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for domains with different rates of photo-reduction 
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The photo-reductlon of plastoquinones by Pholosystcm II zcaction centers was investig~ated using fluore~enee and oxTgemevolu- 
lion measurements in thylakoids deprived of Phnn~system I acccptors. rhc process ~ppcars biphasie under limiting, as ',~¢11 ~s 
~tutating, illumination, The "fast" pool haction (~boul 6 PO molecules per PS I1 center) rcprc~.cnts 5tl-70r~ - ~lf the total. Its" half 
reduction time under saturating light wa~ h~und about 25-6(I ms, while that of lhe "slw, v" p~a'~l ~,as {).~ I s. When the 
pholo-reduelion p[ocess is interrupn.d ~,fter reduction of the fast pool and resumed after a dark period, a redistribution of the 
reduced plastoquinones towards the sh~ pool i~ observed, with t it: = 6 ~; Wc intcrpr.'t these results as expres~iing a limitation of 
PO diffusion in the a~cmbrane and propose ll~l the fast pool reflects the fraction present in Ihe grana region where most PS II 
centers are located, while lhe slow pool corre~onds to quinones from the siromnl region. The relationship between the rcdox 
slates of PQ and of the primary aeeeptor Q,~ during phuto-rcduction of the fast pfnfl expresses marked di~rcp~ncies ~ith respect 
to a quasi-equilibrium relationship. This failure to achieve equilibrium on a rapid time-scale and the .',low diffusion rate of 
quinones over long distances are accounted for b~ small size domains bounded by membrane proteins. In agreement with this 
vlew, ~e found that the amount of ta~t photo-reducible ouinoncs is decreased when a fraction of FS II centers is inhibited, 
indicatinB thai the domains contain, on average, about 3-4 PS 1I centers. We conclude that PO cannot be rcsl~msible for the 
long range diffusion involved in rapid electron tran. :'r from granzl (PS ID to srromal iPS I) regions, a role that must bc fulfilled 
by plastocyanin. 

Introduction 

The electron transf, r chain of chloroplasts involves 
a pool of lipid-soluble plastoquinone molecules that 
accept eleetroos from PS II and deliver them to the 
Cylochrome b J f  complex; subsequent transfer towards 
PS I is mediated oy another soluble carrier, plasto- 
c~anm, that diffuses in the lumenal water phase (see 
Ref, 1 /or a review), fhe number of plastoquinooe 
molecules per PS II center has been estimated in the 
range of 5-7 [7-4], thus a pool capacity of 111-14 
electrons. It was shown long ago that ~veral chains are 
connected through a common plastoquinone pool [5.6]. 
suggesting, but not proving, free diffusion of these 
molecules in the lipid phase of the membrane. The 
space and time ranges of plastoquinone diffusion have 
d~reet bearing on the question of the mechanism of 
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long-distance electron transfer between the two photo- 
systems. Most PS 11 centers arc contained in the stackcd 
granal regions, while PS I cente~ are all located in the 
unsta¢ked regions, at a distance of the order of ft.1 btm 
[7t (however. the presence of a fracdon of PSI  in the 
peripheral margin of the g1ana has been hypothesized 
by Albcrtsson et al [8]). Immunocytochemistr3,' investi- 
gations [9,10] have shown that more than half of tl~.e 
cytochrome b~/[ complexes are located in the grana, 
close to PS II centers, Thus, it seems likely that plasto. 
cyanin, that shuttles between this complex and PS I. is 
involved in long range transfer: otherwise no clear 
function could be ascribed to the large bd[ fraction 
present in the grana. There is. indeed, kinetic evidence 
showing that the totality of the b. / f  complexes can be 
photo-ofidized by PSI (through plastocyanin) in a few 
milliseconds [l,ll]. Furthermore, it has been shown 
that plastot3'anin is found in both granal and agranal 
fractions of the thylakoids [12]. However, these obser- 
vations do not exclude plastoquinone ~s a long range 
carrier, a view which has been advocaled by several 
authors II 3,14], 



A second hnportant question that remains unsolved 
is the relationship between the plast()quinones ol the 
pool and the plastt}qt, inone acccplor of PS II. O.v The 
mid-pt)int potential of the latter ~,pccies at p i t  7 has 
been estimated id the - 4 5  to II mV range [15-1g]. 
There is not general agreement tin the pH dependence 
of this potential that some autho]', found to vary by 
- i f0  mV per pH unit [15.16l. whereas tithers l]}und a 
weaker [l~] or n(} [17] dependence. Thus it is not clear 
whether the / ' . . .  slightly below 0 mV reflects a proto- 
nation (plcsumably tnndircct) of OA. ()n the t)thcr 
hand, it seems likely that no such protonal ion Occurs 
on a short time-scale since m) proton uptake is de- 
tectable upon photo-reduction of QA in the prcscncc 
of DCMU ll{L2()]. If a protonated state is invc)lved in 
rcdox titrati(ms, the functionally relevant mid-point 
potential of O.x should be that observed at p t l  > pK. 
thus about - 1 3 0  mV according to Knaff [16] who 
found a p K =  8.9. The mid-point potential of the 
plastoquinone pool is known to be about + 1 I(I mv (pit  
7) [21]. Thus the equilibrium constant between Q,x and 
PO is at least 70 (and possibly much larger - l04 if 
Knafrs finding is ~,~rrcct). Accordingly, in the equili- 
brated system, one expects OA tO remain oxidized as 
long as the PQ p(~)l is not almost completely reduced. 
This situation should be observed at low rates of 
pho{o-reducticm of the pool so that electron transfer is 
not kinctically limiting. In sharp contrast with this 
prediction, the accumulation of QA is observed [2,22,23] 
to occur almost simultaneously with the photo-reduc- 
tion of the pool. The "apparent equilibrium constant '  
deduced from such expe,-imcnts was reported to be in 
the range ol I-5.  In living algae, under  wcak steady- 
state illumination al various wavelengths, equal frac- 
tions of rcduccd Q,, and PO were measured (apparent 
constant of I ) [2]. In isolated, uncoupled thylakoids, in 
the absence of a PS I  acccptt~r. Forbush and Kok [22] 
determined an apparent cquilibrium constant of 3 by 
measuring the redox Mate tit O x by fluorescence dur- 
ing photo-rcdtnction of the pool. 

lhesc  earlier determinations of ihc 'apparent equi- 
librium constant" wcrc done before plasloquinoncs v, ere 
identified as ~,eeondary acceptors and the thcrmt)dy- 
namie relationship between O x and its aeceptors was 
analyzed in terms ol  tree-electron carriers. PO is a, :~. 
ally a two-electron carrier, which (as illustrated later in 
Fig. 10 tit" this paper and in Fig. I of the accompanying 
paper, Ref. 27) changes significantly the shape of the 
equilibrium relationship. Furthermore,  wc know timt 
electron Iranslcr between O;x and I)O is medialcd by 
the two-electron gale O1~. If this is taken into account. 
one should consider tw~ sets of eqt,ilibria. The "even 
set' in which the quinonc acccptt}rs ol Ihc reaction 
center contain zero or two electrons: 

OA + PO .*OxOa~ (I) 

