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In freshly prepared inside-out thylakolds, the periodicity of four of tile oseUlatinn patterns of 
yield differs fundamentally from that of the oxygen yield (Delrieu, M.J. and Rosengank F. (1~7) Biochim. 
Bie~ys. Aeta 892, 163-171). In this paper, further inves~gatinn of the oxygen and fllmrescenee paltems 
provides iofonnafion ml the origin of this discrepancy, i.e., the heterogeneity 04[ the oxygea-evobing cemers. 
The foliemhg resulls are repealed. (I) The oscillalion pattern of flum'escence yield was characteristic of an 
S 2 stale, having maxima after one and five flashes, showiag that tee decay of the flash-imlneed flm~escm~e 
yield matches the deaefivafien of $2 (half-time, 40 s), after a stabilRy time of 2 s. (2) Umler file eendifiens to 
be deserihed, large changes in the oscillation l~dtern of the oxygen yield were ol~erved when the 
fluereseenee ~ttem remained the same. In freshly wepared insldk~.eut flfflalmlds, a large miss (17.-g~) was 
detected ill the oxygen.yield luttem, even after addition of ferrleyani~ ~ could relieve the aecel~r side 
of a large nmaher of eeate~. In ¢enlrast, when the samt~le was stored wilh 30~ etbyleae glyeei ia 
nitrogen aad then thawed, the oscillation Imm~n of the oxygen yield was etmacterized by a wegresslve 
t~¢rease in the mean value of the oxygen yield as a function of flash number, evea in the lweseace of 
ferrieyanlde, but t l~ tree miss value did not exeeed 7%. In this s t m ~  saml~ file ~ ~ of ~ 
oxygen aad fluorescence yield leek very -~"dar. Censequently, a fmctima~ hemegeaeom pelmlatien of 
oxygen-evulv~ centers was isolated, i.e., these which induce perind-4 ~ oscUlatl¢~t. These 
centers, related to the pinstoquinene peel, could be ideatified with the a centers. Dining flash ilinmi~mlen 
the reduch~ equivalents accumulated in the plastuqulnone pool, tln'ough the secoadm'y _~_~ef¢~_~or Q~-,  
prevem the centers from being rea~vated between the flashes, and rims me respomible foe the 
lk-qumnce of a small number of centers after each flash of a set~s. The ether types of ~ t e r  olmm~ved in 
fresldy lm'el~-ed sampies, chereeter~ed by large misse~ a~e not rehtt~l to the pinstoq~oae lmol aml ~ 
rims he the/~ eenters, 
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lnUoduetim 

The notion of functionally and strecmrally dis- 
tinct populations of PS II centers within the 
thylakold membranes of chloroplasts is well 
established in the fiteramre. The supporting evi- 
dence for the existence of PS II heterogeneity 
comes primarily from the interpretation of the 
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fluorescence induction of chlorophyll measured in 
DCMU-poisoned chloroplasts. An analysis of the 
growth of the area over the fluorescence induction 
curve yields two components, a fast a-component 
and a relatively slow/~-component [1]. These two 
components have been attributed to the two forms 
of PS 11, termed PS l Ia  and PS Ilfl, respectively. 
The most significant differences among PS II 
centers were found to be in their location on 
thylakoid membranes [2], in the size of the chloro- 
phyll antennae [1,2] and in their ability to reduce 
plastoquinone [3,4]. Far less information exists on 
how such heterogeneities might affect the oxygen- 
evolving properties of the two types of PSII center 
when measured in repetitive turnovers. Here, by 
studying the oscillation patterns of the oxygen and 
fluorescence yield, we show that two types of 
oxygen-evolving PS I i  center are indeed function- 
ally distinct and, furthermore, that differences ex- 
ist in the oxygen-evolving complex itselL 

Photosynthetic oxidation of water requires the 
generation of four oxidizing equivalents per mole- 
cule of oxygen evolved. It is generally accepted 
that these oxidizing equivalents are produced by 
single charge-separation events in PS II, and are 
stored in an oxygen-evolving complex. Five inter- 
mediate oxidation states are produced in the pro- 
cess. These states are denoted S t (i = 0-4), where i 
is the number of electrons removed from the 
oxygen-evolving complex. Oxygen is released dur- 
ing the conversion of the unstable S 4 to So [5,6]. 
The discovery by Dismukes and Sideser [7] of a 
multiline S2-state EPR signal which is characteris- 
tic of an exchenge-ceupled manganese complex, 
suggests that the catalytic site of the oxygen-evolv- 
ing complex may consist of as many as four 
manganese ions in close magnetic interaction. In 
addition to the so-called multiline signal, the S 2 
state exhibits a more recently discovered EPR 
signal centered around g = 4.1 [8,9]. Both signals 
arise from the same site in the S 2 oxidation state 
[10], and their spectroscopic differences probably 
reflect stmctaral changes in the Mn active site 
[10,11]. On the oxidizing side of PS lI, another 
component, D, is present, which, in its oxidizing 
form, gives rise to an EPR signal called SIl~l~ 
[12]. Component D has been shown to interact 
magnetically with the Mn cluster [13]. In its re- 
duced form, D could reduce the S 2 state [14]. 

