
Biochimh'tt et Biophyxica A tta. I I (I l t 1992 ) 13 22 1 3 
'c 1992 Elsevier Science Publish,-r~ B.V. All righls rcsened (Kl115-2728/92/$05.011 

BBABIO 43623 

Plastoquinone compartmentation in chloroplasts. 
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In the first part of the paper, we describe the rationale that underlics our proposal that rapid plastotluintmc diffusion is 
rcslricted to membrane domains that include a small numbcr of PS I I  centers, witil ~,, l,load distribution of the qtthu)nc l}Cr 
center stoichiometric ral.io. This hypothesis is shown to account for the non-cquilibri~t'n rclationship between ~he rcdox slates ot 
OA and plastoquinoncs during the pho~orcduction process. It is strongly supported by ihe study ~f the oscillalitms of Ihc 
flash-induced oxygen yield. The progressive accumulation of OA causes no addiliomd damping, expressing an all-or-none 
phenomenon: no significant reduction of Oa occurs in a domain until all thc sccondau, accep!~;,, ar~. reduced. The use-course 
reflects the distribution of thc quinonc per rcaction center stoichiomct~, total photorcductitm being reached earlier m domains 
where this ratio is low. In the second part, wc propose a structural model in which the domains arc caused by the high 
concentration of proteins in thc mcmbranc. From cryofraeturc data, it appears that lhc surface fraction occupied by protein,, is 
close to the two-dimensional percolation threshold (0.5), above which a network ol closed cclls is formed, prcvcnting tong-range 
diffusion of small molecules. A theoretical approach is described, based on percolation theory,, that agrees ,,atisfactorily with thc 
experimental data. 

Introduction 

in bioenergetic  membranes  a section of  the electron 
transfer  chain involves a shuttl ing of  diffusing quinone 
molecules that accept e lectrons from a membrane  pro- 
tein complex and deliver them to another  complex. 
Quinones  arc lipid-soluble molecules part i t ioncd in the 
hydrophobic core of  the membrane .  Studying this dif- 
fusion process may provide relevant structural informa- 
tion at a specific scale, filling in the gap between 
spectroscopic and crystallographic data at the molecu- 
lar level and the mcmbrane  images obtained by elec- 
tron microsccopy [l]. 

In chloroplasts,  plastoquinones (PQ) mediate  trans- 
fer be tween the PS II reaction centcr  and the cy- 
tochrome b ¢ , f  complex. There  are about six POs per  
PS ll center  [2-4] (or about eleven if one includes the 
'slow pool '  ascribed to stromal membrane  in the pre- 
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ceding paper  [5]) and several centers  have access I o a  
common pool [5-7]. Since most PS II reaction centers  
are located in the granal regions, while PS 1 centers  are 
segregated in the stromal regions, transfer over a long 
distance (some tenths  of mitre , l )  must be carried out 
by a diffusing carrier. The two possible candidates are 
plasloquinonc and plastoeyanin. The-hit ter  is a soluble 
protein confined in the internal aqueous space (Iqmcn). 
thai transfers electrons from the b~, f  complex to the PS 
I reaction center.  Since the b , , f  complex is present in 
both membrane  regions, there  scented to be no obvion,, 
way to decide which diffusing carrier is responsible for 
long distance transfer.  In the companion paper  [5] and 
in previous work [1,8]. wc reported evidence for a 
compar tmcnta t ion  of  PQs within membrane  domains 
including a small average number  (3-5)  of PS I! cen- 
ters. Diffusion between domains was shown to occur 
on a slow timc-scalc (seconds range). Correspondingly,  
the diffusion of PQ f r o m  the stromal region towards 
the grana is also a slow process, that  cannot account 
fo~ rapid transfer  bctwcen both regions. 

In the present  papcr,  we first discuss in more detail 
the rationale that led us to these conclusions. This 
itwolvcs an analysis of  the relation between thc pri- 
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mary quinonc acecpt,~r of PS II (O~) and the l}O pool 
during the photoreduction process. The lack uf rapid 
gh)hal cquilibritim between these carriers it an indica- 
li~)n ol the existence of hctcr()gencous domains. Strong 
support for this view is provided by analyzing the 
damping characteristics of the oxygen evolution se- 
quences under llash illumination. Second. we propose 
a structural interpretation for the quinone domains~ 
The surface fraction occupied by the membrane pro- 
t,:in complexes. ;is estimated from electron microscopy, 
is close to the two-dimensional percolation threshold 
corresponding to the lbrmation of closed cells. Wc 
describe :t theoretical approach that can account t~r 
the experimental data. 

Resul ts  

The domain  hyl~r~lhe.~i.~' 
Nou-uqtdlil~rium rehiti~m,ship hetwcu~l (~ l arid the P(~) 

