioJts mixtures 
Tile experiments of Fig. 2 were performed at pH 6.5 and at 20 °. The reaction 

mixture was made up of o.x mM ferricyanide ( +  o.r mM ferrocyanide), for following 
oxygen production, or o.I mM benzyl viologen as electron acceptor, for following 
absorption changes, 5 mM z-(N-norpholino)ethanesulfonic acid (MES) buffer, Io mM 
KC1, o mM 5lgCl~ and chloroplasts containing Io nmoles chlorophyll per ml. 3o mM 
NH4C1 was used as uncoupling agent. 

The experiments of Fig. 3 were performed at pH 8 and also at 2o °. The reaction 
mixture contained o.5 mM ferricyanide, Io mM N-tris(hydroxymethyl)methylglycine 
(Tricine) buffer, 50 mM KC1, 3 mM MgC12 and r mM ADP. For phosphorylation the 
medium was completed by 3 mM phosphate. Uncoupling was accomplished by 8 mM 
methvlamine. 

DCMU was added as a solution in methanol. Every sample contained exactly 
1% of methanol. DCMU, obtained from SERVA (Heidelberg), was purified by re- 
crystallization from benzene. 

.~ f  daS t I f  dHlCt#S 

The samples were illuminated with red light of saturating intensity. The du- 
ration of tile actinic flash light was zo/~sec (short flash) or o.z sec (long flash, sufficient 
to obtain stationary conditions with uncoupler). The duration of the actinic contin- 
uous light was Io sec for the measurement of oxygen production and z rain for ATP 
production. 
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O x y g e n  p r o d u c t i o n  was  d e t e c t e d  by  means  of a C l a rk - t ype  o x y g e n  e lect rode.  If 
i nduced  by  shor t - f lash  l ight  i t  was m e a s u r e d  b y  the  y ie ld  f rom 2oo flashes, spaced 
o. 5 sec in t ime.  I n  con t inuous  l ight ,  and  w i t h o u t  uncoup le r ,  IO sec of p r e i l l umina t ion  
were  neces sa ry  to exc lude  i n d u c t i o n  p h e n o m e n a .  
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Kig. 2. Effect of DCMU on the flash yiehl and rate of oxygen production, respectively (a) aud on 

the size of the absorption changes of plastoquinone (b) and chlorophyll at (c). Excitation with 
saturating short-flash light (open symbols) and saturating permanent or long-flash light (for 
oxygen production and absorption changes, respectively) (solid symbols). The experiments have 
been performed with uncoupler. The curve of oxygen production in permanent light without un- 
coupler is also shown (top, right). For detailed conditions see MATERIALS AND METHODS. The 
control values of oxygen production in permanent light were 2oS and ~9 mmoles electrons per 
sec per mole chlorophyll in the presence and absence of uncoupler, respectively. The control value 
of the PQ-absorbance change was 7 times larger in long- than in short-flash light. 

A b s o r p t i o n  changes  of p l a s t o q u i n o n e  and  chlorot )hyl l -a i  were  m e a s u r e d  at  

265 n m  and  7o3 nm,  respec t ive ly .  T h e  abso rp t ion  changes  at  265 n m  were  m e a s u r e d  
b y  m e a n s  of t h e  per iod ica l  f lash t echn iqueL lO24 signals  were  s a m p l e d  in the  case of 
shor t - f lash  e x c i t a t i o n  ( repe t i t ion  t i m e  o.4 see), and  IOO signals  in t he  case of long-f lash 
e x c i t a t i o n  ( repe t i t ion  t i m e  5 see). T h e  comple t e  r e o x i d a t i o n  of p l a s t o h y d r o q u i n o n e  
af te r  e v e r y  exc i t a t i on  was rea l ized  by  a w e a k  far - red  b a c k g r o u n d  i l l umina t ion  
(2 = 718 nm).  The  abso rp t ion  changes  a t  7o3 n m  were  m e a s u r e d  w i t h o u t  sampl ing .  
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Elect ron flow (Fig. 3) was ob ta ined  from the l inear  absorp t ion  decrease at  
42o nm caused by  ferr icyanide reduct ion.  Concomitant  ATP product ion  was measured  
by means of the a2p method  s. 

