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SUMMARY 

1 Spinach chloroplas ts ,  bu t  not  whole C h l o r e l l a  cells, show an accelerat ion o f  
the Photosys tem II  tu rnover  t ime when excited by  non-sa tura t ing  flashes (exciting 
25 ° o o f  centers)  or  when excited by sa tura t ing  flashes for 85-95 ,° o Inhibi t ion by 
3 - (3 ,4 -d lch lo ropheny l ) - l , l -d lme thy lu rea  Fo l lowing  da rk  adap ta t ion ,  the tu rnover  is 
accelera ted after a non-sa tu ra t ing  flash, preceded by none  or  several sa tura t ing  flashes, 
and  pr imar i ly  after a first sa tura t ing  flash for  3 - (3 ,4 -d lch lo ropheny l ) - l , l -d lme thy lu rea  
inhib i t ion  A rap id  phase ( t ,  approx  0 75 s) is observed for the deact iva t ion  of  State 
$2 in the presence of  3 - (3 ,4 -d lch lo ropheny l ) - l , l -d lme thy lu rea  

2 These accelerated re laxat ions  suggest tha t  centers o f  Pho tosys tem 1I are 
in te rconnec ted  at  the level of the p r imary  e lect ron t ransfer  and  compete  for p r imary  
oxidiz ing equivalents  in a sa tura t ing  flash The model  in best agreement  with the 
exper imenta l  da t a  consists of  a pa i red  ln terconnect lon  o f  centers 

3 Unde r  the condi t ions  ment ioned  above,  an accelerated tu rnover  may be 
observed  fol lowing a flash for centers  in So, $1 or  $2 pr io r  to the flash This acceler- 
a t ion  is in terpre ted  in terms of  a shift o f  the ra te- l imit ing steps o f  Photosys tem 1I 
tu rnover  f rom the acceptor  to the d o n o r  side 

INTRODUCTION 

Photosyn the t ic  units o f  Pho tosys tem II are a r ranged  in an ensemble  sufficiently 
c o m p a c t  to permi t  the t ransfer  o f  energy between adjacent  units Despi te  this close 
proximi ty ,  no convincing evidence has as yet  been presented to Indicate that  any  
in terac t ion  occurs between adjacent  reac t ion  centers at the p r imary  level o f  electron 
t ransfer  Stlehl and  Wl t t  [1] have p r o p o s e d  a pa i red  model  for  Photosys tem II In 
which a pair  o f  reac t ion  center  ch lorophyl l s  reduce a pa i r  of  p las toqu lnones  in the 
p r imary  pho to reac t lon  The  la t ter  then d lsmuta te  in abou t  a mil l isecond and t ransfer  
a pair  o f  electrons to the poo l  This model  however  is not  consis tent  with the da ta  of  

Abbrev,atlons DCMU, 3-(3,4-&chlorophenyl)-l,l-dlmethylurea, CMU 3-(p-chlorophenyl)- 
1,1-dlmethylurea 
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Bouges-Bocquet [2] and Velthuys and Amesz [3] which demonstrate that no electron 
exchange occurs between primary or secondary electron acceptors of adjacent centers 

Furthermore, Kok et al [4] have demonstrated, using spinach chloroplasts and 
Chlorella, that oxldtzmg equivalents are successively accumulated on the oxidizing side 
of the Photosystem II reaction center, until four such equivalents give rise to a 
molecule of 02 No equivalents are shared by adjacent centers, each acts indepen- 
dently of its neighbors 

However, Jollot, A [5] through measurements of the 02 gush at varying 
3-(p-chlorophenyl)-l,l-dlmethylurea (CMU) concentrations, and Slggel et al [6] 
through mea s urements, at varyln g 3- (3,4-dlchlorophenyl)- 1,1 -dlmethylurea (DC M U ) 
concentrations, of the reduction of P70o following illumination, have shown that an 
exchange of electrons occurs between adjacent photosynthetic chains at the level of 
the plastoqulnone pool The latter authors suggest that as many as ten pools of ten 
equivalents each may freely exchange electrons 

In the following paper evtdence lS presented for a cooperative interaction at the 
level of the primary photoreaction of Photosystem II m spinach chloroplasts This 
phenomenon was demonstrated by a study of the turnover times for centers in States 
So, SI and $2 The turnover ttme Js the dark pertod required, following excitation 
of a Photosystem 1I center, before that center may effectively utdtze a second photon 
These turnover times were first characterized by Kok et al [4] and later, in more 
detail by Bouges-Boequet [7], and are here shown to be dependent on the fraction of 
centers that undergo charge separation durmg a light flash These turnover measure- 
ments alone, however, could not localize the rate-limiting step to the donor or acceptor 
side However, independent measurements of various reduclng-stde phenomena show 
relaxation kinetics slmdar to those measured by oxygen methods [8-12] Dependence 
of the turnover times on the redox state of the pool has also been demonstrated [13] 
The models, proposed to explain the cooperative interaction, are consistent with the 
~dea that the relaxations S'o -~ $1,  St1 ---)" $2 and S' 2 ~ $3" occur at least part~ally on 
the acceptor side for the experimental conditions of Kok et al [4] and Bouges- 
Bocquet [7] It is proposed that for the experimental conditions explored here, the 
rate-limiting steps for these relaxations are shifted to the donor side Collectively, the 
data of Johot et al [14], Zankel [l 5] and Bouges-Bocquet [7] show that S'a -~ So is 
normally limited by the donor side 