I~i~)L As prc~iously discus,,ed [5]. the rclati~mship be- 
tween the rcdox staler, of ()., and that of PO during the 
c(J|lr'-;c I.II a phot~l"¢duclitm process appears markcdb, 
dilfcrcnt from the cxpcctctt quasi-equilibrium ie twecn 
t~o carriers separated by a midpoilit potential dilfcr- 
encc of at least l(ll] nlV. In such experiments, the 
illumination intensity is sufficiently weak so that the 
electron transfer r , tc  frnm OA to PO is n~)t limiting. 
Varying this intensity in a range of five does not 
essentially m~dify the observed relationship. In Ref. 5 
this discrepancy with cqnitit~rium c,~.'c,; was illustrated 
by comparing (Fig. 10) the experimental O:x vs. PQ 
relationship with theoretical equilibrium cul~es corrc- 
,~ponding to various values of the constant K = ([O',~ ~)/  
[f.)'~'~]~IPC)'~'~]/II'O"~]) I " .  The kinetic aspect is shown 
here in Fig. 1. where the experimental data tor accu- 
mnlation of O~ during a sequence of flashes arc (.'o111- 
pared with thcorctic;d cur~'es for various ~alues ~)1 K. 
l he data wcrc taken from Fig. 8 in Ref. 5. subtracting 
the sl(~wcr phase (appruximatcd as a straight lineL As 
discussed in the preceding paper, in spite ~f the ab- 
sence nf a soluble r e c e p t o r  l o t  P ~  I,  o n e  o r  t w o  

electrons arc taken up through PS I: This will hc 
neglected here. resulting in a slight {wet-estimate of 
the lfast) PO pool in the present paper. The thc{ireti- 
eai cu~'c~ were computed using cqs. (A3, A4) in the 
Appendix, imposing a i)O/¢O,x stoichiomctric nitio of 7 
(,',O a s  It) keep the area equal t() t h a i  o f  tile experimen- 
tal curvcL The S-shape ix duc to the equilibrium law 
hetwccrl a onc-clcctr(m carrier (O~,) and a two-elec- 
tron carrier (PO), that a[fecls similarly the theoretical 
plots shown in Fig. 11) of the preceding paper. For 
simplicity, the incidence of the two-electron gate OB 
between Q,x find the pool is not taken into account 
here. As already discussed [5], this mechanism causes 
the system to shuttle between two sets of slates in 
which the equilibrium constant uf OA, with its sec-  
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o n d a ~  acccptor is ei ther  about 2fl or greater than 50 
{q}. Thus. this can hardly affect the basic discrepancy 
between the obseived time-course of photoreduction 
and that expected from equilibrium relationships. 

Failure to achicvc equilibrium during photo-reduc- 
tion is also apparent  when the experiment is run start- 
ing with a partially reduced pool, as may be done by 
pro-illuminating the system and letting it dark-adapt 
for a few minutes. If equilibrium were achieved, the 
observed time-course during illumination (or the QA vs. 
PQ relationship) should be superimposable to the final 
section of the corrcsponding c', vc for PQ initially fully 
oxidized. By contrast, the kin¢ ,cs is steeper and starts 
from f.),, almt}st fully oxidized (see Figs. 8 -10  in the 
preceding paper). In other  words, the situation found 
after a few minutes dark-adaptation is consistent with 
fin equilibrium of large K value, whereas non-equi- 
librium prc,'aiis during photoreduction. 

"rhcsc f;ndings arc reminiscent of similar failure to 
achieve rapid global equilibration in experiments with 
bacterial re-lotion centers [10-11]. The interpretation 
developed in tire latter case inwdvcd 'super-complexes'  
including a small anrount of rcdox proteins with fixed 
stoichiomctric composition. However, this type of ex- 
planation cann()t be retained here, for two reasons. 
First, the low "apparent equilibrium constant '  a p p e a r s  

during flash photorcduction of the pool as well as 

under continuous i l lumination Yet, the theoretical 
analysis developed in Rcf. 11 predicts an increased 
apparent  constant (with respect to the truc one) under  
saturating flash illumination. Moreover, the minimum 
size of the 'super-complex' that would be involved here 
(with an electron capacity of 15) is too large to account 
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for important deviations with respect to global equilib- 
rium [11]. Therefore, we were led to propose a distinct 
hypothesis, that retains the idea of isolated clusters, 
but involves stoichiometric fluctuations in lhcir compo- 
sition [1,8]. We assume a compartmentation of quinones 
within isolated domains, with a broad distribution of 
the stoichiometric ratio between PQ and PS 11 centcrs. 
In each domain, rapid local equilibrium (with large K) 
is achieved over a few milliseconds. Global equilibrium 
through redistribution of PQ across the domain bound- 
aries is a slow process in the ten second range. Fig. 2 
shows the individual reduction kinetics of Oa  during a 
series of saturating flashes (computed according to the 
Appendix) in domains with various values of the PQ 
per center ratio. Due to the large K ~,taken here as 
I00), each of these curves is close to a step (Heavyside) 
function, with Q,,, remaining almost fully oxidized until 
total reduction of the acccptors. The falling edge in 
each curve is approximately centered between flashes 
N and N + I, where N is the number  of fleshes corre- 
sponding to total reduction of QA + PQ. Shus, if one 
has X 0 plastoquinofies per center, the edge occurs 
around N ~ = ( 2 X , + l + ( I . 5 ) / ( I - o t + / 3 ) ,  where the 
photochemical efficiency of the flash is taken into 
account through the miss ( a )  and Ooublc-hit (/3) coeffi- 
cients. By superimposing such step functions with ap- 
propriate weights, one can synthesize any decreasing 
time-course for photo-reduction of Q,~. The solid line 
in Fig. 2 gives an example where the curves shown in 
the figure were equally weighted. Conversely, given the 
experimental behavior of QA, one can estimate the 
weighting for the various stoichiometrie ratios. The 
derivative of the Qa curve at flash N expresses, to a 
good appr~ximation, the fraction of centers lot which 
N = N  e, ~hus those having (N(I - a + / 3 ) -  1.,~)/2 
pla,~toquinones per center. This distribution was plot- 
ted in Fig. 3 (solid line): according to the foregoing 
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hypotheses and approximations, it gi~'cs the relative 
fraction of centers belonging to domain.,, with a given 
number  of PQ per center. The circles in Fig. 3 show 
the result of a somewhat more accurate procedure 
wherc the time-course of PQ in individual domains is 
not approximated by a Heavyside functi~m, but using 
computed curves as in Fig, 2. Wc used 21 of these 
curves, with the P Q / c e n t e r  stoichiomctrv ranging from 
(} to 20. The experimental q(/I)  curve was fitted by a 
simplex routine 112] with 21 parameters expressing the 
weighting of each stoichiometrs,. The lust paranlctcr 
accounts for stoichiometrie,~ -_':_ 20 and was accordingly 
found larger than the prcccdirg ones. 