In freshly prepared inside-out thylakoids, the 
period-4 c~cillations detected in the fluorescence 
yield measured some milliseconds after each flash 
of a series were found to be different from the 
oscillations of the oxygen yield detected under the 
same conditions [15]. The ampfitnde of the 
oxygen-yield osculations was largely damped by 
misses, which induce a phase retardation in oscil- 
lations. On the other hand, the fluorescence pat- 
tern showed strictly no change of phase and was 
thus characterized by the same oscillation pattern 
repeated every four flashes with a decreasing am- 
plitude. This difference could be explained by 
assuming the existence of two different charge 
accumulation systems leading to oxygen evolution, 
the Sj and S~ states. However, there is no direct 
evidence of the participation of two typos of center 
in oxygen evolution. In this paper, this assumption 
is confirmed. By changing the conditions (lower- 
ing the temperature, storing with 30~ ethylene 
glycol in fiquid nitrogen), it is possible to observe 
almost the same pattern but shifted by two flashes 
for the flash-induced oxygen yield ($4) and the 
flash-induced fluorescence yield (as an $2 state). 
Thus, a functionally homogeneous population of 
oxygen evolving centers was obtained, devoid of 
most of PS I1 centers responsible for the greatly 
damped oxygen-yield osdllations. 

Generally, the feature of the oscillation pat- 
terns with period 4 of the oxygen or fluorescence 
yield is explained by assuming the occurrence of 
misses and double hits [6]. On any one flash, a 
percentage of centers is not converted (misses) 
ariel another peseentage may induce two conver- 
sions (double hits). However, this simple deFmi- 
tion does not explain the mechansim for misses. 
On one flash some centers do not react, but on a 
subsequent flash they may do so. For example, 
large misses appear under non-saturating flashes. 
In this case, the number of excitations is smaller 
than the number of centers. On one [lash, some 
centers do not receive any excitation, but on a 
subsequent flash they may receive one and react. 
The number of potentially active centers remains 
the same throughout the whole [lash sequence. 

In inside-out thylakoids, the mean value of the 
oxygen yield slightly decreases as a function of 
flash nmnbex, even in the presence of efficient 
external accepters [15,16]. The leas',-squares best 



fit is considerably improved, assuming that the 
total number of active centers progressively de- 
creases after each flash of the series [151. Thus, in 
the model used, the number of active centers after 
each flash is equal to that before each flash, 
multiplied by z < 1. The factor 1 -  z represents 
the percentage of active centers that disappear 
after each flash. But, in contrast to the centers 
with misses, described above, the inactive centers 
remain non-functional during the entire flash se- 
quence (see Raf. 15 for the introduction of z in 
the least-squares fitting method). When the num- 
ber of active centers remains constant as a func- 
tion of flash number, this variable, z, is equal to 1. 
Thus, this factor does not change the model of 
Forbush et al. [6], but it does test the validity of 
the assumption of a constant number of centers, 
implicitly made in usual fits. The analysis of the 
oscillation pattern of the oxygen yield that does 
not take account of this factor of the loss of 
centers, z, generally overestimates the misses [15]. 
Graan and Ort [4] ha~e also pointed out the 
existence of a small proportion of PS 1I centers 
which have negligible turnovers upon flash il- 
lumination. 

Material and Methods 

Inside-out thyiakoids were obtained by the 
mechanical derintegration (Yeda press) of pea 
chloroplast thyiakoids, followed by phase parti- 
tion according to Akerlund and Andersson [17]. 
The suspension used was a medium containing 
300 mM Sorbltol, 10 mM NaCI, 5 mM MgCI2, 40 
mM Mes-NaOH buffered at pH 6.5. The chloro- 
phyll concentrations and the chlorophyll a /b  
ratios were determined according to Arnon [18]. 
The chlorophyll a / b  ratios of inside out vesicles 
and unfractlonated control were about 1.87 and 
2.40, gespectively. 

White flash excitation was provided by Stro- 
boslave General Radio flash lamps (3 ~s at half- 
peak height). All flashes in the experiments to be 
described were satnrating. 

The rate electrode used for oxygen flash yield 
measurements has been previously described 
[19,20]. External aeeeptors were added in the cir- 
culating medium of the upper chamber of the 
electrode. 
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The fluorescence yield of chlorophyll a, was 
measured essentially as described previously [15]. 
The thickness of the suspension was 2 mm and the 
chlorophyll concentration 125 ~tg/ml. A red 2-64 
Coming filter war placed before the photomuiti- 
plier tube (EM! 9558-B). Fluorescence-detecting 
light war provided by electmluminescent diodes 
emitting a weak green light. Fluorescence yield 
was measured 80 ms after each flash of a series of 
16 flashes. Flasher and measuring light (12 ms) 
were triggered by a microcomputer (Apple I I+  ). 
After each flash of the same series, the chlorophyll 
a fluorescence signal was fn'st amplified, recorded 
in the transient waveform recorder (10 bits, 10 
MHa), and then partially stored in the microcom- 
puter through a fast parallel interface. By tiffs 
method, a record of the fluorescence decays after 
all the flashes of a particular sequence was ob- 
tained. Finally, the fluorescence yields 80 ms after 
each flash, F v, were printed out. Fo, the fluores- 
cence yields after darkness, measured just before 
the flash series, were subtracted from F v. 