Ox "POt ''OxOi~ (2) 

OxOi'~ "" ()x ( ) .  t3) 

and the 'odd set '  where the number  (~f electrons is one 
or [h I'cc: 

O~ * P()~O,~(),  (4) 

()., *l 'O: ,~Ox()~ (5) 

O,x O , ,  "O.,,O. (h9 

where Ou stands fi)r the PQ bound in the On pocket 
of the center. These two sets do not equilibrate with 
tree another  on a short time-scale. A rigorous discus- 
sion of the O,x - PO relationship should deal with the 
light-induced shuttling between these sets and the three 
equilibria controlling cach of them. We need not really 
go into such details hcrc, for it was shown by Diner  [24] 
that in both sets the equilibria are much displaced 
towards (')A oxidation. In the even sct, thc ratio 
[QAQ~ ]/[QAQI~] was cstimatcd greater  than 50: thus 
even at complete pool reduction, QA remains almost 
fully oxidizcd in this sct of states. In the odd set, an 
equilibrium constant of 15-20 was found by Diner  for 
[QAQi , ] / [QAQB]-The  equilibria considered by Diner 
are not identical with [4-6] since the concept of PQ 
exchange in the QH pocket had not been introduced at 
that lime, but we may use the raw data given in this 
paper, indicating, e.g.. 9'~/, or 31% reduction of Q^ (in 
cxc,:ss of the 5cA observed when PQ is fully oxidized) 
at. respectively, 59c/~ or 89~,¢ of PQ rcduction. There-  
fore, it is clear that the Ol~ gate provides no clue to the 
problem of the anomalously small apparent  equilib- 
rium constant describing the photo-reduction process. 
For simplicity, we shall generally keep implicit the role 
of the Oi3 gate when discussing the QA - PQ relation- 
ship. 

It is important to stress that the low value found for 
the apparent equi l ibr ium constant is not modif ied for a 
large range of i l lumir'  ~tiun intensities (roughly 2 to 20 
photochemical turnovers of PS II per s). Nevertheless, 
when the s~stcm has been dark-adapted for more than 
30 s. the redox states of O A and PQ are consistent with 
the large equilibrium eom, tant expected from redox 
titrations. These results were originally described in 
terms of a light-induced change of the equilibrium 
constant, the origin of which remained mysterious [23]. 
We nt}w argue that a more likely explanation is that  
full thermodynamic equilibration between Q,x and PQ 
is a much slower process than the rate of electron 
transfer between them. In recent papers [25,26], we 
proposed that this slow process reflects the existence of 
isolated quinone domains of variable P Q / P S  II stoi- 
chiomctries. While rapid equilibration occurs within 
each domain, the redistribution of quinones between 



the domains occurs on a much slower time-range (30 
s). This hypothesis was shown to account for the low 
apparent equilibrium constant. In addition, it provides 
a clue for another paradoxical finding eoncern,ng the 
oxygen-evolution yield. When photo-reduction of ~he 
pool is driven by a series of short saturating flashes. 
one observes the classical oscillating oxygen yield se- 
quence, modulated by the progressive decrease due to 
the accumulation of OA accompanying the Ixml reduc- 
tion (low apparent equilibrium constant). However. 
this decrease is not accompanied by additional damp- 
ing of the oscillating pattern that would be expected if 
each center had an increased probability of spending a 
greater fraction of time in the reduced state. This 
rather suggests that each center responds in an all-or- 
nothing fashion, as expected if its relationship with the 
locally accessible quinones is controlled by a high equi- 
librium constant. The lower-global 'constant' which is 
observed must then reflect a distribution of the local 
PO/eenter  stoiehiometries. As previously shown [25,26] 
and developed further in the companion paper [27], 
these features are satisfactorily explained by our model 
of isolated quinone domains, for which a structural 
interpretation, involving a network of integral mem- 
brane proteins, will be proposed. In the present paper. 
we wish to examine several related questions. First, 
how long does it take for the quinones to redistribute 
throughout the membrane? Second, what happens to 
the quinones present in unstacked regions where the 
density of PS 11 reaction centers is low? Third, what is 
the average number of PS I |  centers in the local 
domains? Based on this analysis, we conclude that 
plastoquinone cannot be involved in long distance 
transfer from PS II to PS I. 

Materials and Methods 

Thylakoid preparation 
Spinach or  tetragone (in the experiments of Figs. 6 

and 7) leaves were ground in a medium containing 0.4 
M sorbitol, 10 mM NaCI, 5 mM MgCi> 50 mM Hepes 
(pH 7.5), 2 mM .sodium ascorbate and 2 g / l  BSA. The 
homogenate was filtered and centrifuged (2000 x g. 10 
min). The pellet was resuspended in the same medium 
(with no aseorbate or BSA) and kept frozen (in the 
presence of 5% DMSO at a chlorophyll concentration 
of i - 2  mg/ml)  fi~r later use. 

Measurement of absorption ehangex and fluorescence 
kinetics 

Both types of measurement were carried out in the 
same apparatus, previously desrr;bed in Refs. 28 and 
29. The principle of this apparatus is to use monochro- 
matic microsecond flashes as a measuring light, that 
provides a high peak intensity (and consequently good 
signal-to-noise ratio) while keeping the overall ilh, mi- 

nation energy below the aclinic r,,'nge. The inten,,it~ ol 
each detecting flash ts measured in a rclercncc path 
and used for n.rmalizing the transmitted, or tluorcs- 
cence, light signal ~Jt the the measurement path. The 
optical pathlcnglh is 16 mm. When measuring ultravio- 
let absorption changes, the light-detecting diodes ~,ere 
protected from scattered actinic illumination and from 
fluorescence by ultraviolet-hansmilting Corion SB- 
3110F filters. Fluorescence was measured in the same 
geometry (180 °) as absorption changes, modifying only 
the filter on the detecting device in the measurement 
path (a Wratten 96 filter was used ~n combination with 
two low fluorescence filters, Schott KV-550 and Ulano 
rubylith), in this mode, the excitation wavelength (de- 
tecting flashes) was set at 480 nm. The actinic continu- 
ous illumination was provided by two arrays of nine red 
light-emitting diodes (Toshiba TLRA-18(Ix, peak wave- 
length around 66[) nm) which illuminate opposite faces 
of the cuvette. Keeping the chlorophyl[ concentration 
low (7 /.tg/ml), the actinic illumination is essentially 
homogeneous across the sample. At maximum operat- 
ing power (5 roW/diode), the intensity corresponded 
to about I absorbed photon per PS II center per 
millisecond. In the fluorescence measurement mode, 
the contribution of the fluorescence excited by the 
actinic beam was negligible, because of the high peak 
intensity of the detecting flashes and because lower 
frequencies are rejected electronically. 

In fluorescence experiments, anaerobic conditions 
were obtained by adding a culture of Excherichia coil 
( = l0 ~ cclts/ml) to the chloroplast suspension. Incuba- 
tion with the respiring bacteria was maintained lot 15 
rain in a dark reservoir from which a sample wax 
pumped into the measurement cuvettc where it re- 
mained for 2 more rain before performing the experi- 
ment. The illuminated sample was then thrown away 
and replaced by a fresh one. Attempts to use a glu- 
cose/glucose oxidase mixture instead of /-,. coil for 
achieving anaerobiosis were unsuccessful because com- 
plex quenching processes of chlorophyll fluorescence 
appeared under such conditions. 