MATERIALS AND METHODS 

Chloroplasts were prepared from market spinach according to the method of  
Avron and stored at --70 °C in 0 05 M Trls-HC1 buffer (pH 7 8), containing 0 01 
M NaC1, 0 4 M sucrose and 5 ~o dlmethylsulfoxide When used for O2 measurements, 
the chloroplasts were diluted to a chlorophyll concentration of 300/~g/ml usmg the 
same buffer as above, containing, in addmon, 0 1 M KC1 but without dimethylsulf- 
oxide The results, to be described, were observed for both fresh and previously 
frozen chloroplasts, and with and without KCI 

* The notation S'. --+ S.+ ~ used In this paper, refers to the dark transition between intermediate 
state S'., formed by flash exotat~on of a center m state S., and the successtve, more oxtdtzed state 
S.+~ This dark trans~tson includes reactions on both the donor and acceptor s~tes of Photosystem II 
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Chlorella pyrenotdosa were grown on K n o p  medium containing Arnon ' s  trace 
elements A 6 and B 6 Prior to use, cells were suspended in 0 05 M phosphate buffer 
(pH 6 4) containing 0 1 M KC1 at the same chlorophyll  concentrat ion as used for 
chloroplasts 

O2 was detected by the polarographlc method described by Johot  and Johot  
[16] Flash excitation was provided by Stroboslaves (General Radio, Type 1539-A) 
employing xenon flash lamps (4/~s width at half-height, with a tall amount ing  to 
10 ° o o f  peak intensity at 10/~s, 4 ~o at 20/~s, and 1 °o at 50/~s) 

Measurements o f  the carotenoid band shift at 520 nm were made using the 
flash-detector differential spectrophotometer  described by Johot  and Delosme [17] 
Chloroplasts were suspended in the same buffer mixture used for 0 2 measurements 
plus 7 ° o Flcoll, but without  0 l M KCI The chlorophyll  concentrat ion was 60/~g/ml 

All experiments were performed at 22 °C except where indicated 

RESULTS 

Spinach chloroplasts, totally deactivated for 15 mln in the dark, were exposed 
to a sequence of  short saturating flashes separated by 320 ms (Fig l) Following flash 
excitation, these chloroplasts were again permitted to deactivate for 15 mln, at which 
time they were equilibrated with 1 5 10 -6 M D C M U  (85 O/:o inhibition In the steady 
state) over an additional 15-min period Steady-state inhibition varied with the 
chloroplast batch Between 85 and 95 % inhibition was usually observed for this 
concentrat ion of  D C M U  A flash sequence was then given identical to the first A 
compar ison of  the two shows that in the presence o f  D C M U  the second-flash yield 
is 60 oo of  the third whereas under uninhibited conditions, the second is less than l0 °,o 
o f  the third In addition, in the presence o f  D C M U ,  the oscillations following the 
third flash, while o f  diminished amplitude, were nonetheless in phase with those in the 
absence of  D C M U  The relative increase In the second-flash yield and the diminished 
amplitude of  the later oscillations o f  the sequence suggest the existence o f  appreciable 
double hitting (e g Photosystem Il reaction centers t lansferrlng two equivalents 
during a flash) This double hitting must have occurred primarily on the first or second 
flash to explain both the fact that  the sequence remains in phase with that for uninhib- 
ited chloroplasts and that the second flash shows an elevated yield 

Two possible mechanisms for this double hitting early in the sequence are 
l instantaneous double-electron transfer per functional center during a flash or 2 an 
acceleration o f  the turnover time, permitting a center to function twice during the 
flash lifetime Double  hitting normally (in the absence of  D C M U )  arises f rom an 
overlap o f  the turnover kinetics with the flash lifetime Any acceleration of  the turn- 
over would Increase that  overlap Because the flash tail is a decreasing function with 
time, a halving of  the turnover time would more than double the double hitting per 
flash A third posslblhty that the elevated second-flash yield stems from incomplete 
deactivation is eliminated by the protocol used for the experiment o f  Fig l The 
chloroplasts were allowed to completely deactivate for 15 mln in the dark (see se- 
quence in absence o f  D C M U )  prior to the dark equilibration with 1 5 l0 -6 M 
D C M U  