The model described sn far does not imply a defi- 
nite size for the quinone domains. Two extremes v,~uld 
bc either vcD' small domains including one center and 
a small variable number of PO molecules, ¢}r con- 
versely, domains extending to large fractions t~f the 
thylakoid, or to whole thylakoids. In the latter case, 
however, one would nt~t observe redistribution of 
quinones over the domain,,,, evcll on ;1 s l o w  time scale. 
A,, mentitmed above, and slk~wn in :'ac orcccding pa- 
per. such a redistribution does ¢~ccur on a Ion seconds 
time-scale, excluding very large scale heterogeneity us ~ 
prcvailing cause lbr the ~toichiomctric spread. Further- 
more, experiments using partial inhibitinn nf I'S I1 
centers led us to conclude that the domains e~mtain a 
small number of centers (that wc c,~timatcd to bc 3-4. 
assuming all domains have the same number of ccn- 
ters-a  point that will be reexamined below). The effect 
of redistribution of quinones after partial photo- 
reduction and long relaxation time (see Figs. ~- l l )  in 
the preceding paper) is easily simuhited in the domain 
framewt?rk. Assuming that the stoichiornetric distribu- 
tion {total PO per center among the domains) is not 



O.V~~C~I ,sP~~~~~v~~IY. Examimltion of the damping char- 
actcristics of the oxygen sicld scqucncc under ILlshing 
illumination offers ;! critical test of the domain hypoth- 
c>‘b. Oxygen is rclcascd uticr scquontial ;iccumulation 

of four oxidizing cquivalcnts on the donot side of each 
PS II ccntcr. ;IS described by the Kok model [ 131. Since 

most centers arc in the S, state (one oxidized cquica- 
I:nt present) in the dark-adapted system. this results in 
a chnrac~crixtic oscillating pattern of the oxygen yield 
with ;I pcriodicity of foul- tlashcs. The photochcmical 

cfficicncy of short haturating tlashcs is affc:tcd by 
intrinsic prohahilitics of ‘misses’ tparametcr CY corrc- 

spending to no clla~~gc of the S-state) and ‘douhlc-hits’ 
(paramctcr fi L,oi-responding to double adtancc). Thcsc 
p;lrame(crh c;~usc the damping of the oscillating pal- 
tern and their rclativc magnitudca affcc( the phase 
shift occurring during the scquencc. An cxccss of misses 

will rcsuh in an incrc.lscd periodicity (more than four 
ilashcs) and douhlc ;!dvanccs will have the opposite 
cffcct. This phcnomcl:on providoc :I sensitive prohc of 
the local functionning of the ccnlcrs. 

As an csamplc, wx consider the homogcncous situ+ 

(ion whcrc the accumulatmn of Q,, during photo- 
reduction of the pool would rcflcct a prohahility c-f illl 
ccntcrx being closed for an inrrcascd fracrion of the 

time. This ir, cI,uiv;llcnt to a11 incrca:c of the proha- 

hilistic (Y paramctcr that can hc simulated as described 
in the Appendix. Fig. 4 compares the cxpcrimental 
\cqucncc (solid line and circles) with the sequence 
compulcd under the above assumption, using the cx- 

pcrimcntal Q,, time-course (solid line in Fig. I) as the 
phcnomcnological probability to have an open center 
upon each tlash. The simulated scqucnce is in obvious 
disagreement with the data: it is damped too strongly 
and has an additional phase shift. These features are 
clear in Fig. S. whcrc hoth sequences were rc-normal- 
izcd to a constant number of open centers. No oscilla- 
tion is disccrnihlc in the simulated sequence (triangles) 
beyond !‘~c third period. whereas the Oth-7th periods 
arc still rcsolvcd in the cxpcrimcntal sequence. There- 
fort. the possMity of a rapid homogcncous cquilib- 

rium bctuccn Q,, and the pool is not only inconsistent 
with the thermodynamic analysis developed earlier, but 
is LISO cxctudcd by ihc absence of additional damping 

accompanying the accumulation of reduced Q;,. This 
;Ihscncc of damping is 21 strong indication that the local 

relationship Mwccn PS II centers and their accessible 

acceptor pool is govcrncd by a large equilibrium con- 
stant. Wc helicvc the only way to accomodatc both this 

evidcncc of’ a I(jcill large equilibrium constant and the 
progressive dccreasc of open centers accompanying the 
pool reduction is the hypothesis of isolated domains. 