In ultraviolet absorption measurements, the li. coil 
method could not be used and we res 'rted to stirring 
the reservoir under an argon atmosphere ft~r de- 
oxygenating the suspension, a method that turned out 
to be somewhat less efficient. Besides. the signal-to- 
noise ratio for detecting ab~)rption changes below 3(~') 
nm was found to vat3 largely between preparations. 
This is probably due to different relative concentra- 
tions of bulk proteins that both increase the ab- 
sorbance background and further affect the signals, by 
increasing the flattening factor. With the particular 
batch of chloroplasts used in the fluorescence experi- 
ments, the resolution was rather pc~,r. We could ob- 
serve in this material a fast reduction of plastoquinones 
under saturatiag illumination, completed in about 100 



ms. consistent with the fluorescence results, hut the 
signal-to-noise ratio was too low for resolving the slower 
phase. The experiment shown in Fig. 6 was done with 
chJort~plasts isolated from lc~,zag.OllC leaves that hap- 
pened to yield a much better signal-i,, n,~Jse pcrli}r- 
mance. 

Oxygen yieM measurements 
Ampcromctric detection tff flash-induced oxygen 

evolution was performed using the setup dese,-ibed in 
Ref. 30. Fhc thickness of the compartment hounded by 
the platimtm electrode and the dialysis membrane was 
0.06 mm and the chloroplasts were used at a concen- 
tration of (I.6 mg Chl /ml .  The sample was placed on 
the electrode in the dark and dark-adapted for It) rain. 
During this period, an aerated buffer was allowed to 
flow in the upper compartment in order to fully oxidize 
the PQ pool  A buffer equilibrated with argon was then 
allowed to flow for 5 rain. This flow' was interrupted 2 
rain bcforc starting the flashing illumination in order to 
complete consumption of oxygen traces by the polar- 
ized p!ati0;um electrode (at -().7 V). We checked that 
a normal o:,.vgcn po~arogram for photosynthetic emiss- 
sion was obtained (as previously reported [31]}. We did 
not observe :ub' inhibition of the oxygen evolution 
activity of the sample due to the polarized electrode. 
even after over 3(I rain incubation in the presence or 
absence of oxygen in the circulating buffer. These 
controls, which confirm the original work of Joliot ct 
al. [31]. are also in agreement with those described I,y 
Jursinic and Dennc~lberg [32] and do not substantiate 
tile claim by Plijler el al. [33] tff strong inhibition and 
kinetic distortion in the prme~ce of the polarized 
clcctrodc. 

The time-course of the amperometric signal due to 
o~'gcn evolution t;pon each individual flash is m~,mly 
eont,'ulled by the time rcsponse of the transforme" 
used as an impedance adaptor. Fhts transient, lasting 
tk~r about I s, was carefully determined by averaging 
the response in a train of low-frequency flashes. It was 

used to correct the data (consisting of a sampling at g 
ms ,flier each flash) obtained at high flashing frequency 
(21) ms or 60 ms period) in which considerable overlap 
between successive hash responses occurs. A computer 
program was dcvch)pcd for that purpose. 

The flash-induced oxyt, en yields during a series of 
flashes in the abseucc of a PS ! acceptor reflect a 
convolution of the oscillating pattern (pcriodicity of 
four flashes} described by the Kok model [34] and of 
the decrease in the amount of activc ccntcrs expressing 
accumulation of Q x in relation m the reduction of the 
PQ pool. In order to extract the amount of active 
centers, we designed a smoothing procedu that e!imi- 
na:cs the Kok oscillation. The oxygen yields were first 
ave, ,ged over successive groups of four flashes. Plot- 
ting these values, with the first onc at 2.5 flashes, the 

second one at 3.5 and so forth, gives a smoother 
sequence on wl~ich the same procedure is repeated two 
more times, resulting in a reasonably smooth curve 
starting at 5.5 flashes. This curve was extrapolated 
rewards the first flash by fitting with an analytical 
sigmoid function (Figs. 8, 9). Testing this procedure on 
sul|u[atcd sequences (with either constant or variable 
amount o l  active centers), allowed the retrieval of the 
Q.x time-course w,thin less than 1',,4, irrespective of the 
initial S . / S  I distribution adopted in the simulatcd se- 
quences. 

Results 

Fh~orescenee indtwtion curccs 
Reduction of the PS II "primary" acceptor Q^ may 

be monitored through various methods such as fluores- 
cence, oxygen evolution, C-550 absorption change or  
the field indicating absorption change. All these tech- 
niques give consistent results provided the nonqinear  
relationship with the amoum of activc centers is taken 
into account [35] when using fluorescence (or oxygen- 
ew~lution rate). 

The amount of electrons transfered through PS II 
towards secondary acceptors can then be obtained 
tlw"~ugh integration of the QA signal during continuous 
illumination of limiting intensity or during a flash se- 
:ies. For this integration technique to be valid, it is 
necessary ,o limit electron flow through PS !. Isolated 
ff, y;,,konds have lost their endogenous P S I  acceptors 
but may transfer electrons to oxygen through the 
Mehlcr reaction. We thus used anaerobic conditions 
that preven~ this reaction and also decrease the rate of 
dark rcoxidation of plastoquinones. Nevertheless, as 
dis~t ,sed below, a limited flow of electrons through PS 
1 was still lound 'o  occur 

Fig. I shows anaerobic fluorescence induction curves 
during five suzcessive illumination periods of 1.6 s, 
separated by a dark interval of 20 s. The light intensity 
was about I pho ton /40  m s / P S  II center, which is 
much slower than the rate of electron transfer from QA 
to plastoquinonc, t inder  such conditions, the variable 
fluorescence is linearly related to the rate of PS 11, so 
that the amount of electrons fed into the pool of 
primary and sccondaD' acccptors can bc computed 
from the area bounded by the fluorescence curve and 
the maximum level [36]. In Fig. 1 it can be seen that 
the maximum level has not 19ten reached at 1.6 s 
during the first illumination. This is due to a slow 
phase Lasting for about 15 s (not shown). This slow 
phase remains related to electron flow" through PS II 
since it also appears in measurements of oxygen evolu- 
tion under similar conditions {see Fng. 8). This suggests 
that part of the secondary acceptors are somehow less 
accessible to reduction by PS I1. In principle, the slowly 
accessible pool fraction could be estimated by comput- 



ing the  area b o u n d e d  by the  slow phase .  This  mcth,~d 
is not vcr)' accunt te ,  since any ex l r aneous  evolution ol  
the  q u e n c h i n g  may cause a large cr,(~r. Wc ~hus re- 
sorted to Ihc repetitive i l lumination p rocedure  de-  