The second posslblhty x~as confirmed by actual measurements of  the turnover 
time in the presence o f  1 5 l0 -6 M D C M U  (Fig 2, Table 1) These experiments 
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FlaSh pOSitiOn in s e q u e n c e  

h g  I Flash sequence of dark-adapted spinach chloroplasts m the presence (k]) and absence ( ~ )  
of 1 5 10 -6 M DCMU Untreated chloroplasts were dark-adapted for 15 mm before flashing These 
same chloroplasts were again, dark-adapted for 15 ram, then eqmhbrated for an addmonal 15 mm 
with 1 5 10 -6 M DCM U m the dark before flashing Flashes were spaced 320 ms apart The DCMU 
curve has been multlphed by a factor of 10 

were  p e r f o r m e d  on  d a r k - a d a p t e d  ch lorop las t s ,  wi th  centers  p r imar i l y  m the  $1 s ta te  

by va ry ing  the  t ime  be tween  the  first and  second  (S '  1 -+ $2) o r  be tween  the  second  and  
th i rd  (S'  2 -+ Sa)  f lashes o f  a sequence  and  de tec t ing  O2 p r o d u c e d  on  the  th i rd  F o r  
centers  in the  So s ta te  in the  dark ,  0 2  was de t ec t ed  on  the  th i rd  plus  the  f o u r t h  f lashes 
and  the  t ime  va r i ed  be tween  the  first and  second  (S'  0 --+ $1, Tab l e  1), s econd  and 
th i rd  (S '  x --. $2, Tab l e  I)  a n d  th i rd  a n d  f o u r t h  (S '  2 ~ $3, F]g 2) 

S'2 ~ Sa was also m e a s u r e d  by v a r y i n g  the  t ime  be tween  the f o u r t h  and  f if th 
flashes and  de tec t ing  on  the  fifth The  S'  2 --+ $3 is the  on ly  t u r n o v e r  wh ich  may  be 
readxly m e a s u r e d  m the  s teady  state J u d g m g  f r o m  the  sequence  o f  F ig  I, (osc i l la t ion  
a m p h t u d e  smal l ) ,  this  la t te r  t u r n o v e r  t ime  is m e a s u r e d ,  in F ig  2, for  a m ix tu r e  o f  
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Fig 2 Turnove r  t ime measured  by 02  emission 111 the presence (upper)  and  absence (lower) o f  
1 5 10 -6  M D C M U  Chloroplas ts  were dark adapted for 8 m m  ( - - D C M U )  or 6 m m  ( - - D C M U )  
(n) At  ( n + l )  sJgmfies that  the t ime was varied between the (n)th and  (n - -1 ) th  flash o f  a sequence 
with the interval indicated on the abscissa The  t ime between the remain ing  flashes o f  the sequence 
was 160 ms for D C M U - t r e a t e d  chloroplasts  and 320 ms for untreated chloroplasts  both m a n y  t imes 
longer than  the turnover  In the case o! 1 At 2, 02  was detected on the third flash In all o ther  cases, 
O2 evolved was detected on  the second member  o f  the pair The  ordinate  indicates the fraction o f  
centers whtch have recovered m a gwen t~me 

T A B L E  I 

H A L F  T U R N O V E R  T IM E S  F O R  S'o -~ S~, S'~ ~- $2 A N D  S'z ~ $3 F O R  C E N T E R S  IN STATES 
So A N D  $1 IN T H E  D A R K  

These  t imes were measured  m the presence and absence o f  I 5 l0 -~ M D C M U  

State o f  o n g m  Relaxation (/ts) 

S '  0 - -+ S 1 S '  1 -~> S 2 5 / 2  ~ S 3 

So ( -  D C M U )  500 400 - 
So (~ D C M U )  210 400 --  
S l ( - - D C M U )  - -  480 430 
S~ ( ~ D C M U )  -- 160 370 

c e n t e r s ,  n o t  f a r  f r o m  a s t e a d y - s t a t e  d ~ s t r l b u t l o n  o f  s t a t e s  T h e s e  t u r n o v e r  t i m e s  ( F i g  2 )  

a r e  c o m p a r e d  w i t h  S '  1 ~ $2 a n d  S '  2 -~  $3  ( f o r  c e n t e r s  i n  S 1 m t h e  d a r k )  i n  t h e  a b s e n c e  

o f  D C M U  T h e  D C M U  c u r v e s  s h o w  a n  a c c e l e r a t t o n  w h i c h  lS m o s t  m a r k e d  f o l l o w i n g  

t h e  f i r s t  f l a s h  S '  1 --. $2 f o r  c e n t e r s  i n i t i a l l y  i n  t h e  S1 s t a t e  a n d  S '  o ~ $1 f o r  c e n t e r s  

m t t m l l y  in  t h e  S O s t a t e  s h o w i n g ,  r e s p e c t i v e l y ,  a t~_ o f  160 /~s  m s t e a d  o f  4 8 0  p s  a n d  
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210 `us instead of  500 #s The turnover,  following the second flash in the presence o f  
D C M U ,  is much less accelerated relative to the uninhibited curves For  centers m St 
In the dark, the half-brae for S' 2 ~ S 3 was 430 ,us and 370 ,us before and after add,tion 
o f  D C M U ,  respectively For  centers In  S o in the dark, the half  turnover time for 
S' 1 ~ $2 was approx 400/~s in both  cases Thus at least some of  the double hitting, 
observed m the flash sequence (Fig 1) is attributable to the rapid turnover during the 
first flash o f  the sequence 