Fig. o shows computed scqucnacs for domains of 
various stoichiomctrics. using the same parameters as 
in Fig. 2 (K = 100). As cxpccted. caci, sequence be- 
haves roughly in ;m all-or-nothing fashion with almost 
no additional damping until total photo-reduction of 
the acceptors. Using the stoichiomctric distribution of 
Fig. 3 (circles). the individual scqucnces can be 
wciphtcd in order to synthcsizc the global response. 
‘l’hc result is shown in Fig. 7 (open circles) and in Fig. 
5. for comparison with the renormalizcd experimental 
scqucncc. The agrccmcnt with the experimental se- 
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quence is very. good, especially if one takes into ac- 
count the approximations involved in the computation 
(such as: possible minor deviations from the s imp' :  
Kok model, neglecting the interference of the two-elec- 
tron gate on Qn. estimate of the QA curve by smooth- 
ing the oxygen sequence [5], neglecting the limitcd 
electron flow through PS ! and approximating, linearly. 
the contribution of the slow phase). 

A i~'rcolation approach for plastoquhtone domams 
The thylakoid membrane,  as observed in ery ofrac- 

ture micrographs, appears to be densely crowded with 
integral proteins. The two surfaces resulting from frac- 
ture of the lipid bilayer each retain a specific fraction 
of these proteins that confer their characteristic as- 
pects to the PF and EF domains. Typical figures rc- 
ported for particle size and density in stacked (granal) 
regions are shown in Table I. The total ,,urface fraction 
occupied by these particles is also indicated and v, as 
found around 50%. This was estimated by intcgration 
using the histograms of the distribution ol  particle 
sizes; slightly lower figures are obtained v, hcn taking 
the aYeragc size estimated for both types of particles. 
The shading procedures may cause some error in the 

estimate of the particle sizc~,, a~d the number of parti- 
cles that are recognized a,, v, orth counting depends, to 
s o m e  e x t e n t ,  o n  t h e  o b s c l ~ , ' c r ' s  o w n  bias. At an;  r a i d .  it 
may bc concluded that the ,,urfaee fracti(m occupied by 
protein complexes in the lipid core of the membrane is 
of the order of 5(Iri ". A notcv~orthy feature in cr~ofrac- 
turc pictures is that lhc particle distribulion is not 
quite random. The EF particles secm to "repel" each 
other, with a statistical trend against small distances 
between them. In some instances, highly ordcrcd, or). s- 
tal-likc structures are seen [15.1~]. The general case 
seems to !ic somewhere between total randomness and 
crystalline order, suggesting that if both fracture sur- 
faces were reassociated in their native posilic~n, a net- 
work of associations would appear. 

The problcm of quinonc diffusion in this dcnscl_', 
obstructed area pertains to the field o| pcrof la t ,m 
t h c o ~  (see Ref. 19 lor an o,,erall ,~ie~ and Rcf. 211 for 
a discussion of percolation in biological mcmbranc~,). 
The two-dimensional percolation threshold i,, defined 
as the surface fraction above which the particle,, v, ill 
form a nctwork of closed cells, prc'.entmg long-range 
diffusion (percolation) ~1 smallc[ objcctr,. This thresh- 
old is about I).5 [Iq]. thus ch,sc t(* the ac~uad cr~,t l ing 

T A B L E  I 

(~:~'rofracttttt" data tier the' ttz('mbratlt" tlrt'u oc(upied h)" #ltegral prott'ifi~ 

Mater ia l  EF, PI-  l~llal are~t 

Mean Densi ty t, Area  Mean Dcn',it~ ' Area  ild~.li, m 
d iamete r  " fraction ' d iam¢le r  " l'r.~ction " 

Spinach [17] 14.3 1495 I).25 ;',.2 34ci,~ (I. It, ~ li 44 
Barley,' [ 18] 14.4 1670 IL2S 3. i 2 ./.t,tC I I.25 I p ~ 
Pea [19] 13.3 1466 !).lt~ 7.7 452~) IL22 1~41 
Ch lamydomonas  [21)] 14 1231) [L i tl ~.5 552h IL '~  I r 5,', 

a Nanometers ;  t, per  sq|larl~ micron:  " computed  by in legra l ing  Ihc hi',logranl'., hlr llarlit '[e ,,tzc di,,trthl~lt~m 
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of the thylakuid in stacked ncgit,ns *. Clearly. thc de- 
gree and nature of order  in the arrangement  of  the 
particles may significantly shift the percolation thresh- 
old one way or the other. Indeed, a regular array of 
closed cells can bc formed with much less than 50(.;- 
surface covcragc, whilc dense packing of particlcs in 
sepcrate  clusters can allow percolation with a higher 
coverage fraction. The latter situation, however, does 
not seem consistent with cr3,ofracture images. Electro- 
slatic repulsion due to the negative charges of the 
particles in the hydrophilic regions should disfawmr 
the formation of compacl cluslers. Furthermore,  exci- 
tation transfer among the chlorophyll-protein and rcac- 
lion center  complexes is known I t  occur, with high 
efficiency, according to the ' lake model ' ,  in which a 
common antenna fccds a large number  of centers: this 
also suggc.,ts a trend towards an association of  particles 
in string:~ rather than isolated compact  clusters. Thus. 
cvcn in situations where thc surface covcragc would bc 
bclov, the percolation threshold,  the reticulation in a 
network of closed cclls may still occur * ~ 