scribed below. 
U p o n  successive i l luminat ions  the  ampl i tude  of the  

slow phase  progrcssivcl~ vanishes .  The  area bounded  
by the  f luorescence curve decreases  until  a l imiting 
curve is reached  f rom thc fifth i l lumination onwards .  
This  curve d id  not d e p e n d  on the  par t icular  prc-il- 
luminal!on regime (pro'~ided .~ufficient i l luminat ion was 
given). The  dark  t ime for ob ta in ing  its comple te  recov- 
ery a f te r  i l luminat ion was about  2 - 3  s, No fur ther  
modificat ion was observed  when  extending  this  dark  
t ime up  to several  minu tes .  This  sugges ts  that  a small  
pool o f  acccptors  is able to reoxidizc in a few seconds .  
while the  bulk of  the  acceptors  remain  stably reduced  
on a minu te  t ime-range.  A rcoxidat ion in this  t imc- 
r , n~e  is actually expected  to take place th rough  back- 
react ion of  QA with the oxidized S-states  on the  PS I! 
donor  side. However ,  this should  occur  for less than  
one equiva lent  per  PS 11, which is not  sufficient to 
account  for the  ent ire  area of  the  limiting curve (about  
2.5 equivalents) .  We  prop'~)se tha t  the addit ional  frac- 
tion is due  to a small  pool of  low potential  acceptors  
associa ted with the PS ! react ion cen te r  that  are reoxi- 
dized in a few seconds  in spite o f  the anaerobic  condi-  
tions. In a g r e e m e n t  with this  view. only a smal ler  
recovery, of  the  area,  due  to Q,~, back-react ion,  was  
observed in an algal mu t an t  devoid o f  PS I centers .  

0 500 1000 1500 
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Fig. I. Time course~ ot variable tluor~..sccnce under continmlu,, 
illumination of limiting intensity. Th.vlaktfids t'rom spinach were used 
al a concentration of 8 p.g chlorophyll per ml. in 5(1 mM phosphlttc 
buffer (ptl h.9). 5 mM MgCI,, I aM grumicidin. Anaerobic condi- 
tions were achieved, as described in the Ma~eriafs and Meth,,~s 
section. The sample was submitted I~) five illumination periods. 
separated by a dark interval of 2tl s. Curx'e I, dark-adapted material. 
Curves 2, 3. second and third illumination periods. Cur,'e 4, limiling 
cun, e obscp, cd on the fifth illumination pt:riod (or on subsequent 
illuminaticms). The vertical scale is normalized (~ the maximum 
fluorescence .yield I . . . . . .  ). The initial le',cl in each e*,pcfimcnt i~ 

indicated by a ht~rizonhd segment ~n the t~rdinate sc;.de, 
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Fig. 2. Time c~ur~,es of the reduction of quinone acceptors (O,~ ~- PO) 
in the c'~perimcnt ol Fig. I. obllJincd h~, computing the area N~untlcd 
by lh¢ fluorc~,cence ~:u~e ~, and the maximum level (;isynlptOlc ~)f 
cur',c 4 in Fig. I). The artery.,, ',how the qu;mtilic~, th~tl ~,crc summed 
to (~btuin Ihc ltltal aln~lu]lt t~l initially oxidi/cd acccptor',, as ex- 

phfincd in the Icxl. 

Fur the rmore .  its d o c u m e n t e d  later, no rcoxidation o f  
plasloquinol ,  as m e a s u r e d  th rough  ultraviolet absorp-  
tion changes  was de tec ted  within a 3 s dark period. 
From these coo~idc~'ations, one  expects that the 'ever- 
v,'~,:.~ rating" acceptor  pool responsible  fi~r the  limiting 
cun 'c  is involved to the same extent  in each of the  
successive curves  o f  Fig. 1, contr ibut ing evenly to the  
pm":~-reduet ion area.  It should  thus be subtrac ted  in 
L,.~i~ r t, r,~timate reduct ion of the sole p las toquinone 

! ~  2 shows a ph~t of  the area bounded  by the 
su~c. ,,,ire flut~rescence curves of  Fig. 1 as a funct ion of 
time. taking the  m a x i m u m  f luorescence level as that of  
the limiting curve. According to the foregoing, in order  
t t  compute  ',he Iota[ size ~ff the oxidized acccptor pool 
t O \  ~- PQI initially present  unde r  dark-adapted  cortdi- 
lions, one should  sum the cont r ibut ions  of each il[umi- 
imtion, discarding the  small  regenera t ing  pool present  
in each of them.  Th i s  m e a n s  adding the  fiqal levels of 
each eurve above curve 4, as shown by the arrov,s in 
Fig. 2. As expected,  this sum was found to be indepen-  
den t  of  the  dr,ration of  the dark interval 1_>. 20 s~ 
separa t ing  the  i l luminat ion per iods  and of the durat ion 
of  the i l luminat ion period, provided the  number  of  
cycles was sufficient to reach the steady-state,  This  
p rocedure  was fur ther  used  for comput ing  the data-  
points  o f  Fig. 4 f rom the exper iment  of  Fig. 3. 

We now describe exper iments  a imed  at s tudying the 
reduct ion process  unde r  high i l lumination intensity. 
This  may be done.  using the f luorescence technique,  by 
separa t ing  the  actinic i l luminat ion procedure  from the 
analysis of  the  f luorescence area  that  mus t  be obta ined 
unde r  limiting intensity condit ions.  In the exper iment  
of  Fig. 3, the chloroplas ts  were pre i l luminated  by 
f lashes of  sa tura t ing  intensity (about  I p h o t o n / m s / P S  
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Fig. 3. Haorc~cencc clinch, under illumina!ion ol limiting intensity,. 
in dark-adapted re:aerial ( I )A) .  or tollowillg a pre-illuminatilm la,,t- 
ing 211 ms or Hill n'~,. ,,',ith saturating Colllintlotlt, light. The Iluores 
ccllcc illdllCliOD allzlly~.i ~, '~,;IS sept|Filled fltHn lilt: plc-illunlindlion h} 
a 211 ,, dark period. 1.( i~ the limilin[~ curve obtained either h~, 
prolonDng the duration o! the prc-ilhmlination, or h> repeating 
light-dark cvclcs, as if~ Fig. I. "Ihc I)A and I_C cur~cs are identical t~ 

curve,, I :lilt[ -I ill Fig. I, rcspeclivel~. 

II center) of variablc duration. The l ight /dark  repeti- 
tive procedure of Fig. I ~as then applied after 2{I s 
darkness, following the high intensity flash. It is note- 
worthy that the various curves of Figs. 1 and 3, which 
all start from a low level close to F., have quite 
different time-courses. This illustrates an aspect of the 
thermodynamic paradox described in the Introduction: 
if quasi-equilibrium were achieved, a uniquc time- 
course should bc obscrvcd (meaning that each curve 
should rcsumc the dark-adapted curve from the start- 
ing point corresponding to each particular level of pool 
reduction), expressing a unique Q A / P Q  relationship. 

Fig. 4 shows a plot of thc amount of remaining 
oxidized acccptors (Oa + PQ) as a function of thc 
duration of the saturating flv.sh in the experiment of 
Fig. 3, applying the integration procedure described for 
Fig. 2. The reduction of the acccptor pool appears 
markcdly hiphasic with half-times of 25 ms and 800 ms. 
The relative amplitude of the rapid phasc is here about 
60r'; and was found to vary between 51) and 75c; in 
different chloroplast preparations. This result sho~vs, 
again, that a fraction of the plastoquinonc is ntorc 
slowly reduced by PS II. 