To obtain some indication o f  the amount  o f  instantaneous double h~ttmg 
occurring during the hght flash in 1 5 10 -6 M D C M U ,  chloroplasts were cooled to 
2 °C, which slows the initial turnover  rate by a factor of  3 f rom that  observed at 
22 °C Over this 20 nC temperature range the ratio o f  the O 2 yields o f  the second and 
third flashes decreased only shghtly from an average o f  0 55 to 0 45 Thus the double 
hitting observed In Fig l artses f rom two phenomena  an accelerated turnover 
occurring primarily on the first flash and an instantaneous double hitting occurring on 
either the first and second flash or on both 

The dependence o f  the double-h~t phenomena  on the D C M U  concentrat ion is 
shown m Fig 3a In this experiment, an increased second to third flash ratio was used 
as an indicator A compar ison of  this ratto with the inhibition o f  02 p roduchon  in the 
steady state, indicates that  the double hitting reqmres five times higher D C M U  
concentrat ion than the steady-state inhibition The acceleration o f  the turnover t~me 
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Fig 3 Dependence of  double  h i t t ing on D C M  U concentra t ion Chloroplas ts  were dark  adapted  for 
10 mln (a) or 8 mm (b) In  (a) the percent inhibi t ion ([])  o f  the steady-state 02  ywld and rat io of  the 
second to third flash ( © )  of  a flash sequence are p lot ted  as a funct ion of  D C M U  concentrat ,on 
Flashes were spaced 320 ms apart  In (b) the S'~ --~ $2 turnover  m the presence and absence of  
2 10- 7 M D C M U ,  was measured by varying the t ime between the first and second flashes and deter.t- 
mg Oz 320 ms later  on the third flash 
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also fol lowed this double-hi t t ing dependence N o  acceleration o f  the S'~ --* $2 turnover  

was observed at 2 10 -v  M D C M U  (Fig 3b) which inhibits 50 °o o f  the Photosystem 
II centers Thus, the instantaneous double hit t ing and the accelerated turnover  both 

require high D C M U  concentra t ion  

An accelerated relaxation o f S '  1 ~ $2 was observed in the absence o f  D C M U  
by giving a flash, exciting 25 o of  the centers (as measured by steady-state 02 

yield), followed a variable time later by a second saturating flash 02 was detected 

320 ms later by a third, saturat ing flash Fo r  S' 2 ~ 53, a first saturating flash was 

fol lowed 320 ms later by a flash exciting 25 ° o of  the centers O2 was detected by a 

third, saturat ing flash, given at variable times after the second The kinetics for 

saturat ing and non-saturat ing flashes are shown in Fig 4 for chloroplasts  S ' t  ~ $2 

and S' 2 ~ $3 following non-saturat ing flashes show half-recovery times o f  250 Its and 
210/~s, respectively These are compared  to the appreciably longer recovery times o f  

500 tts and 450/~s fol lowing saturat ing flashes The recovery t ime for S' 2 ~ S 3 was 
also measured for a non-saturat ing flash in the steady state An equlpartltlOn of  S 

state~ was achieved through a series o f  eight flashes spaced 320 ms apart,  each exciting 

25 % of  the centers This experiment  also showed an accelerated recovery time of  

I 0  

0 5  

S I ~  

o. 
(--o--)  weak flosh (25% centers exci ted)  d / 
(- ~ ' - )  saturahng flash (~I00% centers excl ted)  

l l , a l  . . . .  I . . . .  I . . . .  I . . . .  

/ 

I At 2 ( m s )  

I O  - -  

s 2 ~  s 3 

0 5  I 0  15 

2 at 3 ( m s )  

2 0  2 5  5 

I 
IO 

Fig 4 Turnover Ume as measured by O2 detection, following a non-saturating or saturatmg flash 
Chloroplasts were dark adapted 8 mm before flashing For S'1 ~- $2 (a) the first flash of the sequence 
excited either 25 % or 100 )o of the centers, followed a variable time later (abscissa) by a saturating 
flash O2 was detected 320 ms later by a saturating flash For S'2 ~ $3 (b) a first saturating flash was 
given, followed 320 ms later by a flash exciting eaher 25 .% or 100 ~ of the centers O2 was detected 
a variable t~me later (abscissa) by a saturating flash 
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300 Fs Ano the r  non-chemical  method  exists as well for mducmg  the accelerated 

turnover  Chloroplasts ,  left on the polar ized O 2 electrode for 1 5 h undergo a loss in 

actlvlty o f  about  50 % of  the Photosystem 1I umts Inactive units appear  to be blocked 

in a non-quenching  form in that  a non-satura t ing flash excites a greater fracUon of  

acttve centers (based on the steady-state 02 yteld) after the aging process than before 

Thus a b locked center can transfer its pho ton  energy to an adjacent  center, effecttvely 

mcreasmg the opUcal cross-secUon of  a funct ional  center Under  these condmons ,  an 

accelerated turnover  S' 1 --+ $2 ts observed (t~ - -  370/is) fo l lowmg a saturat ing flash 

Charac tensuc  o f  both  the non-saturat ing-flash and aged-chloroplast  experi- 
ments ~s the fact that  the accelerated turnover  occurs for condmons  where only a 
fraction of  the centers undergo a hght-mduced charge separation 

These results suggest that  an interact ion occurs between centers at the level of  
the electron transfer components  responsible for the turnover  Ume This mteracUon, 

however,  does not exist m Chlorella as shown in Fig 5 and in which neither D C M U  