Results 

Properties of the S i states as revealed by the oscilla- 
tion pattern of fluorescence yield 

Fig. 1 shows fluorescence decays ('/3~-85 ms) 
induced by each flash of a series of flashes in 
dark-adapted inside-out thyiakoids. In the freshly 
prepared material, the pattern is hardly different 
when the flash spacing varies from 650 ms to 29  s. 
Thus, the S~ state (s) giving rise to fluorescence 
oscillations, remains stable for quite a long time (2 
s) before the decay. This stability is shown to be 
independent of the presence or absence of an 
external aceeptor such as ferricyanide, as also 
shown in Fig. 1. These measurements were made 
after a 45 min total darkness equilibration. We 
checked that, under these conditions, the EPR 
Signal li~l ~ was still identical in the dark adapted 
and illuminated samples (experiment not shown, 
performed with a Bruker B ER 420 spectrometer). 
This reveals that D was in its oxidized form, and 
thus could not interact with the Sz state [21,14]. 

Fig. l b  also reveals that the minimum value of 
F v is always the same on the 3rd-4th, 7th-Sth and 
llth-12th flasher in the oscillation pattern of fluo- 
rescence yield. So, as shown in Fig. 2, once sub- 
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Fig. l.  Fluorescence yield decays (73-85 ms) induced by each of the first flashes of a series of 16 flashes, in freshly prepared 
ins!de-out thylakoids adapted to 45 rain darkness, at pH 6.5, in the absence (a) and in the presence (b) of 0.5 mM ferricyanide. The 

flash interval is 630 ms (left) and 2.9 s (fight). (a) Six flashes (left) and eight flashes (right); (b) 12 flashes. 

tracted from a constant  fluorescence level, the 
oscillation patterns of  fluorescence yield have very 
few misses (about 17o) and no double hits. The  
only important  factor for the fitt ing is z, which 
allows tile variat ion of  the total number  of centers 
from one flash to another.  We  found z = 0.90, 
representing an exponential decrease of  10% of  the 
number  of centers after  each flash. However, as 
already explained in Ref. 15, there is another way 
to fit the fluorescence oscillation, because the ref- 
erence level (or level for zero state) of  the fluores- 
cence oscillation ampli tude is not known with 
certainty. If  i t  is assumed that  the total  number of  
active centers remains constant  during the whole 
series of  flashes, such patterns may be fitted with 
an equal  percenta[e  of  misses and double hits of  
around 7 -8% [15]. In  the literature, oscillation 
patterns similar to those shown in Fig. 1 or  2, were 
also fitted with an  equal  percentage of  misses and 

double hits. I )ekker  et at. [22] found 9 % misses, 
9% double hits for the oscil lation pat tern of  flash- 
induced absorbance change at  350 nm. Forster  
and Junge, found 67O miss~ ,  57o double hits [23] 
and I07o misses, 10% double hits in another  work 
[24] for the same flash-induced proton release on 
the donor side. The  physical mechanism leading to 
this constant  fortuitous equality of misses and 
double hits in various experimental  cases is dif-  
ficult to explain. 

With regard to the experiments of  O r a a n  and  
Of t  [4], who found that  only about  607o of  PS II 
centers arc able  to transfer  electrons to P S I  a t  an  
appreciable rate,  the assumption of  a constant  
number  of  active centers all  a long the flash series 
is questionable. Furthermore,  the oscil lation pat-  
tern of  fluorescence yield in Fig. 2, simulated wi th  
a dec4rcasing proport ion of  active centers  on  each 
flash of  the series, appears  very similar  to the 



m 

~ fn t  
m 

Z 

, ~ . . .  ~ ~ , .  ~~~lt:S30ms 

1 2 3 4 $ S 7 6 g lu 12 14 IQ 
~ 3 0 a  

z At- 2.9 s 
u 

~ 2oo w 
el 
o 

.,i I I I  

I 2 3 4 S g 7 fl g 10 12 14 16 
n u  m b e r  of p r e H l u m i n a t l n g  f l a s h e s  