Regarding the problem of plasloquintmc diffusion. 
one should take into account the finite size of  these 
molecules The minimum gap that will allow them to 
worm their way through is the diamct -r of the quinonc 

head. about 7 ,~, [22]. It becames very likcly that rapid 
long-range diffusion in thc stacked rcgions is pre- 
vented,  at least tot a majority of  qtninones, by the 
protein network * ~:*. This pnwides  a natural  interpre- 
tation of thc Jomain hypothesis developed above, it 
should be recognizt.d, however, that  the particle net- 
work is expected to undergo constant  rear rangement ,  
mudifying the domains" gcomctry and allowing, in the 
long run. diffusitm of  quinones  throughout  the mem- 
brane space (a point  that  was stressed to us by Dr. W. 
t tachncl ,  private communication).  The rate of  these 
rearrangements  strongly depends  on the interactions 
between particles: if significant binding takes place, 
this rate should be much slower than could be esti- 
mated from the dif |usion cocfficicnt of individual com- 
plexes. Indeed. the spin label study repor ted  in Ref. 24 
suggests a very low mobility of PS 11 an tenna  com- 
plexes in stackcd regions, tn the present  discussion we 
assume that the network can be viewed as rigid on the 
sub-second timc-seale thai concerns  us here.  

In order  to test this model,  wc now examine whether  
the framework of  percolat ion theory can account for 
the paramctcrs  found in the domain description. Two 
independent  features should be accomodated:  the  stoi- 
chiomctric distribution given by Fig. 3 and the effect  of  
partial inhibition of  the centers ,  which is related to the 
number  of  centers  per  domain.  

A general  expression giving the relative number  of  
domains with area s is as in Ref. 25: 

P(~)-  s" cxp(- .~/s)  (1) 

Paramctcr  ~r can bc viewed as charactcristic o f  the 
degree of disorder of  the system. A random spatial 
distribution .0f particles cor responds  to ~r = - 2  [25], 
thus a vcr2,' rapidly dccrcasing dependence  on s. Spa- 
(i~d organization of the particles in a more  o rdered  
m ~work would tend to favor domains with an area 
close to some average value: this cor responds  to a 
positive value lor ,r that results in a bel l -shaped area 
distribution. Fig. 7 shows the shapc of  P ( s )  for various 
values of ~r. Parameter  S controls  (for fixed o-) the 
average domain size and depends  on the surface frac- 
tion occupied by the particles. 

* A ~aluc of 0.5 is f~mnd flit the percolation threshold v.hen 
laying randomb non-overlapping di~,c~, o11 a ~urtacc Dif lcrcm 
values may arise v.'hcn stud_~,ing pcrcolatiun un a lattice (see. 
e .g .  Ref. 211. depending tin the latlJce gcom¢l~ and tm the ,.~1~. 
ol ¢',nmating the cqui',alcnt atca of the objecls laid tin it. 

* * In a recent Monte Carlo "4ud~, of 'cluster-cluster aggregation' .  
S,~xlon 121] poinh out that agglc~avc,, fl,rmed b_~ diffusion and 
irte'.crsiblc slicking arc much more circe(ire barriers I t  diffu- 
r, ion than randtml obstacles. In this system, long+range diffusion 
",anishcs for a surlacu coverage Io',~,cu h', l(I-2(Jr.: than the 
r;md~,m pelcolalion threshold. 

A recent paper b~ Blackv, ell and Whitmarsh [23] reports a study 
nf plastoquimme diffusion in artificial membranes when: by+ 
drophclbic proteins were included. The method used (quenching 
(~1 pyrcnc lquorescence) pnwides inf(~rmalion on the short range 
diffusion of PO and i~, m~t directly relevant I,  percolation. 
Nevertheless. it is interesting It) note that the presence of 
proteins was fl)und It) induce an unexpected decrease of the 
diffusion coefficient ol PO. The authors propose that lipid/ 
protein or PO/protein interactions may account for this ob~r- 
ration. Such interactions could increase the minimum protein- 
protein distance required fi+r PQ to go through, beyond the 
'qcric threshold ol 7/~, 



As a starting point, we assume (from Table 1) that 

the EF, particles, that occupy about 2551 of the mem- 

brane surface, correspond to PS II ccntcrs. while the 

other tP$) particles, that occupy a similar surface 

fraction. correspond to other proteins (the h,,f and 

light-harvesting complexes, or a traction of them). The 

simpler hypothesis concerning EF, particles is that one 

particle represents one center. There are. however, 

indications tsec, e.g., Refs. 2h and 27) suggesting that 

the particles could actually include a dimer of centers. 

In the following derivation we retain the monomer 

hypothesis and we shall indicate later modifications 

pertaining to the dimeric case. Our first goal is to 

obtain an expression for the distribution LItn, s) of the 

fraction of domains, with area s, including II PS II 
centers. A first simplifying assumption is to take the 

area u of the particles that surround a domain of free 

area s, as proportional to s: v = $s, which means that 

we neglect fluctuations in the number of particles 

belonging to domains of given area *. We further as- 

sume that most of the particles are constituents of the 

border between two domains, neglecting those which 

are totally immersed within a single domain. Theu $ 

can be computed, noting that, since each particle be- 

longs to two domains, the total area occupied by parti- 

cles is: 

S,=l/2~jxsP(s)ds 
0 

=1/2&S, (2) 

where S, denotes the total free area. Since we assumed 

a coverage ratio of 0.5, Sp = S, and tl~ = 2. The distri- 

bution of V. P’(v) is obtained from that of s: 