As already noticed about Fig, 1, the amplitude of 
the slow phase in the fluorescence curve was seen to 
decrcasc in pro-illuminated samples. This decrease is 
also clearly observed in Fig. 3. evcn when the duration 
of the saturating flash is too short ( < 100 ms) to affect 
the slow pool during the illumination (sac Fig. 4). This 
suggests that an equilibration occurs between both 
pools during the 211 s dark period. This process was 
further investigated in the cxpcrimcnt of Fig. 5. The 
chloroplasts wcrc prc-illuminatcd by a saturating flash 
of fixed duration (5(10 ms) amply sufficient fi)r complet- 
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Fig. 4. Reduction of the quinone acceptors under saturat ing illumi- 
nation (same experiment as in Fig. 3). Af ter  a pre-illmnination with 
saturating light of variable duration (indicated on the horizontal 
~calek the sample was submitted to five dark-light cycles, as in the 
experiment of Fig. I. The amount of oxidized acceptors was com- 
puted by summing the areas hounded by the successive fluorescence 
cun, cs from which the limiting tory+' (L( ' )  was subtracted (as illus- 

trated by the arrows in Fig. 2). 

ing the redaction of  the fast pool (see Fig. 4). A 
fluorescence curve was then recorded after a variable 
dark period and the area bounded by the fast phase o f  
the fluorcsccncc curve was computed. Fig. 5 is a plot o f  
this quantity (where the asymptotic level observed for 
dark times >_ 30 s was normalized to l(lO). As discussed 
above, the limiting fluorescence curve due to PS I1 
recombination and PS 1 acceptors fully recovers in 
about 2 s: this information was used for plotting the 
fast phase (dashed line) in Fig. 5. The slow phase 
expresses the equilibration of the rapidly and slowly 
~',cccssible pools, with a half-time of about 6 s. 
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Fig. 5. T ime course of  the redistr ibution of  quinones between the 
"fast' and "slow' pools. C'hloroplasts were pre- i l luminated hy a 500 ms 
saturating J]ash and the I]uorescellce inductkm was analyzed af ter a 
variable dark peLod (indicated in the horizontal scale). The f igure is 
a plot of the area hounded by the fast phase of  the fluurescenc¢ 
curves. The dashed line wa~ drawn by taking into account the 
information discussed earlier al~mt the 2 s recovery of the limiling 
curve. The vertical scale was normalized by taking 100 as the asymp- 

totic level of the fast pool area measured at t imes longer than 30 s. 
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Fig. 6. Time course of the absorption change difference (2b(I nm 29[) 
nm) during a saturating illumination. Tetragone chloroplasls ~,,ere 
used at at concentration of lg p.g chlorophyll per ml in 50 raM 
phosphate buffer IpH 6.5), 5 mM MgCI:. I /aM gramicidin. The 
suspension was stirred for 15 rain under a Ilo~ of argon. The samples 
were submitted to four light-dark cycles (I.2 s illumination, 20 s 
darkness). The initial millisecond-phase, with constant amplitude. 
was ascribed to contributions from Oa reduction and absorption 
changes associated v, ith Ihc donor side. The small PQ phuto-reduc- 
lion observed in the limiting curve 4 (arrow) ~'as ascribed to reoxida- 
lion of plastt~quinol during the dark period and further used in Fig. 7 
(arrows in curve a). The doned cur~c is an exlrapolalkm of the slow 

phase, as determined in the semi*log plot shov, n in the inset. 

Absorption changes of plastoquinone 
In order to verify the foregoing results, reduction of 

plastoquinones under  saturating continuous illumina- 
tion was directly measured through the ultraviolet ab- 
sorption change, corresponding to plastoquinol forma- 
tion. Some modifications of the experimental proce- 
dure were required to obtain sufficient resolution, as 
explained in Materials and Methods section (using 
tetragone instead of spinach thylakoids and a different 
anaerobic treatment).  The chloroplasts were submitted 
to cycles of saturating illumination (period 1.2 s) sepa- 
rated by 20 s dark intervals. At the pair of wavelengths 
used (261) n m / 2 9 0  nm), Ix)th QA and plastoquinol arc 
detected. These contributions are however kinetically 
separated since total OK reduction is completed during 
a fast initial phase {̀ < 2 ms) under  saturating illumimt- 
tion. A small contribution of changes associated with 
the S-state transitions is also present and mostly com- 
pleted during the millisecond phase. This phase was 
fully regenerated during each dark period. The pool 
reduction following this initial rise was clearly biphasic, 
with a fast phase completed in about 300 ms (5(1 nts 
half-time), i.e., significantly slower than in the experi- 
ments using spinach. The inset in Fig. 6 is a semi-log 
plot showing kinetic discrimination between the two 
phases. 

The total amount of reducible plastoquinone could. 
in principle, be directly obtained by prolonging the 
illumination until the slow phase is terminated. How- 
ever, the measurement  is then rather  sensitive to base- 

line drift and we resorted to a summation method 
using successive illuminations similar to that used in 
fluorescence expcrinlcnts, The a~llplitude t)f the sh~ '  
phase progressively , 'arished and. lrom the fifth illumi- 
nation on, a limiting eui~,e (curve 4) was obtained. In 
contrast with the lluoresecnce experimenls performed 
under strict anact-obiosis, a slow increase in the ampli- 
tude of this curve was observed when increasing the 
dark interval between successive illuminations, express- 
ing reoxi&,Jion of plastoquim~l through oxygen traces 
present in the medium. For short dark times (3 s). only 
Oa regenerated and plastoquinol reoxidation was neg- 
ligible. Thus, the regeneration of the small pool 'of PS i 
aeeeptors that was inferred from fluorescence experi- 
ments does not affect the time course of plastoquinone 
reduction under  saturating illumimttion. ] 'his is indeed 
expected since the reaction limiting overall transfer 
from PS II to PS I is known to be located between 
plastoquinol and PS 1 donors. The plastoquinone re- 
duction observed in the limiting curve (curve 4) is thus 
entirely due to the fraction of plastoquinol being reoxi- 
dized by the oxygen of the medium during the 20 s 
dark period. This fraction should he approximately 
identical during each dark period (actually somewhat 
smaller during the first periods when the plastoquinol 
amount is smaller). To obtain the total amount of 
reducible plastoquinone, we thus summed the ampli- 
tudes of plastoquinonc reduction from each successive 
curve, subtracting the fractions reoxidized during each 
dark period. This procedure is illustrated in Fig. 7 
(curve a). where the time course during three succes- 
sive illuminations was plotted, omitting the millisec- 
ond-phase. Each cycle consisted of 2 s of saturating 
illumination followed by 20 s of dark. The curves on 
the second and third illumination were pmiti, med (as 
shown by the arrows) so that the first datapoint lies 
below the last one in the preceding curve by it dislance 
equal to the amount of PQ reoxidation estimated from 
lhe limiting curve (arrow in Fig. 6). The horizontal line 
at the top shows the asymptotic level obtained by 
repeating this procedure, expressing the maximum 
amoun! of reducible PQ. 