RESULTS 

\Ve inves t iga ted  the DCMU dependence  of the oxygen product ion  and  absorp-  
t ion changes of p las toquinone  and chlorophyl l -a i  in s a tu ra t ing  pe rmanen t  or long- 
flash l ight as compared  with  sa tu ra t ing  short-f lash light.  We measured  the  negat ive  
absorp t ion  changes of plas toquinone,  indica t ing  its reduct ion,  af ter  switching on the  
light and  the posi t ive  absorpt ion  changes of chlorophyl l -a i  af ter  switching off the 
light, indica t ing  the reduct ion of oxidized chlorophyl l -a i  by  reduced plas toquinone.  
The exper iments  were performed in the  presence of an uncoupler  and, wi th  regard  to 
the oxygen product ion  in cont inuous  l ight,  in the  absence of uncoupler.  The react ions  
were run at  p H  6.5. Uncoupl ing  was achieved bv  addi t ion  of a s a tu ra t ing  amount  of 
NH~C1, so as to ob ta in  max imal  accelerat ion (II-fold)  of the  ra te  of oxygen product ion  
in cont inuous  light.  The re la t ive  measured  quant i t ies  are dep ic ted  in Fig. 2. 
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Fig. 3. Effect of I)CMU on the rate of electron flow under different coupling conditions and on the 
rate of noncvclic ATP production at pH 8. Control values were 47, 73 and 189 mmoles electrons per 
sac per mole chlorophyll for basal, coupled and uncoupled electron transport, respectively, and 
25 mmoles ATP per sac per mole chlorophyll for phosphorylation. 

Fur the rmore ,  we measured  the effect of DCMU on basal,  coupled and uncoup led  
electron flow and on noncvclic phosphory la t ion  at  p H  8. In  this  case uncoupl ing  was 
achieved bv  a s a tu ra t i ng  amount  of methy lamine ,  accelera t ing the  basa l  e lectron 
flow 4-fold. The resul ts  are dep ic ted  in Fig. 3. 

Experiments with uncoupler. On exci ta t ion  with  shor t  flashes the  oxygen yie ld  
and the size of the  absorp t ion  changes of p las toquinone  and chlorophyl l -a i  show a 
near ly  identical  DCMU dependence  with  a 50 %-inhibi t ion concent ra t ion  of 30 nM. 
Using cont inuous  or long-flash l ight  for exci ta t ion,  this  hal f -value  concent ra t ion  is 
shif ted t -  larger  values in all three  cases. The shift  is by  far the  grea tes t  in the  case at 
the  absorp t ion  changes of chlorophyl l -a i ,  much smal ler  in the  case of the  ra te  of 0.2 
product ion and stil l  smal ler  for the absorpt ion  changes of plas toquinone.  

Expcrimcnls without mzcoupler. Concerning the ra te  of 02 product ion  (and elec- 
t ron flow, respect ively)  the  hal f -value  concent ra t ion  is shif ted much lnore than  with 
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uncoupler. For both coupled electron flow and noncyclic phosphorylation the half- 
value concentration is shifted to a lesser extent than for basal electron flow. 

DISCUSSION 

Oxygen production and absorption changes of plastoquinone and chlorophyll-a1 
are equally sensitive to DCMU if excited with short flashes (2o/~sec). This can be seen 
from Fig. 2 and has been already stated. The flashes were short enough, so that only 
one electron is transferred per Centre II. According to Dt}RING et alp DCMU com- 
plexes directly with the Reaction centres II.  Therefore the resulting common curve 
represents the relative number of active chlorophyll-ali molecules. 
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relative number of Reaction centres I I  

Fig. 4. The d a t a  of Fig. 2 ob t a ined  dur ing  stead?." s t a t e  condi t ions  are r ep lo t t ed  as a tunc t ion  of t i le  
cor responding  oxygen  yield per shor t  flash, r ep resen t ing  the  re la t ive  n u m b e r  of Reac t ion  centres  I I .  
The in i t i a l  slope of the  Chl-ai curve  leads to  an e s t ima t ion  of the  n u m b e r  of i n t e r ac t i ng  chains.  

In principle, from such curves it can be concluded that the Reaction centres II  
exist probably as complexes of two Chl-aii molecules. The number of reaction centres 
has to be compared with the number of binding sites for the inhibitor. In the case of 
independent centres the number of centres should always be equal to the number of 
binding sites. However, it appears that one molecule of DCMU is sufficient for the 
blocking of two Centres II.  This structural fact may be explained by some sort of 
cooperation of two Ctfl-ali molecules taking place. Tile details leading to this deduc- 
tion are published in ref. Io. 

Electron exchange between diflerenf chains via plastoquinonc 
I t  has already been stated the measured quantities do not show the same DCMU 

dependence if induced by short flashes or during steady state conditions. The observed 
shift is not consistent with the concept of independent chains. This effect indicates 
that an interaction of electron transport chains, by electron transfers between the 
carriers of different chains, takes place. A cooperation on the level of energy transfer 
is excluded because of the saturating light intensity and the interference of ionic 
gradients has been avoided by the addition of a potent uncoupler. 