Fig. 2. Best least-squares fitting of the experimental oscillation 
patterns of fluorescence yield shown in fig. lb. A constant level 
of fluorescence yield w ~  subtracted from the fluorescence 
yield measured 80 nls after each flash of a series of 16 flashes. 
This level was adjusted in order to obtain the best fit, Experi- 
mental data are lept~ented by dashes, the(~tir,  al  data by 
dots. The best least-squages fitting yields a Igrc=ntage of 
misses as0 .O1,  no  percentage of double hits ( ~ = 0 ) ,  and a 
progresstve decrease of 10~ of the number of centers after each 
flash (z  = 0.9) at a flash inte~al of 630 ms (a), and a = 0.015, 

fl = O, z ffi 0.91 at a flash interval of 2.9 s (b~ 

e x p e r i m e n t a l  o s c i l l a t i o n  p a t t e r n  o f  t h e  S 2 s t a t e  
m u h i l i n e  s i g n a l  r e p o r t e d  b y  S t y r i n g  a n d  R u t h e r -  

f o r d  [25] ( i n  t h e i r  F ig .  1). W i t h  r e l a t i v e  a c c u r a c y ,  

t h e  r e s u l t s  o f  t h e s e  a u t h o r s  s h o w  t h a t ,  a f t e r  largq~ 

m u l t i l i n e  s i g n a l s  o n  t h e  f i r s t  a n d  t h e  s e c o n d  f l a sh ,  

t h e  s i g n a l s  o n  t h e  t h i r d  a n d  t h e  f o u r t h  f l a s h  a r e  

p r a c t i c a l l y  z e r o .  T h e  s a m e  v a r i a t i o n s  o f  t h e  a m p l i -  

t u d e  o f  t h e  f l u o r e s c e n c e  o s c i l l a t i o n s  a r e  s h o w n  in  

F i g .  2 ,  w i t h  n e a r l y  z e r o  a m p l i t u d e  o n  t h e  t h i r d  a n d  
f o u r t h  f l a shes .  T h e s e  f ac t s  d e m o n s t r a t e  t h a t  m i s s e s  

a n d  d o u b l e  h i t s  m u s t  b e  s m a l l .  A s s u m i n g  a z e r o  

c o n c e n t r a t i o n  o f  t h e  S 2 a n d  S 3 s t a t e s  i n  t h e  d a r k ,  

43 

t h e  c o n c e n t r a t i o n  o f  t h e  g~ s t a t e  r e t u r n s  t o  z e r o  
a f t e r  t h r e e  a n d  f o u r  f l a she s  o n l y  i n  t h e  c a s e  o f  n o  
m i s s e s  a n d  n o  d o u b l e  h i t s .  T h u s ,  t h e  c e n t e r s  t h a t  

g i v e  r ise  t o  t h e  m u l f i f i n e  s i g n a l  i n  t h e  S 2 s t a t e  [25], 
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Fig. 3. Oscillation patterns of fluorescence yield induced by a 
series of t6 flashes in the pr#..se~:e d 0.5 raM ferrlcyan/d~ The 
time between flashes is (a) 730 ms. (b) 22 s. (©) 49 ~ The 
freshly prepared inside-odt tbylakoida were adapted for 45 ntin 
before flashing. The dots represent the expe~mental amplitude 
of the f l u o r ~ " , c e  yield measured 80 ms after each flash, after 
substtaction of a constant level of f i ~  yield. The 
dashes are the theoretlcaf data. The deacfivafioa klnet i~ of S-j 
(SO~Sz). and S z ( $2~S1)  are assmned to be first-order 
reactions. The equations used are the following: S3(I ) ~ S~(O) 
e-O~': ~ ( t )  ffi S~(O) • - ~ '  +S~(OXv~/(v~ - v3)){e -°~ ' -e -~= ' ] :  
St( t  ) -- St(O)+ .~.Z(O) [l -- ©-v='l+ ~(O)[l -- ¢-oJt - - (o3/(u2 - 
v3)X e - v "  -*-v=~)]; S~(t) is the concentration of the S~ state at 
time t after the flash; S,(O), the S~ state ~ncell tration at  t = 0; 
vg, v3: rate constant of the kinetics of S 2 and Ss found equal 
to 0.016 s -1 and 0.(~9 s - ]  respectively. (a) z--O.9; (b) 
z = 0.93; (c) z = 0.94. In all cases, the miss a = O, the calcu- 
lated concentraticd~s of So, S t , $2, $3 in the dark are, in ~ ,  42, 
58, O, O, assumin 8 that the fluorescence oscillations arise from 

the S 2 state. 
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as well as those  induc ing  f luorescence oscil lat ions,  
are characterized by  very few real  misses  (at  least  
up  to the fif th f lash for the mul t i l ine  signal).  Al l  
these facts a lso indicate  that  the f luorescence 
osci l lat ions are l ikely to be related to the same  $2 
state  that  induces  the E P R  mult~line s ignal  at 4 K.  