In Fig. 7 we further compare the photo-reduction 
kinetics of plastoclumoncs in the absence (curve at and 
presence (curve b) of a sub-saturating concentration 
( I t l  :' M} of DCMU. A biphasic photo-reduction kinet- 
ics is observed during each light period both in the 
a b ~ n c e  and presence of DCMU. In the control experi- 
ment, the relative amplitude of the fast phase, with 
respect to the amount of oxidized plastoquinone pre- 
sent upon each illumination, is 0.49, {.1.4{t and (I.4(I 
during, respectively, the first, second and third flashes. 
This recovery of the fast phase in the dark expresses 
the equilibration of plastoquinones between the "fast" 
and "slow" pools. In the presence of DCMU, a similar 
bchaviour is observed, except that more cycles arc 



required to fully reduce the plastoquinoncs. Thc rela- 
tive amplitudcff ol the fast phase are now 11.16, 0.17, 
0.1 t) (with a high degree of uncertainty or, Ihc first 
illunlination), thus decreased by about 60% with re- 
spool to the control. Correspondingly, the t:alf-time of 
the fast phase is approximately doubled. The Iolal 
amount of reducible PQ was. nevertheless, tk~und to be 
close to that of the control (top horizontal line). In 
separate fluorescence experiments, wc found that about 
85-90c( ol PS 11 centers wcrc inhibited in the prcscncc 
of 10 -7 M DCMU. Similar rcsults (not shown) were 
obtaincd in the absence of DCMU, when partially 
inhibiting PS 11 through incubation with mill |molar 
hydroxylamine for a short time. Thc finding of a de- 
crease of the size of thc 'fast" pt~l  when inhibiting a 
fraction of the reaction centers is a slrong indication 
that these quinoncs are contained in isolated domains 
(tin the timc-scale < 500 ms) including rclativc!y small 
numbers of ccntcrs (scc Discussion). 

Owgen erohttion 
Oxygen cvolution w a s  used as a third method k)r 

investigating electron flow tt~wards plastoquinones. In 
thc cxpcrimenl shown in Fig. 8, dark-adapted thyl- 
akoids undcr strict anaet'oqie conditions (see Materials 
and Methods section), were submitted to a series of 
saturating short flashes, 20 ms apart. Typical oscilla- 
tions with a period of flint flashes wcrc observed, 
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F:ip. 7. Reductitm ol the PQ pool during three successive periods of 
~aturating illumin~aion (2 ~) ~Cpaluted h), 2(1 ~ darkness, in the 
~d~sence (a) or presence (b) ol HI ~ M I ) ( 'MtL  Other  ,:xpcrimcntal 
conditions were as in Fig. ft. The initial (millisecond) phase ol 
constant amplitude was omitted from the pl~t, The initial offset 
(arrn~s) lot the ~eeond, Ihird.. . i l luminatiems with respect tt~ lhc 
p reced ing  onr  is the extent of  PO reoxidation during 1he 2n • dark 
interval estimated (tor curse a) from curve 4 in Fig. 6, Interestingly. 
D ( M U  wa~ found to diminish the extent of reoxidation, which 
accounts lol the smz|llcr offsets ill curve {b). T]le as x, mptt.lte ~,as 
reached on the flmrth illumination in the control, while more ¢3'clcs 
were required in the presence of D C M U  (as shown by the final levels 
4 and 5 in the latter case). Identical asympt~tes wcrc obtained for 
the control and I )CMU experiments. ( . . . . . .  ), extrapolations of  the 

slow phase carried out. as shoven in the inset of Fig. 6. 
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Fig. 8. Flash-induced oxygen yield during n series of saturat ing 
flashes spaced 20 ms apart.  Tetragunc chloroplasts in phosphate 
barfer (51) raM, pH 6.5), with g, talc|din 0.5 # M .  Anaerobic condi- 
tions were as de~erihed in the Materials and Methods section. The  
smoolh line i~ the amount of open PS II centers computed, as 
described in the Materials and Methods section. The  ordinate scale 
is given in electrons per  center, It was computed by taking 0.94 for 
the initial sm(x~thed yield (1 - t~ + / J )  from the miss (a  = I).08) and 

double-hit (fl = I).1)2} probabilities est imated from the sequence, 

superimposed on a progressive decrease of the oxygen 
evolution yield associated with reduction of the accep- 
tor pool. This decay can be estimated (Fig. 8, solid line) 
by smoothing the data, as described in the Materials 
and Methods section. A slower phase is clearly present,  
similar to that observed in the fluorescence curves 
under  continuous illumination. After several light-dark 
cycles, a minimum limiting rate is observed which is 
about 3c/t of the maximum initial rate. This minimum 
rate is not, however, the truc zero of the oxygen yield, 
which was obtained by superimposing a strong continu- 
ous illumination on the flast,:s. Thus, even in the 
absence of oxygen, a weak steady flow through PS I 
still occurs, probably associated with the slow reoxida- 
tion of the small pool of low 13otential acceptors dis- 
cussed carlier. 

A noteworthy feature in the oxygen yield sequence 
of Fig. 8 is the persistence of the oscillating pat tern 
when a large fraction of the centers are closed, as 
prcviously strcsscd [25-26]. This is a clear indication 
excluding the possibility of a kinetic limitation due to 
uncomplctc turmwcr of the centers at this flashing 
frequency. If this wcrc so, rapid damping of the se- 
quence wouhi t~ccur, especially when the concentration 
of available oxidized secondary aeceptors decreases. 

in the expcriment shown in Fig. 9, we investigated 
the effect of a partial pre-reduction of the pool on the 
oxygen yield sequence. The thylakoids were first pre-il- 
laminated by a group of 15 flashes, dark-adapted for 2 
rain and then submitted to a series of flashes. The 
smoothing procedure was applied to this sequence 
(Fig. 9, solid linc). The initial yield thus obtained was 
found to be about equal to the maximum yield of the 
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Fig. 9. Flash-ir:.mcet~ oxygen yield in chloroplasts pro-illuminated by 
15 fla~.hcs a n d  dark-, ,d '+,~ed for ..2 nm.  O t h e r  condition,,  as in Fig. 8. 

dark-adapted sequence. By contrast, the fast phase of 
the decay ts about tv,'icc as fast. Nevertheless, analysis 
of this sequence does not reveal significant additional 
damping compared with the dark-adapted sequence. 

Discussion 

The picture that emerges from the pre~ent investiga- 
tion is that of a complex eompartmcntation of the 
plastoquinone pool, in contrast with the broadly ac- 
cepted view of a free diffusion of this carrier through- 
out the membrane. A first level of comparlmentation, 
on a large scale, is indicated by the markedly biphasic 
photo-reduction of the pool. The 'fast" pool fraction 
represents 5{I-7(1% of the total. The stoiehiometric 
ratio between PO and PS I1 centers can bc estimated 
from the oxygen measurements using saturating flashes. 
Taking into account the miss and double-hit coeffi- 
cients (see the legend of Fig. 8), and subtracting the 
fraction t,f slow pool reduced during the first 50 flashes. 
one obtains for the fast pool, about 15 equivalents per 
PS !1 center. From this value one should subtract two 
to three electrons going to the regenerating PS I acccp- 
tors and also one electron for QA. Thus, the fast pool 
includes about six PQ molecules (each accepting two 
electrons) per center and the total pool 9-12 PO per 
center. 