(inhibit ing 90 % of  the centers) nor  flashes exciting 20 ° o of  the centers induce an 
acceleraUon of  the turnover  time 

Anothe r  phenomenon ,  also mdlcat lve o f  a coopera t ton  between Photosystem II 

centers ts the accelerauon of  deacUvaUon m the presence o f  non-saturat ing con- 

centrat lons o f  D C M  U As demonst ra ted  by Bennoun [ 18 ], D C M U  induces a recomb~- 

naUon of  oxidizing and reducing equivalents generated m the primary photoac t  (t~ 

IO 

0 5  ~. A ~ (--,%r) 15 X I06  M DCMU 2 0 %  centers excited) 

! o , 
I ~,t 2 (ms) 

$ 2 ~  S 3 

O 

( o ) non saturotlmg flash {25°/. centers TXC,,ed) 

I 
~ .  , . . ] Chl0re,a J 

0 0 5  I 0  t 5  2 0  2 5  5 rO 15 20  

2 a, 3 (ms) 

Fig 5 Turnover time, in Chlorella, as measured by 02 detection following a non-saturating flash 
or a saturating flash in the presence and absence of 1 5 10 -6 M DCMU Chlorella cells were dark 
adapted for 6 mln The condlUons for the non-saturating flash experiments were the same as for 
Fig 4 with the excepUon that for S'x -+ $2 the non-saturating flash excited 20 ,% instead of 25 ~ of 
the centers The conditions for the turnover measurement, follov~lng a saturating flash in the presence 
of DCMU, are as in Fig 2 except that the time interval between flashes other than the flash pair was 
320 ms for all experiments 
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Fig  6 D e a c t i v a t i o n  o f  $2 m the presence  a n d  absence  o f  D C M U  a n d  t u r n o v e r  m e a s u r e d  a t  t ~ o  
d i f ferent  d e a c t i v a t i o n  t imes  C h l o r o p l a s t s  were  d a r k  a d a p t e d  8 m l n  m the absence  o f  a n d  6 m m  m the  
p resence  o f  I 0 10 -6  M D C M U  F o r  d e a c t i v a t i o n  o f  $2 (a),  a s a t u r a t i n g  f lash ~ a s  fo l l owed  a var i -  
ab le  t i m e  ( t ) l a t e r  ( absc i s sa )  by  a f lash pa i r  g w e n  320 ms  a p a r t  ( - - D C M  U ) or  80 ms  a p a r t  ( +  D C M  U)  
Oz e m i t t e d  f o l l o w i n g  the  th i rd  f lash m e a s u r e s  the a m o u n t  o f  $2 r e m a i n i n g  at  the  end  o f  the  t i m e  in te r -  
val  be tween  the  first and  second  f lashes  The  d e a c t w a t l o n  o f  $2 ]s expres sed  as a r a t io  ( o r d i n a t e )  o f  
$2 r e m a i n i n g  at  t~me t to  t h a t  a t  ze ro  t ime  The  t u r n o v e r  S'2 -> $3 (b) was  m e a s u r e d  at  e~ther 80 ms  
or  1 28 s f o l l o w i n g  a first f lash by v a r y i n g  the  t~me be tween  the second  and  th i rd  f lashes  and  de t ec t i ng  
O2 on  the  t h i rd  

0 7 s m Chlorella, 2 s m Spinach chloroplas ts )  The source of  the reducing eqmvalent  
is the p r imary  acceptor  Q 

As shown m Fig  6, $2 decays xn a b lphaslc  manner  in 10 -6  M D C M U  The 
rap id  phase o f  the deac twat lon  occurs w~th a half-t~me o f  0 75 s and  accounts  for 
30 ° o o f  the decay The remainder  shows a half- t ime of  35 s, abou t  the same rate as m 
the absence of  D C M U  

This accelerat ion by D C M U  is to be dis t inguished f rom the phe nome non  
which occurs m Chlorella [19] in which a D C M U  molecule becomes bound  to a 
Photosys tem II center  with a half- t ime of  12 s for a D C M U  concent ra t ion  o f  10 -6  M 
Because the D C M U  fixation t ime is approx imate ly  the same in chloroplas ts ,  (Ben- 
noun,  P ,  personal  communica t ion) ,  the rap id  0 75-s decay must  have occurred dur ing  
a per iod  in which there was essential ly no tu rnover  o f  D C M U  Thus the rap id  deactl-  
va t ton  must  have occurred  by charge r ecombina t ion  and  not  by ad&t tona l  b m d m g  o f  
D C M U  to the centers Because an unblocked  center  should  decay wnh  the charac-  
teristic decay t ime shown m the absence o f  D C M U ,  an addi t iona l  unstable  reducing  
equivalent  must  be pos tu la ted  to explain  this accelerat ion The most  likely cand ida te  
for  this equivalent  Js the reduced acceptor  o f  an adjacent  b locked center,  p a m c u l a r l y  



380 

m that the Ume course for the rapid deactivation phase occurs at close to the same 
back-reaction rate observed by Bennoun [18] Thus both the turnover and deacti- 
vation reactions show cooperative propemes in chloroplasts but not in Chlorella 