Fig.  3 shows the behavior  of  the osci l la t ion 
pa t t e rn  of  flt.,ore^~eance yield when  the t ime be-  
tween the flashes of  a series is  varied. D a r i n g  the 
da rk  spac ing  between the flashes, the S z a n d  $2 
state centers deactivate in to  S z and  St ,  respec- 
tively, by  charge  recombina t ion  f rom the d o n o r  
a n d  acceptor  side. In  Fig.  3, the  osci l la t ion pa t -  
terns  are quali tat ively characterist ic  of  an  S 2 s tate  
a s suming  S 3 and  S 2 decay with half - t imes equal  to  
77 s and  43 s, respectively (see the mode l  in  Fig.  3 
legend).  The  deact ivat ion kinetics of  t h e ' S  2 s tate  
observed b y  fluorescence were measured  mo re  
precisely af ter  one  flash by  vary ing  the t ime be-  
tween the first and  the second flash of  a series. 
D u e  to the four-s tep reaction series and  the t ransi-  
t ion  parameters ,  the S 2 state concent ra t ion  o n  the 
f i f th flash is p ropor t iona l  to  the S z state con-  
cent ra t ion  o n  the first flash. By increas ing the 
spac ing  be tween the first  and  the second flash, the 
a m o u n t  of  $2 state formed after  the  first f lash an d  
r ema in ing  at  the second flash decays.  T h i s  decay 
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Fig. 4. Deactivation of the $2 state observed by fluorescence. 
The amplitude of fluorescence yield subtracted from a constant 
level was measured on the fifth flash of a series of flashes (at 
an interval of 730 ms) as a function 4pf the time spacing 
between the first and the second flash. Due to the four-step 
reaction series, after one cycle of reactions, the S 2 slate con- 
centration after the 5th flash is proportional to the Sz state 
after the first flash of the series. By increasing the spacing 
between the first and the second flash, the S. z state formed 
after the first flash deactivates. This deactivation is followed by 
the measurement of the amplitude on the fifth flash, which 

decays in the same pgoportion. 

is measured  b y  the change  in  the amp l i t ude  of  
f luorescence osci l lat ion o n  the f i f th f lash,  which  is  
qui te  large (Fig.  4). U s i n g  th is  method ,  the  half-  

TABLE I 

LEAST-SQUARES FITTING RESULTS OF EXPERIMENTAL 02 YIELD PATrERN 

z is the percentage of centers remaining active after each flash of the redes. The So, S,. $2, $3 values are the Sj concentration in the 
dark calculated in %. 

~,r z a P So S, ~ S3 

Freshly prepared without addition 22 ° C (Fig. S) 430 ms 0.92 0.14 0.04 26 67.2 S l,S 
inside-out 2.25 s 0.95 0.19 0.05 30.5 68 1 0,5 

thy]aknids 4oC (Fig, 6b) 650ms 0.88 0.07 0,02 17 53 17 3 
45 rain dark. 2.25 s 0.88 0.11 0.03 29 56,3 9.4 5.2 
adaptation period 

in the presence of 650 ms 0.97 0.175 0.05 27 72 0.5 0 
0.5 mM ferricyanide 2.25 s 0.98 0375 0.05 28.5 70.5 0.8 0 
22eC (Fig, 6a) 

Inside-out long dark adaptation 650 ms 0.91 0.06 0 12.4 79 8.7 0 
thyhikoids stored in period (Fig. 6c) 2.25 s 0.93 0.07 0.02 22.3 61 15 1.6 
liquid nitrogen in 10 mln dark adaptation 650 ms 0.93 0.06 0 29 65 5 0 
the presence of period (Fig. 6d) 2.25 s 0.96 0,08 ft.01 27 62 7 4 
ethylene glycol 
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Fig, S. Flash-induced oxygen-field patterns in freshly prepared 
inside-out thylakoids at two diffel~nt flash mtervais, 430 ms 
and 2.25 s, at pH 6.5. Dark adaptation; 45 nfin, At e.ach fl,tsh, 
recordings were made over a period of 80 ms including 8 ms 
just before the flash. The reintive 02 yield is measured by the 
maximum amplitude of the signal. See Table I for miss, double 
hit, z values and S, concentrations in the dark given by the 

best least-squal~es fitting method. 

t ime  o f  the S 2 s tate  deact iva t ion  was  found  to be  
abo u t  3 5 - 4 0  S, close to the  value men t ioned  above.  
T h i s  value is  o f  the  same  o rde r  as  that  o f  the E P R  
mui t i l ine  signal  af ter  one f lash in PS-11-enriched 
memb ran es  [25]. 

Properties of the Sj states as revealed by the oscil- 
lation pattern of oxygen yield 

Figs.  5 a n d  6a show the osci l lat ion pat terns  of  
oxygen  yield in freshly p repared  ins ide-out  
thylakoids  wi thout  and  wi th  0.5 m M  FeCy.  T h e  
real  d a m p i n g  was  impor t an t  in  all  cases (see T ab l e  
I for  the miss  values),  much  larger  than  tha t  
de tec ted  in the  f luorescence yield pa t te rn  (misses  
a r o u n d  1 ~ )  unde r  the same  condi t ions .  Wi thou t  
the add i t ion  of  an  external ,  aeceptor  (Fig .  5), 
comp a r i s o n  of  the shor t -spaced flash sequence 
(650 ms)  wi th  a wide r  spaced one  (2.25 s) clearly 

shows that  for  a t ime  spac ing  shor t  enough  wi th  
respect to  the usual  s tabi l i ty  of  the states (650 ms) ,  
a rclativ~!y Large percentage of  PS 11 centers  be- 
ao me  appa ren t ly  non- func t iona l  af ter  m a n y  
flashes. T h i s  fact is mathemat ica l ly  expressed by  
z,  which is the  percentage of  centers  r e m a i n i n g  
a ~ i v e  f rom one  flash to another .  The  factor  z is  
smal ler  for a spac ing  of  650 ms  ( z  = 0.92) than  for  
a spac ing  of  2.25 s (z=0.96). The larger  the 
spacings,  the mo t e  n u mero u s  are the centers able  
to turn  over  repeatedly.  