The occurrence of a slow phase of photo-reduction 
of the pool appears in previously published material. 
such as the fluorescence curves shown by Forbush and 
Kok [221 or McCauley and Melis [4]. It may be noticed 
that in both these works, fresh thylakoid preparations 
were used, showing that the biphasic character is not 
specific to frozen material, as used here {an observa- 
tion that wc also confirmed using algal cells). Mc- 
C+,uley and Melis used a KCN treatment in order to 
inhibit electron transfer to PS I through plastocyanin; 
this causes, as expected+ a significant decrease of the 
fluorescence area in aerobic conditions but does not 
suppress the slow phase. In the Forbush and Kok 

paper, the photo-reduction is driven hv a series of 
short saturating flashes. +shieh proves theft the slow 
phase is still obser~ed when eliminating light harvest- 
ink efficiency (heterogeneity of the antennact as a 
possible source for kinetic heterogeneity. This also 
applies to the oxygen-evolution experiments shown in 
the presenl paper (Figs. 8, ~]) +hieh. in addition, con- 
firm that this phase does reflect the activity of PS I! 
centers, h is our belief that the contribution of the 
slow phase wits overlooked in previous eslimates [2-4] 
of the PO pool size, that arc in good agreement with 
our present estimate for the fast fraction. * 

The half-time for the fast pool reduction under 
saturating illumination was found to vary between 25 
and b0 ms, depending on the material. In spinach 
chloroplasts (Fig. 4). the fast phase is completed in 50 
ms, which means that PS I1 centers have turned over 
about twelve times during this period of time. This is 
clearly inconsistent with a rate-limitation of PS II ex- 
pressing slow release of oxygen with t~ ;3 = 311-1311 ms, 
as claimed by Plijtcr ct at. [33]. In a recent investigation 
of PS II turnover rate under saturating intensity, 
Jursinic and Dcnncnbcrg [32] came to the same conclu- 
sion, finding a turmwcr time in the range 4-8 ms, in 
good agreement with the present estimate uf about 4 
m s .  

A half-time of 0.8-1 s wits found for the reduction 
of the slow pool. The experiments of Figs. 3, 5 and 7 
show that both pool fractions communicate t,n a slow 
time .~ ,le. For instance, when interrupting the illumi- 
nation after complete reduction of the fast pt~)l and 
resuming it 20 s tater, one observes a partial recove,y 
of the last pool -- and corresponding decrease of the 
slow pool. This suggests a slow dilfusion process be- 
tween two regions of the membrane. A natural inter- 
pretation based on the structure of the thylakoid is to 
idcnti~, the fast and slow fractions as the PQ present 
in, respectively, the granat and stromal regions of the 
membrane. The stromal membrane accounts for about 
25-35':+ of the mcml~,ranc surface [7] and PO has bccn 
reported to bc present in the stromal membranes with 
a similar concentration as in granal membranes [37 -38]. 
Estimates of the fraction of PS 11 centers present in 
the stromal region vary widely, according to organisms 
and methods used [39--43]. The reported density per 
m,-mbranc area of PS il in the grana over that in the 
stroma ranges from 3 [39] to 3(I [43]. if we accept, 
anticipating the further discussion given below, that 

1! ma~+ he worlh m+tii+g thal lh,++' pre',+i(+u ++, di~tinctiun ,+]ra~t+i 13}' 
.h:,liul [2] ,.,r Ft)rbu~,h and K,t~k 122] I+ct'~c,.:n a [a~,l ( " A I " )  and slo','+ 
( " A 2 " I  pool ~d+ould not be c~mtu'+ed ',,+,ilh the present one: both 
comptment+, in the earlier work belt+rig it+ the pre~,¢ill faxl pool af+d 
c+.;rrc:,,im+md Io the kinetic break ol'v+,en.cd under salurating illumina+ 
lion all,.tr pholo-rcdtlcti+.)ll t+l + the ¢,~nl¢r-bOulld qtJilI(+l+I¢~, It+ H;.II¢ 
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rapid diffusion of PO is restricted to domains ~q small 
size, photo-reduction o l  the slromal pool is expected to 
bc slower becausc of the larger hwal PC)/ccntcr  stoi- 
chiomctry. However, it has bccn proposed in recent 
reports [44.45] that stromal t'S ii centers arc "inactive" 
with respect to PQ reduction if this wcJe true, the 
slow phase should be entirely ascribed to the diffusion 
of PQ from stroma to grana. This possibility, however. 
is not easily accomodated by our results. The photo-re- 
duction of the slow pool under saturating illumination 
is a markcdly faster process ( t , ,  = {I.8-1 s) than the 
dark redistribulion of quinoncs between the two re- 
gions ( t . ,_  = 6  s). Therefore. when lhc illumination 
intensity is high enough, the reduction ~ff these 
quinones is not controlled primarily by their diflusion 
rate towards the PS ll-rich granal regions. This rather 
supports the idea of a local photo-reduction b,, the 
iraction of PS !1 ccnters present in the stromal region. 
We will argue later thah when a large fraction of PS I1 
centers is inhibited, the slow phase becomes difl'usion- 
limited. 

The diffclcncc factor of 211 30 reportcd hcr," 5c- 
lween file rates of file fast and slow phases under 
saturating illumination is compatible with the broad 
3-30 range found in thc literature for the relative 
density of stromal to granal PS I! that should roughly 
rcflect the P Q / P S  !1 ratio. Ncvc~thelcss, thc kinetic 
ratio may bc largcr than thc rclativc P O / P S  11 ratio, 
due to a Mwer activity of stromal ccnters. In agreement 
with Ihcsc vicws, wc fl:und (R. Bassi and J. Lavcrgnc, 
unpublished) that the majority of PS II centers in 
stromal membrane preparation.s are active, but have a 
diminished photochemical turnovcr rate. 