In Fig. 4 tile relative quantities, measured in permanent or long-flash light and 
with uncoupler, are plotted as a function of tile relative number of active Reaction 
centres II. The deviation from linearity indicates the existence of a cooperation. If 
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on ly  the  oxygen product ion  had  been measured  it would be difficult to specify the  
mechan i sm of in terac t ion .  The absorp t ion  changes, however,  give informat ion  as to 
the  number  of carriers which stil l  t ake  pa r t  in electron transfers  wi th  a reduced num- 
ber  of act ive Centres I I .  At  a DCMU concent ra t ion  where only IO °'o of the  Centres I I  
are act ive,  near ly  all the  chlorophyl l -a i  molecules are stil l  in action.  We conclude 
tha t  an electron t ransfer  has to occur between different chains. F r o m  the ini t ia l  
slope (equal to i2) of the  Chl-ai  curve in Fig.  4 it  m a y  be der ived  tha t  a t  least  12 chains 
are in teract ing.  One might  th ink  tha t  the site of in terac t ion  would be the  Centres I 
themselves,  bu t  the  effect of cooperat ion is also evident  for plas toquinone.  I t s  con- 
cen t ra t ion  (in electron equivalents)  is larger  than  t ha t  of all t i le  o ther  e lectron car- 
riers b y  a factor  of about  16 (ref. 4). Therefore  i t  is reasonable  to assume tha t  the  
e lect ron exchange between different chains is accomplished by  this compound.  
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l:ig. 5- Refined scheme of the electron transport system. Units of two chlorophyll-an molecules 
can be blocked by one molecule of DCMll Electron exchange is possible between different chains 
via the strand of plastoquinone, connecting at least io chains. 

Two comments  should be added .  Fi rs t ly ,  t i le reason for the  large dev ia t ion  of the 
relat ive Chl-ai absorp t ion  changes from those of p las toquinone (PQ) seen in Fig. 4 is 
t ha t  about  7 electrons per  Centre I I  accumula te  in the  PQ pool under  normal  condi- 
tions. This is seen from the factor  of 7 between the ampl i tudes  of the PQ changes in 
short-  and  long-flash l ight.  Therefore 14 % of this  max ima l  value of reduced  PQ,  
produced  by, IO % of Centres I i ,  corresponds to about  I electron per  Centre I I .  This  is 
a p p r o x i m a t e l y  sufficient for the  reduct ion of all the Chl-ai  molecules if the  Centres I 
and  I [  are present  in equal  amounts .  Secondly, it  should be no ted  tha t  the  curves 
for the ra te  of oxygen product ion  and for the  size of the  absorp t ion  changes of PQ in 
Fig. 4 are not  ident ical ,  a l though the ra te  of oxida t ion  of reduced PQ equals t ha t  of 
()2 product ion.  The difference is due to the  fact t ha t  according to the  k inet ic  equa t ion  
for the  oxida t ion  of reduced PQ der ived  by  STIEHL A.XD WITT 4 the ra te  of ox ida t ion  is 
p ropor t iona l  to the  p roduc t  of the  reduced  and  oxidized por t ions  of PQ.  

We conclude t ha t  the  p las toquinone  molecules of different chains form a com- 
mon s t rand  (see Fig. 5)- I t s  function m a y  be descr ibed as collecting electrons from the 
React ion  centres I I  and  d i s t r ibu t ing  them to the centres of l ight  Reac t ion  I. 

Interaction of all the electron transport chains of one thylakoid by the protons in the 
inner phase 

Tile half-value concentra t ion  of the  inh ib i tor  for pe rmanen t  oxygen produc t ion  
is s t rongly  shif ted to grea ter  values if t i le uncoupler  is omi t t ed  (see Fig. 2, top).  
This means  tha t ,  a p a r t  from the cooperat ion on the level of p las toquinone,  there  has 
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to exist  an addi t iona l  in teract ion.  I t  is a reasonable  assumpt ion  to associate  this 
in te rac t ion  with one of the  ionic gradients  across the t hy l ako id  membrane  which are 
well known to be formed in the  absence of uncouplers.  An in terac t ion  by  ions might  
exist  if one of the  ions influenced the electron flow. Indeed,  we have shown a l ready  tha t  
the  in terna l  protons  control  the electron t ransfer  ra te  11,12. One branch  of the control  
loop is the  pro ton  t rans loca t ion  into the thylakoids ,  which is coupled to the electron 
flow (see Fig. 6), The second branch  is a special  type  of back  react ion of the protons.  
If present  in high concentra t ion  they  occupy the tromp s ta t ions  and the reby  slow 
down the e lect ron flow. All the  chains of one thy l ako id  are in contac t  with the same 
inner  phase and are influenced by  the protons  to the same degree, t ha t  is t hey  are 
coupled. If  some Centres I I  are blocked b y  DCMU the influx of protons  will be slower, 
which results  in a lower in terna l  p ro ton  concent ra t ion  in the s t eady  state .  According 
to this  lower value the electron t ransfer  ra te  will be higher  in the remaining active 
chains (chain sections). This accelerat ion is responsible for the  cons tancy  of the overall  
ra te  over  a large range of inhibi t ion of Centres I I .  