In the presence of  an  electron acceptor  (0.5 
m M  FcCy or  50 t t M D C B Q ,  no t  shown) ,  m a n y  
more  PS q centers were capable  of  ox id iz ing  
water  after m a n y  flashes, even at  shor t  intervals,  
as shown in Fig.  6a ( z = 0 . 9 7 ) .  Nevertheless,  the 
percentage of  misses  d id  no t  decrease, bu t  ra ther  
increased ( a  = 0.175) wi th  regard  to the  oxygen 
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Fig. 6. Finsh.inthmcd oxygen yickl pattcm-~ at two different 
flash intervals ( . . . . . .  ) 650 ms, ( ) 2.25 s, at pH 6.5: (a) 
in freshly prepared inslde-out thylakoids in the presence of 0.5 
mM terrlcyanide; dark adaptation 45 rain: (b) in freshly pre- 
pared inside-out thylakoids maintained at 4 ° C: dark adapta- 
tion 45 mira (¢) in inside-out thylakoids stored in liquid 
nitrogen with 30% ethylene glycol, thawed at room temperature 
in complete darkness; (d) in th© same sampl© as (c), but after 
at 10 raln dark.adaptatlon period. See Table ] for miss. double 
hit, 2 value~, and S~ concentrations in the dark given by ~he 

best least-squares fiuing method. 



yield pat tern  wi thout  an  external  accepter  ( a  = 
0.14 at  short  flash interval).  Th i s  could  indicate  
that  the centers which dona te  electrons to FeCy  
are  invo;ved in ~.he mechan i sm of  misses fo~' oxygen 
yield. 

Evidence has  been presented that  change:; in  
t empera te ld  can induce  lateral rear rangements  in 
the thylakoid  m e m b r a n e  accompanied  by  a re- 
versible  convers ion of  PS l l a  to PS lI/~ [26,27]. 
A n  inereaae in the size of  PS t i n  has  been induced  
by lowering the tempera ture  [27]. Thus ,  in order  to 
check the effect of  tempera ture ,  ins ide-out-  

thylakoids  were ma in ta ined  at 4 0 C  on  the elec- 
trode. A s  shown in Fig.  6b  and  Tab le  I, the 
decrease in tempera t0rc  induced  two effects. 
Firstly,  the percentage  of  misses  was  m u c h  lower  
than  at  2 0 ° C  (see Tab le  1). Secondly,  at 4 ° C ,  the 
decrease of  the n u m b e r  of  centers af ter  each flash 
of  a sequence was  m u c h  la rger  tha~ at  2 0 ° C  
( z  = 0.88, i.e., 12% of loss centers after each flash). 

The~e changes  were more  appa ren t  in  samples  
frozen in l iquid  n i t rogen in the presence of  30% 
ethylene glycol for  conserva t ion  over  a long  pe r iod  
( in Fig.  6e an d  d). Accord ing  to Z i m m e r m a n n  and  

r; 
= 

(> 

n, 
z0~s 

1 2 3 4 5 6 7 8 9 10 12 14 16 1 2 3 4 S $ 7 8 9 10 12 14 16 

~ 3 0 0  

! , o0 - 1 
~too 

I 1 2 3 10 ~. O 

F l a s h  n u m b e r  1 2 3 4 S 6 7 g 9 10 12 14 

Flash n u m b e r  
Fig. 7. Flash.induced O z yield patteHt (a). in compalisoJi witlt die II~h-l,duced llau~,.~,t~e yield patteA. (h). iAl illiid~-oat 
thylakoids stored in liquid nitrogen with ethylene glycol and thawed at room temperature in complete darkness. 0.5 mM rerrieyanide 
were added (pH 6.5). The flash interval was 650 ms. For the 02 yield pattern, at each ~ash, ,ecordings were made for 200 ms, 
including 20 ms before the flash. The relative O 2 yield was measured by the maximum amplitude of the signal. For the fluorescence 
yield pattern. ~_ ~onst~mt level was subtracted from fluorescence yield measured 80 ms after each flash. Experimental data are 
represe.~ted by dashes, theoretical data by dots. The best least-squares fitting yields: tt = 0.06, 8 ~ O, z = 0.91, for the 02 yield 
pattern; a = 0.025, p = O, z = 0.90 for the fluorescence yield pattern. The So, St, S~, $3 concentrations in the dark calculated ia % ere 
respectively 12.5, 79, 8.5, 0 for the 02 yield pattern, and 18, 63,17, 2 for the fluorescertce yield pattern assuming that the fluorescence 

oscillations arise from the S 2 state. 