Turnover measurements for S' 2 ~ S 3, performed at the end of the rap~d deactl- 
vatmn phase (1 3 s) show an accelerated turnover (t~ = 190/~s), resembling that 
observed for S' 1 ~ $2 (Fig 2), following the first flash m dark-adapted, DCMU- 
treated chloroplasts Turnover measurements before appreciable deactivation (80 ms) 
show the much slower recovery kinetics characterized earher ( >  300/~s) The recovery 
of the acceleration is thus coincident with the rapid phase of deactivation In addmon, 
the fact that an accelerated turnover may be observed for centers in the S 2 state as 
well as for those in States So and S1 indicates that the acceleration is independent of 
the S state 

DISCUSSION 

The fact that the Photosystem II turnover time depends on the number of 
centers functioning during a light flash, ln&cates that an interaction occurs between 
centers That random excitation of 25 °/o of the centers shows a 2-fold acceleration of 
the turnover indicates that th~s interaction is a general phenomenon shown by most 
centers Because the number of functional centers determines the number of electrons 
transferred, it is most likely that the Interaction occurs at the level of electron transfer 
The posslblhty that the acceleration stems from a more global phenomenon, such as 
the contribution of an electric field across the membrane, can be ehmmated by the 
following arguments The 520-nm carotenoid band shift Js hnearly related to the 
strength of the electric field across the thylakold membrane [25] Also at short times 
following a flash ( <  1 ms) this band shift is a hnear indicator of the number of centers 
that underwent a charge separation during a flash [12, 25] A measurement of the 
520-nm absorbance change, 120 ~s after a saturating flash given to dark-adapted 
chloroplasts, m&cates a diminution of the field produced by only 15-20 °o due to 
1 75 10 - 6  M D C M U  A diminution of smaller magnitude (3-7 ° o) is observed m 
the presence of 10/~M DCMU in Chlorella [17] 

The most important acceleration of the turnover is observed following the 
first flash m the presence of DCMU Thus, for chloroplasts, D C M U  has induced an 
important change in the turnover time with little effect on the electric field generated 
across the membrane Furthermore, the fact that neither a weak flash nor 1 5 10 - 6  

M DCMU, in Chlorella, reduces any change Jn the turnover time further supports 
the clmm that the accelerated turnover and the electric-field effect are independent 
phenomena 

Kok et al [4] have shown that the Photosystem I1 centers accumulate oxl&zmg 
eqmvalents independently, 1 e that no electron transfer occurs at the level of secondary 
donors Bouges-Bocquet [2] and Velthuys and Amesz [3 ] have shown that no electron 
exchange occurs at the level of the primary or secondary acceptors These cnterm 
ehmmate a large number of cooperative models, except for the following type, 
dlustrated here for a pair of centers 

Z-Y - -  Chl Q-B Z - Y - C h I - - Q - B  

X X 
Z-Y - -  Chl Q-B Z - Y - C h I - - Q - B  
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In this type of model, the cooperatlvity occurs at the level of oxidation or reduction 
by the reaction-center chlorophyll 

Aside from these primary reactions no electron exchange occurs between 
adjacent umts In the oxidizing-side model, a reaction-center chlorophyll may oxidize 
its own donor Y, or that of an adjacent center with equal probability In the reducing- 
side model, both its own acceptor Q and that of an adjacent center are equally avadable 
for reduction Both of these models explain the observed accelerations of the non- 
saturating flash experiments in that only one of the two centers is excited A second 
flash a short t~me later finds the other center or Q untouched and available for charge 
separation In both cases, the need to awaR reoxldatlon of Q l~ obviated 

There is now considerable evidence that reduction of Chl ÷ by Y occurs m 
35 #s [15, 26] This time is not observed in the turnover measurements performed 
here Von Gorkom and Donze [27] have proposed, on the basis of luminescence 
measurements of Zankel [15], that Chl + Q- ,  generated m the presence of oxidized 
donor, Y+, undergoes a charge recombmatxon in 200 #s If the acceptor side is no 
longer rate limiting m the non-saturating flash experiments, then the donor side 
becomes rate limiting Because charge recombination occurs for as long as Y+ exists, 
a second effective excitation of a Photosystem 1I center must awaR Z --. Y electron 
transfer We propose then, that this is the rate-hmmng step observed, following a 
non-saturating flash, and occurring with a half-time of 200 #s 

If DCMU were to block one of the two centers shown m the oxidizing-side 
model then one would predict an unacceptable damping of the flash sequence for 
partially lnhlbmng concentraUons of D C M U  Slggel et al [20] have proposed that 
DCMU blocks two centers at a time If the connections proposed above occurred m a 
paired manner for most centers, and D C M U  blocked both members simultaneously, 
then such damping would not be observed Arguments that such a paired connection 
probably exists will be presented in the next section 