While the biphasie rcduetion of the pool providcs a 
clear indication of a large-scale heterogeneity, rc- 
strictcd diffusion of lhc quinones al~) appcars on a 
finer scale, when analyzing the photo-reduction of the 
fast pool. As already noted, there is a dramatic discrep- 
ancy between the O,~ vs. PO relationship obtained 
during the photo-rcduction process and thc equilib- 
rium relationship expected if full thcrnlodynamic equi- 
librium were achicvcd. This is illustrated in Fig. 10, 
where the concentration of oxidized QA was plotted 
against that of oxidized P Q  Curves (a) and (b) were 
computed from thc data of Figs. 8 and 9, rcspcclivcly. 
concerning the fast pool. Changing the flashing fre- 
quency tor light intensity in continuous illumination 
cxpcrimcnts) did not significantly modify the obscrved 
patterns. The dashed curves show theoretical equilib- 
rium relationships Ior various valucs of thc difference 
in mid-point potential of O,~ and PQ. The S-shape 
cxprcsscs the fact that QA is a one-electron carrier 
while PQ is a two-clcctron carrier. It appears that 
curvc (a) ix not only far away from the 1111 mV cquilib- 
rium curve corresponding to titration data, but that it 
cannot bc fitted with any equilibrium curve corre- 
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Fig. ll). A plot oI the umoulll of . pen  centers (oxidized OA) against 
the oxidized fruclion of the acceptor pool, using the data of Figs. 8 
(curve a) and 9 (curve b), The oxidized PQ fraction w~s computed by 
integrating the oxygen yield. The arrows sho~' the evolution direclion 
during the flash selics (going towards totul reduction of Oa  and PQ). 
The dashed lines show' the theoretical iclalionship f~r global equilib- 
rium between Q.x and PQ computed lot various values of the 
difference (AE,.) in mid-point potentials of O.~ and PQ (as indi- 
C:ileal): tlO xJ/[O.x 1) t[PO '~'J i/[PO" l) j' : - exp( ,.lEn,/( R T / F  )). 
The circles and vet tical bars indieale the equilibrium range exFCcted 
when taking into accounl Ihc ~ n  gate, 12~r two tractions of oxidized 
PQ ( IIC; and 41% ) The open circles eorreslxmd 1o the even set tsec 
Intmduetitm). taking [QaQ~ ]/[O...~ QI~ ] 50 124]. The closed cir- 
cles correspond to the odd set, taking two* dalapoints I'm:':*. '~ig. 3 in 
[24] (corrected from the 5"; offset in Q,x rcductkm obser'sed ,~l I(lt)c~ 

oxidized PQ). 

sponding to a lower constant. As pointed out in the 
introduction, the two-electron gate mechanism at t i n  is 
cxpceted to cause some distortion to the equilibrium 
rclationship bctwecn Q,x and PQ. However, even in 
the odd set of states (one or three electrons on the 
acceptor side of the reaction center) where the equilib- 
rium constant is lower than in the even set, the discrep- 
ancy remains obvious. This is illustrated in Fig. 10 
where the open and closed circles indicate the equilib- 
rium expected in, respectively, the even and odd states, 
for two values of pool reduction. By contrast, the 
starting point of curve b (Q,x almost enti]ely oxidized 
wbh 50% PQ reduccd), measured after a 2 rain dark 
time, is consistent with a large equilibrium constant. As 
previously proposed 125,26], and discussed in thc ac- 
companying paper [27] this lack of equilibration in the 
second time-range is satisfactorily explained by a com- 
partmcntation of quinonc domains within the granal 
region. A key hypothesis is that of a large heterogene- 
ity of the P Q / P S  II ratios between domains. The 
accumulation of Q,x does not express a global equilib- 
rium with the PQ pool, but rather  indicates total 
reduction in domains where the P Q / P S l l  ratio is small. 
During the 2 min dark period following pro-illumina- 
tion in the experiment of curve (b), the quinones have 
redistributed between domains so that global equilib- 
rium is initially achieved. 
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The experiment of Fig. 7, investigating the pool 
photoreduction in the presence of a sub-saturating 
concentration of DCMU was designed tt, estimate Ihc 
size of the quinone domains. With It) + 7 M DCMIL 
causing inhibition of 85-90("k, of PS II centers, the la, ,~ 
pool was decreased by about 60;'+. The fact that 1he 
size of the (fast) photo-reducible p~+ol is less dimin- 
ished than the number of active centers agrees with 
previous work showing that several PS 11 centers share 
a common pool. This conclusion was dramn by A. 
Joliot, investigating the effect of DCMU on oxygen 
evolution in algae under strong illumination 15]. The 
novel finding is that of a significant decrease in the fast 
photo-reducible pool when inhibiting a sufficient frac- 
tion of centers. Assuming homogeneous domains, each 
including n centers, the fraction of domains where all 
centers are inhibited is f " ,  where j" denotes the inhibi- 
tion probability of one center. We obtained about 0.6 
for this fraction with ]+= 0.85-0.90, which corresponds 
to n --- 3-4. We do not believe the domain size to be 
homogeneous [26,27], so that this estimate should bc 
taken as an approximation of the average number of 
centers per domain. 

In this situation, where about 60% of PQ is located 
in 'inactive' domains in which all PS 11 centers are 
inhibited, the significance of the slow photo-rcduction 
phase is modified. Its amplitude was found to increase, 
while the fast phase was diminished, so that the totality 
of the PQ pool remains accessible to photo-reduction. 
Therefore the slow phase now includes a contribution 
of PQ diffusion from inactive domains (most of them 
granal) towards neighboring active domains, where PS 
11 centers are not all inhibited. The rate of the slow 
photo-reduction phase in curve (b), Fig. 7, is dimin- 
ished with respect to the uninhibited curve (a), al- 
though not proportionally to the inhibition of centers 
(half-time about 3 s, compared to 0.9 s)+ Thus, this 
phase is now controlled by the diffusion of PQ from 
inactive towards active domains. It occurs with a two- 
fold faster rate compared to the redistribution of PQ 
between grana and stroma (t~/, = 6 s), consistent with 
the smaller distances involved. 

As developed in the accompanying paper [27], the 
structural interpretation we propose to account tor the 
compartmentation of quinones is that the crowding of 
the membrane by integral protein complexes resnlls in 
a network of barriers to diffusion. The free diffusion 
range for PO in stacked regions involves domains con- 
taining an average of 3-4  centers. For comparison, a 
grana disc has a diameter of approx. 11.4 /zm and the 
density of EF, particles is 1500-1600/,m - ' .  Assuming 
that these particles are monomerie PS II centers, this 
means that a grana disc contains 190-2011 PS Ii centers 
(twice as man~/if the particles turn out to be dimers). 
Therefore PQ diffusion from PS II to PSI  involves, on 
average, the crossing of many domain boundaries and 

must be a slow process. Ihis is consistent with the 
redislribulion rate that we hmnd 1 .txsecn lhc f;t,q :rod 
slow pools ( t  t 2 ~ 6 S). that '~c ~l++c,l,:'tl it) d!lluxion ()I 
I)O between stacked and utlstackcd regions. All in+pt)l-- 
|ant implication is that long r',lngc quimmc diffu,,itm i,, 
too slow It+ he able l(, ctrntriht~te significantly to the 
p h o t o s y n t h e t i c  c l c c l r t m  lh rw.  

( ' l c a r l y ,  o u r  s t r u c t u r a l  m o d e l  is s u g g e s t i v e  ~1 at n u n >  

her of cxpcrimcnlal tests beyond thor, c described in the 
present papers. The homogeneous rcdistrihutitm of 
membrane proteins caused by unslacking of thyhlkoids 
membranes should affccl the biphasic character of the 
photo-reduction process; modification,~ of the protein 
density in apprcsscd membranes through "stale-transi- 
lion', by using mutant strains, or by other means, 
should modify the donrain size. In a forthcoming paper 
(Joliot. P. and A. Joliot, unpublished) additianal evi- 
dence supporting the dtm~ain hypotlacsis will bc re- 
ported, based on an analysis of electron flow through 
the cytochromc t¥/f complex. 
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