Rutherford [11], ethylene glycol inhibits the for- 
mation of the EPR g = 4.1 signal. The centers 
which give rise to the g = 4.1 signal when in the $2 
state seem to be converted to centers giving rise to 
the multiline signal upon addition of ethylene 
glycol [11]. By using samples stored in liquid 
nitrogen in the presence of 30~ ethylene glycol we 
tried to reproduce these conditions. After the sam- 
pies were thawed to room t~perature in total 
darkness, the oxygen yield sequence was very dif- 
ferent from that observed in the same sample but 
freshly prepared (Fig. 6c, cL Fig. 6a). The miss 
value did not exceed 7%, instead of 17.5% (see 
Table I). The oxygen yields on the 5th, 6th and 
also on the 9th, I0th flashes were very small. !n 
the freshly prepared samples (Fig. 6a), the numeri- 
cal fitting always gives a percentage of double hits 
(around 5.g) associated with misses (see Table I). 
in the samples which had been stored in liquid 
nitrogen in the presence of ethylene glycol these 
double hits are no longer necessary for the fitting 
(fl = 0 at short interval). The values of miss. dou- 
ble hit a z become close to that found for the 
oscillation pattern of fluorescence yield which re- 
main almost constant in any material. 

In Fig. 6, the oxygen-yield patterns obtained at 
two different flash intervals were either identical 
or very different, depending on the dark-adapta- 
tion conditions. According to several authors 
[14,21], D, which in its oxidized form gives rise to 
Signal IIstow , in its reduced form could reduce the 
S 2 state with a slow rate (tl/2 = 1-2 s) on the first 
flashes of a series. At low flash frequency, this 
phenomenon leads to a decrease in the oxygen 
yield on the third flash with regard to that on the 
fourth flash Y3/Y4, and to an apparent enhance- 
mant for the So population in the dark [20]. As 
shown in Fig. 6 and Table I, when the short flash 
interval (650 ms) is replaced by a longer one (2.25 
s), the Y~/Y4 and So~St ratios change in two 
cases: after a long dark-adaptation period at 4 ° C, 
and after storage in liquid nitrogen. Under normal 
conditions, the redox state of D seems to be the 
oxidized form. Our results in Table I also show 
that the concentration of the S 2 state in the dark is 
negligible in freshly prepared samples or after a 10 
min dt~rk adaptation period. In contrast, after a 
long dark-adaptation period at 4°C or after stor- 
age in liquid nitrogen, the S 2 state concentration 
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in the dark is around lSVo. We suggest that in the 
latter case, D + is slowly reduced in the dark by 
oxidizing the St state into $2. 

Fig. 7a and b shows the oscillation patterns of 
oxygen and fluorescence yield in the same sample 
stored in liquid nitrogen with ethylene glycol. After 
a sb2~'t of two flashes of the fluorescence pattern, 
these patterns look very similar. Both are fitted 
with nearly the same parameters (see Fig. 7 cap- 
tion). The same ratios So/S l are also found quali- 
tatively in the dark, assuming that the fluores- 
cence yield pattern oscillates like the S 2 state. 
Ferricyanide does not affect the oxygen-yield pat- 
tern in this sample. 

Discussion 

In this paper, we present further evidence that 
two types of oxygen evolving center exist, This 
evidence is based on a comparative study of the 
oscillation pattern of the oxygen and fluorescence 
yield. These patterns were correlated in inside-out 
th~clakoids pzeviously stored in liquid nitrogen with 
ethylene glycol. Thus, a functionally homogeneous 
popula:ion of centers was isolated in this material. 
The S 2 state of this population induces fluores- 
cence changes probably also gives rise to the EPR 
multiliue signal at 4 K [11], in contrast to the 
other centers. This type of center is characterized 
by very few misses (maximum 6% in Fig. 7a), 
probably due to the stability of the S- 2 state and S 3 
state (more than 2 s). However, instead of misses, 
a small proportion of centers (9-10~o) disappears 
after each flash of a series. 