P’(s) = P(s) ds/drr 

= I/dP(v/$) (31 

Taking the area unit equal to one EF, particle 

(= 15.5 nm2) and reminding ourselves that half of S, is 

occupied by EF, particles. the mean number of EF, in 

a domain of size s is v/2. Since we consider all 

particles to belong to border strings, we may expect 

that half the EF, have their Q, pocket directed to- 

wards the domain under consideration, the other half 

being oriented outwards. Thus the probability of hav- 

ing a unit cell in the particle area u occupied by a PS I1 

center with the right orientation is f= l/4. It may be 

remarked that we disregarded two effects that should 

have opposite incidence on f and may IU some cstcnt 

compcnzatc for each uther. Particlcs that are com- 

pletely immersed in tlic domains should incrc;w /. 

while the stcric obstruction of the quinonc pocket ma! 

occur in 21 frac‘tion of ‘inactive’ centers. as further 

discussed below. thus dccrcasing f. WC obtain II as 

the bim)mial distribution: 

Clearly, some arbitrariness is involved in the as- 

sumptions we have used. A more specific description 

would require geometrical information on the structure 

of domains (related to the interplay of interactions 

between particles) that is hcyond present knowledge. 

We may recall that both for functional reasons (ef- 

ficiency of excitation energy transfer and electron 

transfer) and for physical reasons (long-range clectro- 

static repulsion, combined with short-range attractive 

forces). we expect the particles to organize in strings 

rather than compact clusters, which justifies sume of 

our assumptions. At any rate. WC wish to stress that our 

present aim is a qualitative test of the plausibility of 

the model rather than an accurate thcorcticat dcscrip- 

tion. 

Another source of fluctuations that may affect the 

stoichiometric distribution arises from plastoquinoncs. 

Denoting by 4 the density of PQ in the free membrane 

surface. the probability of having I?,, quinones in a 

domain of area s (bounded by v = 4s particles) is giv*en 

by a Poisson law: 

where p = ys = qv, $ is the mean number of quinones 

in such a domain. 

We can now write the stoichiometric distribution 

Y(r) expressing the number of centers belonging to 

domains where ~I,,/H = r: 

:,gt,,,,,, ,.,p I!,, (J(,,,,. I bv,i,,;,r - Q] (6) 

where the 6 function eliminates any stoichiometry but 

r (the summation excludes domains void of any cent-r). 

The denominator normalizes the expression to the 
total amount of centers: 

* The perimeters of domains are expected lo he fractals with dimen 

sion equal to 7/4 [28], thus rather close lo 2. Then. if all particles 
belong lo the perimeter. it would be more appropriate to take 
v = $ v’/~ rather than u = 1 .v. Thk small difference would only 

slightly affect tht! values of the fitting parameters determined 
below. 

which, using (21, (3) and f= l/4, yields N = l/2 S,. 

consistently with our structural assumptions. The inte- 
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gration on ~ ; in ~(~) is carried out through the ~ariablc 
change x = nq,/n t in,  = t~ dx. yielding: 

YI,') : I/.~. 1" 'd, t"O')  ~ n : l l ( , .  ~')UIm. ~'~ 
• I , ~  I 

(;',.) 

If the average nunlbur of  quinoncs per donlain is large, 
fluctuations in the quinonc distribution may bc ne- 
glected so that cq. (Y) is approximated by: (Q(n,r u)= 
a(n,~ - # ) .  In this particular case. after insertion in (8), 
and performing the appropriate variable change, the 
summation on n is eliminated and one gels: 

Y(~)  = ,F , (  ~'.~,:~' ~£'d,,P'(,, >:.( . , /e, ,- .  ,'~ 

E el0 

o 

~) 0.05 

u- 

://11 \~\~1 
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~ . . ,  . . . .  , . . . .  , . . . .  , 

5 10 15 20 
PQ per center 

Fig. I(1. Efl¢~'ts of  ~r (left hand panel) and S (right hand panel) on 
th¢ computed distrihutlon. The datapoints arc tho~e of Fig. 3. t,eft: 
3"-18 and ~r= I (  . . . . . .  ) . - I . 3 1 - - - - ) ,  - I . 6 1  . . . . . .  ).Right, 

~ r= -1 .3and  S=111( . . . . . .  ),181 )and25(  . . . . . .  ). 

Among the Faramcters involved in expressions 18.91, 
d~ (=21  and ,r(  = 1/41 wcrc fixed by our ~tructural 
assumptions. The other parameters are rr. S and q. 
Given the two first parameters, q is determined by the 
experimental overall stoichit~mctry (seven quinones per 
PS I1 ccntcrl. The appropriate valuc of q was corn- 
puled so that this sloichiometry was obeyed when 
excluding the domains that have no center. We arc 
thus left with only two adjustable parameters, ~r and S 
that determine thc domain size distribution P(s), or 
P'O') through Eqn. 131. A satisfactory fit of the cxperi- 
mcntal Y(r) distribution of Fig. 3 was found for a = 
- 1.3 and S = 18, as shown in Fig. 9. For comparison, 
the dotted curve shows the distribution obtained by 
adopting a fixed domain size. Fig. III further shows the 
ineidcncc of the parameters involved in P(s) on the 
distribution Y(r), varying either ~r Cleft panel), or S 
(right panel). It is worth noting that both parameters 
arc rather narrowly constrained by the characteristics 
of the experimental distribution. ~r controlling the as- 