Action of DCMU 
The behavior of DCMU m these experiments poses several problems The fact 

that higher concentrations of D C M U  are reqmred to obtain acceleration than are 
required for steady-state Inhibition of 02 production (Fig 3), might suggest that 
Photosystem II centers are mhomogeneous with respect to their turnover t~mes It 
would have to be argued that DCMU preferentially blocks slow centers, leaving the 
fast ones to be observed xn turnover experiments The strongest argument against 
this posslbd~ty ~s the observation of accelerated turnover following a non-saturating 
flash and for aged chloroplasts Thus, a rapidly recovering center would also have to 
have a large optical cross-section and be resistant to aging a highly unlikely combi- 
nation It is more hkely that the acceleration m the presence of DCMU arises from 
an interaction between homogeneous centers m a manner analogous to the non- 
saturating flash condRlon 

The major distinction of the DCM U-induced effect ~s the acceleration primarily 
in the first flash, whereas an acceleration occurs for every non-saturating flash in 
untreated chloroplasts This observation indicated that m the presence of DCMU 
the cooperatw~ty between centers ~s observed almost exclusively on the first flash 
By analogy w~th the non-saturating flash experiments, this would mean that an 
addxtional one-electron acceptor is available primarily for the first flash and not 
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afterwards However, as indicated by the deactivation experiment (Fig 6), the acceler- 
ation returns following a waiting period of sufficient length (1 3 s), to allqw for ItS 

reoxldatlon This recovery is, however, long relative to the 160 ms between flashes, 
used for the turnover experiments of Fng 2 The fact that the acceleration disappears 
after one flash and then reappears following a one-electron deactivation, m&cates 
that the additional acceptor is a one-electron specnes and that there as only one per 
functional center 

Further support for the existence of a one-equivalent additional acceptor comes 
from flash experiments of Bouges-Bocquet [2, 21] in which were demonstrated an 
oscillation of period two, with pairs of electrons entering the plastoqulnone pool on 
even-numbered flashes This observation, supported by Velthuys and Amesz [3], 
indicated that two electrons had to be accumulated on the reducing side of Photo- 
system II before being donated to the pool A consequence of an additional one- 
equivalent acceptor, at the high D C M U  concentrations used here would be a 180 
phase change for thss oscillation Initially, three equivalents would be accumulated 
before the transfer to the pool occurred Thereafter, electrons would be transferred two 
by two as long as the additional acceptor remained reduced Bouges-Bocquet [21] 
has shown that In fact such an inversion occurs m going from 3 10 - 7  M to 10 . 6  M 
DCMU or in approximately the same concentratzon range as observed for the 
phenomenon of acceleration described here (Fig 3) At 10 - 6  M DCMU electrons 
are transferred from Photosystem II to the pool on odd-numbered flashes 

There remains the problem of compatlbdlty of an additional one-electron 
acceptor, in the presence of DCMU with the non-saturating-flash and aged-chloro- 
plast experiments The latter experiments suggest that the ad&tional acceptor is the 
primary acceptor of an adjacent center The existence of an acceleration primarily on 
the first flash of a sequence m D C M U  and of the 180 ~ phase change in the oscillation 
of Period 2 implies that the centers of Photosystem II are arranged in pairs If a 
greater number of centers were linked, then an accelerated recovery should occur 
after each of several flashes This model however poses the problem of explaining 
how a DCMU-fixed center can both undergo a charge separation, following a dark 
incubation period and have its primary acceptor available to the adjacent center 
For the reducing-side model, it is possible that these DCMU-fixed centers are the 
approx 30-40 o~ which, 120 F~s after a saturating flash, show no 520-nm absorbance 
change in 1 75 10 -6 M DCMU (15-20°o of 520 nm signal, 40% of which is attrib- 
uted to Photosystem II), and thus do no charge separaUon From fluorescence 
measurements at 20 F~M DCMU, Johot and Johot [22] observed a similar fraction 
of centers in a non-quenching form While not excluding th~s possibility, it is more 
likely that the latter are centers in which Q is reduced by DCMU-tnduced transfer of 
an electron from B- to Q [3] For such centers, Q would not be available as an 
additional acceptor 

The models presented above may then be elaborated upon to explain the 
DCM U results The essential point of these models is that they organize Photosystem 
I1 centers in pairs and that the acceleration results from the transfer of  the rate- 
limiting step from the acceptor to the donor side 

The qualitative models presented below are only meant to be illustrative of the 
kind of model necessary to explain the D C M U  results The data are not sufficient to 
establish a unique model A vertical bar means blocked electron transfer 
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Qaux] / 

Z-Y I Ch] Qa I B Z-Y-Chl  Q~ I B 
/ 

Z-Y-Chl  Qb-B Z-Y-Chl  

"Qb-B 
In the oxidizing-side model, one of the two Q is blocked by DCMU as is one of 

the Y The latter is consistent with the action of DCM U on the donor side, as recently 
proposed by Etienne [23] While most centers must be blocked in pairs by DCMU 
to explain the absence of damping, a small fraction could be slngl~ blocked and still 
be compatible with both our results and those of Kok et al [4] In the reducing-side 
model, one of the Q IS blocked as well as a further action of DCMU directing the 
primary electron transfer of the DCMU-fixed center toward an auxdlary one-electron 
acceptor Q~ux Both of these configurations permit a separation of charge in a light 
flash for both Chl and thus are compatible with the carotenoid band shift data In 
addition Qaux must be identical chemically to Qa in order to satisfy the results of 
Wltt [24] who observed an X-320 signal for dark-adapted chloroplasts In the presence 
and absence of DCMU To explain the high concentration of D C M U  necessary to 
observe the acceleration, it might be admitted that this concentration is required for 
blockage on the donor side or the redirection of an electron to Q.ux The acceleration 
on the first flash arises from having both acceptors avadable in dark-adapted chloro- 
plasts 