Fig. 6. Schematic representat ion of a thylakoid.  The electron t r anspor t  sys tem is located within 
the membrane.  Proton influxes and effluxes occur across the membrane,  as indicated. The back 
reaction of protons  on the electron flow (indicated by  dashed arrows) results in an interaction of all 
the  electron t r anspor t  chains of one thylakoid.  

In  a measurement  wi th  uncoupler  the inner p ro ton  concent ra t ion  remains  low 
because of an enhanced pro ton  efflux la, la. In  this  case the  inhibi t ion by  DCSIU cannot  
be coun te rba lanced  b y  decreased r e t a rda t ion  of the electron flow. The  sens i t iv i ty  agains t  
DCMU is higher. 

This in t e rp re t a t ion  is suppor t ed  by  the fact t ha t  noncyclic phosphory la t ion  and 
the coupled electron flow are somewhat  more sensi t ive to DCMU than  the basal  elec- 
t ron  flow (see Fig. 3)- This effect might  be expla ined on the basis of the chemiosmotic  
hypothesis ,  according to which phosphory la t ion  is coupled to an addi t iona l  pro ton  
efflux out  of the  thy lakoid .  This leads to a lower pro ton  concentra t ion  in the s t eady  
s ta te  (seen from the increased electron flow). Direct  exper imenta l  evidence for this 
addi t iona l  efflux has been given recent ly  is. 

I t  might  be added  tha t  t i le DCMU exper iments  alone do not allow one to spe- 
cify how m a n y  electron t r anspor t  chains in te rac t  on the basis of wha t  luav be gene- 
ra l ly  called an energized state .  However ,  our results  on the rate  control  by  the inter-  
nal  protons  n lead us to app rox ima te ly  ident i fy  the s t a t iona ry  energized s ta te  wi th  
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the  p r o t o n  g r a d i e n t  and,  accord ing ly ,  t he  reg ion  of i n t e r a c t i n g  chains  wi th  t he  

t hy l ako id .  

(:on c lud iug  remarks  

W e  h a v e  seen t h a t  t h e  d i f ferent  e f fec t iveness  of D C M U  can be e x p l a i n e d  by  
d i f fe ren t  modes  of i n t e r a c t i o n  of e lec t ron  t r a n s p o r t  cha ins  a s s u m i n g  one s i te  of ac t ion  
and  one p a t h w a y  of e lec t rons  only .  The  same  e x p l a n a t i o n  shou ld  be va l id  for m o s t  of 

t he  pub l i shed  resul t s  o b t a i n e d  w i t h  e lec t ron  t r a n s p o r t  inh ib i tors ,  such  as p h e n y l u r e a  
de r iva te s ,  q u i n o l i n e - N - o x i d e s  and  others .  A sa t i s fy ing  genera l  e x p l a n a t i o n  for t he  
va r ious  effects  has  been  nfissing un t i l  now. Shor t - f lash  e x p e r i m e n t s  h a v e  no t  been 

r epor t ed ,  bu t ,  ins tead ,  e x p e r i m e n t s  in con t i nuous  l ight  of low i n t e n s i t y  are  r e p o r t e d  

in refs. 16 - I8 .  The  D C M U  d e p e n d e n c e  of the  o x y g e n  p r o d u c t i o n  in b o t h  cases shou ld  
o n l y  differ  if e n e r g y  t r ans fe r  b e t w e e n  Cent res  I I  is no t  negl igible .  The  increase  of 

e f fec t iveness  of D C M U  and  o the r  inh ib i to r s  a t  low l ight  in tens i t i e s  has  been  r ega rded  

as a consequence  of a s i te  of ac t ion  v e r y  nea r  to t he  l igh t  R e a c t i o n  I I .  This  in te r -  

p r e t a t i o n  is r igh t ,  b u t  i t  r equ i res  an i n t e r a c t i o n  of t he  e l ec t ron  t r a n s p o r t  cha ins  which 
was  no t  s t a t e d  expl ic i t ly .  T h e  d i f fe ren t ia l  effect  acco rd ing  to  t he  coup l ing  cond i t ions  

is e i the r  on ly  man i f e s t  in t he  p lo t  of m e a s u r e d  resu l t s  19 or  s t a t e d  w i t h o u t  a n y  a t t e m p t  

for an  e x p l a n a t i o n  ~°. 
R e c e n t l y  Wi l l i ams  2~ also r e j ec t ed  the  s imple  series m o d e l  on the  basis  of t he  

i n t e n s i t y  d e p e n d e n t  D C M U  inh ib i t ion .  H e  p o s t u l a t e d  the  ex i s t ence  of m u l t i p l e  

l i nkages  b e t w e e n  the  two  p h o t o s y s t e m s .  
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