,/. ' \  
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0 5 10 15 20 

PQ per center 
Fig. 9. Exper imenta l  and compu ted  stoichiomc~tric dirqributiom,, T h e  

dalapt~inls are  Iho~,c of  Fig. "~ T h e  solid l ine ',~as ¢ o m p u l c d  accord ing  

to |='qn. (8) (or  equivalent ly.  Eqn.  q) with ~r = - 1,3. S = 211 and  ~llhcr 

pa rame te r s ,  as given in the tcxl. ( . . . . . .  ) Ihc dis t r ibut i tm ob ta ined  

with a fixed a rea  fi~r the domains  t rep la¢ing  Pt  s } by a Di rac  funct ion 
~lrOtlfld | hL' ;IVer[Igt.' '¢[IhlC 1. 

symmetry and, for given er, S controlling the peak 
position and distribution width. This set of valu~:s turns 
out to be quite consistent with the type of statistics 
expected from a random, or close-to-random distribu- 
tion of particles in pcrcolation theory. The value of er 
is close to the - 2  value obtained in two-dimensional 
percolation on a lattice. Moreover, the relatively large 
value found for S ( =  18) is consistent with a surface 
coverage of particles slightly above the percolation 
threshold, as estimated earlier (denoting by A the 
excess above this threshold, one expects S = A  -4/3, 
when A is small [25]). 

Taking o-= - 1.3 and S = 18, one can compute the 
average number of centers per domain, for which we 
obtained 2.05 (considering only domains that possess at 
Icast one centcr). Thc average number of quinones in 
these domains (where n >__ I) is 7-fold larger, thus about 
14. Thus it is clcar that the prevailing cause for the 
wtdth of thc stoichiometric distribution resides in fluc- 
tuations of the number  of centers rather than quinones. 
Indeed, when suppressing quinone fluctuations (impos- 
ing qs quinoncs in a d~,main, using Eqn. 9), the com- 
puted distribution is little affected. However, when a 
diminished number of oxidized quinones is present, 
such as in the pre-illuminated experiment (Fig. 9 in the 
companion paper), a slight broadening of the distribu- 
tion is observed that can be accounted for by a more 
significant contribution of quinone fluctuations. 

It is tff interest to scc whether the parameters that 
were determined for fitting the Y(r) curve can also 
account for the independent  experimental data con- 
cerning the effect of a partial inhibition of the centers. 
In the preceding paper, wc estimated a 61151 decrease 
of the (fast) photoreducible pool when inhibiting 85-  
9(IC~ of the centers. The solid line (A) in Fig. I 1 gives 
thc relation between both quantities as computed from 
our modcl. This prcdicts a 611% pool decrease for 88% 
inhibited centers, thus a quite satisfactory agreement 
with the experiment. The dotted line (D) shows the 
relation computed for a fixed number  of centers per 
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Fraction o f  i n h i b ) t e d  centers 
Fig, I I. Relationship betwen the amount o1 photo-reducible quinon¢:< 
and the inhibiti~m of the centers. The decrease of the 1~)ol corre- 
sponds to domains where all centers arc inhihited. Curve A ~,ar, 
computed according to the present model (monomcric center,0, 
using the best fit parameters  of Fig. 9 (,r = -1 .3 .  S ~ 18), The 
dashed curve v.as obtained ax~,uming a fixed number of centers ( = 2) 
per domain (the fraction of totally inhibited domains is then i, 2. 
denoting b~. p the fraction (')f inhibited centers). ('un'es B and (" ,acre 
conlputed assuming that EF, particles ctmlain Iwl) PS 11 c¢,ter,,. ~llh 
anti-parallel (B) or parallel (C) arrangement (see text), Parameters  ~r 
and S were tho~,e corresponding to the be~,t lit of the stoich)ometric 
distributi .n (same as for m()n(~rners in C and - I,q. 15. respectivel3. 
in B). The cr()s~, indicates the experimental value fimnd in 14], ~ith 

eMifllated error biffs. 

domain (taken as the mean value 2.05). The diserep- 
anc-y between these curves stresses the importance of 
center fluctuations in such experiments. It also explains 
the difference between the "average number of centers 
per domain" of 3-4  that wc derived from the inhibition 
experiments (disregarding the fluctuations) and the 
value close to 2 obtained in the present approach. 

We now, briefly, examine the consequences of as- 
suming that b-F, particles mc directs instead of 
monomers of PS II centers. Two possibilities may be 
envisaged, namely a parallel or anti-parallel orientation 
of the centers within the dimers, in the first case, the 
two centers of an El=, particle are either both directed 
towards the domain under consideration or both di- 
rected outwards (with probabilities of I/2).  This means 
that we keep f =  1/4 but replace n by 2n in Eqn. (4). 
On the other hand, if the dimers arc anliparallel, an 
EF, particle will always presenl one center directed 
towards the domain, st) that one should adopt f =  1/2 
and keep Eqn. (4) unaltered. Of course, in both cases, 
the density of quinone~;, q, must bc increased so as 1o 
keep the overall stoichiomett3, fixed. It turned out (not 
shown) that the stoichiometrie distribution of Fig. 3 
',','as equalize well fitted in both dimcric cases, as it was 
in the monomer hypothesis. For antiparallel dimers the 
best fil was obtained for (r ~ - 1,9, S ~ 15, thus a value 
of o- still closer to the theoretical value of - 2 (random 

pcrcohttion hOt,york) than in the monomcric case. For 
f)arallcl dintcrs the best fit was obtained with the sanlc 
parameters (~r ~ - 1.3, S = IS) as for mononlers. The 
inhibition siiTntlation, however, led to :t tnorc discrimi- 
native result: curves B and C in Fig. II correspond. 
respectively, to lhc antiparallcl and parallel situations. 
Only the former case (antiparallcl dimcrs) is consistent 
with the experimental result (as well as the ntonomeric 
case}. These findings thus suggest that the hypothesis 
of parallel dimers is unlikely, while both the monomeric 
and antiparallel-dimeric situations arc acceptable (with 
the additional advantage, in the latter case, of parame- 
ter ~r being closer to the theoretical value). 