in the oxidizing-side model one of the Chl + generated wdl receive an electron 
from Y, the other will undergo a rapid charge recombxnatlon regenerating Chl Q in 
about 200 ~s Following the first flash ( >  1 ms) 50 }~ of the operative center pairs 
will have reduced Q. These centers will not show an accelerated turnover on the 
second flash because Chl Q . -  can only be reoxldlzed by a slow (0 75 s) back-reaction 
Centers m which Qb was reduced on the first flash will recover rapidly on the second 
because the electron was transferred to B and thus two acceptors are again available 
for the second flash The turnover on the second flash is thus a mixture of fast and 
slow centers If  after the first flash a 1 3-s waiting period is imposed, then Q. has 
sufficient time to back-react (t½ ~ 0 75 s. Fig 6), only fast centers remain and a 
rapid 190-ps turnover is observed for S'/ --. $3 (Fig 6) Because m a flash sequence of 
320 ms or more rapid between flashes, there is insufficient time to reoxldlze Qa by a 
back-reaction, it is the first flash which shows the most rapid recovery For a rapid 
sequence, Qa effectively stores an electron and the 180 ° phase change of the oscillation 
of Period 2 IS explained 

The oxidizing-side model readily explains the double hits observed in DCMU 
On the first flash, both centers form Chl + Q- ,  one of which wdl react with Y to form 
Y+ Chl Q -  The other will follow one of two possible routes (a) charge recombi- 
nation to reform Chl Q in 200/ts [15, 27], or (b) electron transfer from Y to Chl + 
once Y+ is reduced by Z (200/ts) Because these processes occur in comparable 
times, appreciable double hitting will occur on the first flash Exactly equivalent times 
for these two processes would lead to 50 :° o of the centers double hitting The other 
50 °~ o would show an accelerated turnover time, corresponding to the 200-ps Z ~ Y 
transfer The double hitting would be likely to show only a small temperature depen- 
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dence in that  both  Z ~ Y transfer  and  Chl + Q -  recombina t ion  would be slowed as 
the tempera ture  decreased 

In the reducing-s ide  model ,  double  hi t t ing would  arise from over lap  o f  the tad 
o f  the excit ing flash with the 35-ps electron t ransfer  t ime between Y and  Chl + This 
over lap  would  permit  fo rma t ion  o f Y  + Chl + Q -  which would  give rise to double  hits 
as in the oxidizing-side model  This double  hi t t ing would show a s t ronger  t empera ture  
dependence  than  the oxidizing-side model  in that  the t empera ture  independence  o f  the 
flash dura t ion  results m a decreased over lap  as the tempera ture  is lowered 

This pa i red  conf igura t ion  o f  Photosys tem 11 is o f  consequence as well for 
energy transfer  Accord ing  to these models,  the react ion-center  chlorophyl ls  are 
sufficiently close to t ransfer  an e lect ron to ei ther o f  two Q or  to accept  an electron 
f rom ei ther  of  two Y The react ion-center  chlorophyl ls  are thus necessarily sufficiently 
clo~e to each other  to permi t  energy transfer  or even charge t ransfer  

Final ly ,  there remains  the absence, in Chlorella, of  all o f  the fol lowing acceler- 
ated tu rnover  fol lowing a non-sa tu ra t ing  flash, accelerated tu rnover  fol lowing a 
sa tura t ing  flash in D C M U  and  0 75-s deac t iva t ion  o f  $2 

It is unl ikely that  the palrwise organiza t ion  p roposed  here exists in chloroplas ts ,  
but  not  in Chlorella M o r e  likely, a pair  o f  react ion-center  ch lorophyl l s  are closely 
associated in bo th  cases, but  the p robab i l i ty  of  cross t ransfer  is cons iderably  greater  
in ch loroplas ts  

There are a number  o f  differences a l ready  repor ted  between the photosynthe t ic  
behav ior  o f  Chlorella and  chloroplas ts  Aside f rom gross differences m abi l i ty  to fix 
CO2, there are also differences in the kinetics of  Photosys tem I1 charge r ecombina t ion  
in the presence and absence of  D C M U  [18, 19 ], the b lockage  o f  charge separa t ion  on 
the first flash in D C M U  and in the kinetics o f  low- tempera ture  fluorescence induct ion 
[22] While  these la t ter  differences are relative ones the coopera t ivI ty  in ch loroplas t s  
relative to Chlorella appears  to be an all or  none phe nome non  However ,  it is possible 
tha t  small  differences xn the dis tance or  o r ien ta t ion  between the react ion-center  
ch lorophyl l  and  the adjacent  Q or  Y could radical ly  al ter  the abi l i ty  to  t ransfer  or  
accept  an electron to one or  the o ther  Thus, the difference observed here between 
Chlorella and spinach chloroplas ts  might  also be a mat ter  of  degree 
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