In a recent report [15l, we studied the oscillat- 
ing behavior of these centers as a function of flash 
energy by fluorescence measurements. With the 
increase in the flash energy, we observed an in- 
crease in fluorescence yield on the first flash, but, 
as a function of flash number, this larger ampli- 
tude was followed by a faster decay of the fluores- 
cence oscillations. By varying the flash energy, we 
found that the product of flash energy, 1, and the 
flash number necessary to decrease the fluores- 
cence oscillations by half, 711/2, is independent of 
the exciting flash energy. This relation suggests 
that the S t states observed by fluorescence are 
controlled by the limited amount of a component, 
T, stored in the dark and which is exhausted after 
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each flash of a series in a quantity proportional to 
flash energy [15]. A possible candidate for T is the 
pla~toquinone pool, which is slowly reoxidized in 
the dark. Thus, after darkness, successive flashes 
progressively reduce all the plastoquinone mole- 
cules of the pool. Consequently, on the donor side, 
the S i state centers, i.e., those observed by fluores- 
cence, appear to be in a finite quantity, restricted 
by the acceptor side limitation. If this is true, the 
number of flashes necessary to decrease the ampli- 
tude of the mean value of fluorescence oscillations 
by a factor 1/e is equal to the kinetic measure- 
ment of the plastoquinone pool, i.e., 7-times the 
number of centers in Fig. 2. Measuring the num- 
ber of redacing equivalents stored in the intersys- 
tern pool subsequent to a series of single-turnover 
flashes, Graan and Oft [4] found a maximum of 
11 electrons per PT00 in spinach thylakoids. The 
existence of a pool of reducing equivalents subse- 
quent to a flash sequence can be explained by the 
low rate of reoxidatian of PQ with regard to the 
time between flashes generally used. As an exam- 
ple, in quinone-treated algae, a slow electron 
transfer from PS II to PSI  is still observed in the 
500 ms-5 s range [28]. In our material that con- 
tains few PS I, plastoquinone is probably more 
slowly reoxidized. Thus, flash illumination pro- 
gressively red,~es PQ molecules that remain re- 
~luced until the end of the flash series. On the 
acceptor side, the gating of electrons from the 
single electron turnover to the pair of electrons 
required to reduce plastoquinone, PQ, to plasto- 
quinol, PQH 2, in the plastoquinone pool occurs as 
the result of the reduction of Qn. At the Qe site, 
plastoquinone and plastoquinol could be exchang- 
ing with this site [29]. However, on some centers, 
the absence of oxidized plastoquinone could leave 
Qe in its reduced state, Q2-, unable to be re- 
oxidized either by charge recombination during 
the flash interval or by a following flash. There- 
fore, the accumulation of reducing equivalents in 
the plastoquinone pool could be responsible for 
the existence of the centers that disappear after 
each flash of a series. In our experiments, we have 
noticed a slight apparent increase of the plasto- 
quinone pool when a flash interval of 2.9 s is given 
instead of 630 ms, indicating that a little more 
oxidized PQ is available for exchange with Q~- 
(in Fig. 2, z increases from 0.90 to 0.91, and in 

Fig. 6 d, z increases from 0.93 to 0.96; in the 
latter case the pool related to z apparently in- 
creases from about 9 PQ to 11 PQ per center). 

Actually, z should not be identical after each 
flash of a series, because centers with Q~ will have 
a higher z than the other centers. This fact is not 
included in our model, but this does not affect the 
conclusions. 

Thus, the population of centers responsible for 
the fluorescence oscillations is connected to the 
plastoquinone pool. These centers cannot be in- 
duced to turnover by ferricyanide, as shown by 
the low value of z in the sample previously stored 
at 77 K in the presence of ethylene glycol (Fig. 7). 
Ferricyahide, being a one-electron accepter, prob- 
ably cannot compete with PQ for binding to the 
Qe intermediate. In contrast, as reported in Ref. 
30, high-potential benzoqninones such as DMBQ 
and PPBQ are able to occupy the Qe site in PS II, 
using the bound ferrous iron for their phntoreduc- 
tion. According to Zimmermann and Rutherford 
[30], Q~ is re.oxidized by PPBQ (possibly via Qa)- 
The semiqninone form of PPBQ thus produced is 
unstable and extracts an electron from Fe 2+ to 
form Fe 3+ and PPBQH 2. 

Om l~sulh also sho-~," tha~ another type of 
center is present in freshly prepared inside-out 
thylakoids (Fig. 6a). in contrast to the previous 
centers, these centers are characterized by large 
misses (a = 17.5~) and they do not seem to inter- 
act with the plastoquinone pool. These centers can 
be induced to turnover by ferricyanide, even at 
short flash intervals (650 ms in Fig. 6a). As re- 
ported by Thielen and Van Gorkom 131], the .8 
centers are not related to the plastoquinone pool 
via Qa- According to this definition, the centers 
not involved in the fluorescence oscillations can 
be identified with the .8 centers. 

Table I shows that the miss percentage is not 
lowered by the addition of ferricyanide which, 
however, induces the .8 centers to turn over (with 
large misses). This suggests that the misses of the 
,8 centers do not originate from the accepter side, 
due to incomplete reactions which would be shifted 
to completion in the presence of ferricyanide, but 
probably from the donor side. On the donor side, 
it is likely that the S 2 state of the [3 centers gives 
rise to the EPR signal centered at g =  4.1. The 
vanishing of this signal and of the ~8 centers occurs 



under similar conditions (in the presence of ethyl- 
ene glycol a t  low temFerature). According to Zim- 
mermann and Rutherford [11], the centers in the 
$2 state which give rise to the g = 4.1 signal ap- 
pear  to be more unstable than those which give 
rise to the muhifine signal. Thus, an imperfect 
charge stabilization at the level of the S 2 state 
could be the origin (or one of the origins) of the 
damping of the oscillation pat tern of the oxygen 
yield [32]. 

Further  investigation are necessary to specify 
the principal function of each type of oxygen- 
evolving center. 
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