Notwithstanding the qualifications regarding the 
rather crude simplifying assumptions that ,,vcrc 
adopted, we feel that this overall agreement with the 
experimental data, adjusting only two parameters to 
values that lurn out to bc quite orthodox from the 
point of view of percolation theory, brings suhslant;al 
support to the plausibilily of our structural interpreta- 
tion. 

In Rcf. 1. wc proposed the possibility that a fraction 
of centers could have no access to the quinonc pool. 
either being associated with very small domains, or 
having their O ,  site obstructed. This would account for 
the so called 'inactive PS II centers" [29,311]. that wcrc 
shown in Ref. 31 to behave like (otherwise) m)rmal 
centers with blocked QA --)Qt~ transfer. The prescnl 
theoretical approach is not really appropriate for deal- 
ing with very. small domains or fine stcric effects. On 
the other hand, the graphic simulation shown in Fig. 4 
of Ref. I did suggest that a significant fraction of 
centers could be found in this silualion 

Appendix 

Wc consider a domain with a givcu stoichiomcID' of 
X,, plastoquinones per center. We denote by q the 
fraction of oxidized (.),,, (i.e., the fraction of pholo- 
chcnticatly active-open-centers and X / X ,  the fraction 
of oxidized quinones. When equilibrium is achieved in 
the domain. (')lie has: 

, ,  xl ,-  x 
(AI )  

where K is the rcdox equilibrium constant equal to 
e x p ( A E m / ( R T / F ) I .  The total number of reduced 
equivalents (electrons) prcsem in the system (normal- 
ized to the amount of centers) is: 

.~,~.q = 2 ( X , , -  X I +  I -  q (A2) 

which lakes into accoun! that a reduced pc..) carries two 
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c l cc l rons ,  So lv ing  (A2)  ~ i t h  r e spec t  to  X, i n s e r t i n g  in to  

( A I )  and  r e a r r a n g i n g ,  o n e  ob t a in s :  

q~(l~ K : ) +  q : l N  H I K : ~ 2 A ' .  .%~I t31) 

" q & : l l l l ' ~ i  -",~.'" 3l • K: I2 .V,  ~.'+ l) () (.{3) 

~ h i e h  carl l-'ie so lved  n u m e r i c a l l y ,  g :v ing  q and ,  u s i n g  

(A2),  X. for  a g iven  va lue  of  ,%~v 

If  (Yle has  q o p e n  c e n t e r s ,  a s a t u r a t i n g  f lash will  

i nc rease  N, l by: 

i A , ' d  = q ( I  ,~ * l J )  (A41 

w h e r e  <~ and  /J d e n o l e ,  r e spec t ive ly ,  Kok ' s  m i s s e s  a n d  

d o u b l e - h i l s .  In (A4).  wc a s s u m e ,  l i l r  s impl i c i ty ,  t h a i  the  

d o u b l e - h i t  p r o b a b i l i t y  on  an  in i t i a l ly  o p e n  c e n t e r  d o e s  

not d e p e n d  on X,  which  will  o b v i o u s l y  not  be  c o r r e c l  

l i / r  smal l  values o f  X but  wi l l  not  eailse ma.ii ir e r ro rs  
clue to  ti le smal l  va lue o f  l'l ( l l . l i2) tha i  was used to  f i t  
the data .  T h e  t ime-course  of  q d u r i n g  a s e r i e s  (if 

f l a shes  can  then  bc c~)mputcd  by an  i t e r a t i ve  p r o c e -  

dure .  S t a r l i n g  f rom a g iven  v a h l e  of  N<. I (e .g.  01 o n e  

o b t a i n s  q by so lv ing  (A31. ~ , i  is t h e n  i n c r e m e n t e d  

us ing  (A41 and  the  p r o c e d u r e  r e p e a t e d  for e a c h  f lash .  

T h i s  m e t h o d  was  u s e d  in Figs.  I - 2 .  

S i m u l a t i o n  o f  oxygen  s e q u e n c e s  was  c a r r i e d  ou t  as  a 

s t ep  of  the  a b o v e  i t e ra t iv¢  p r o c e d u r e .  ( l i v e n  the  v a l u e  

of  a and  the  c o n c e n t r a t i o n s  of  the  S - s t a t e s  a f t e r  f lash  

p~ - I, t he i r  d i s t r i b u t k m  a f t e r  f lash  n is: 

5 , ( n ) = ( , q + l - q ) , ~ h ( n  - I ) + ( l  - , -  lJlq,~,, I (n-  l) 

+j795;, .(n l i  (A51 

w h e r e  the  i ' s  ( = 1) to  4) a r c  ( a k e n  | n o d u l e  4. The  s a m e  

a p p r o x i m a t i o n  as in ( A 4 )  is n | a d c  c o n c e r n i n g  the  d o u -  

b le -h i t s .  S t a r t i n g  f rom a g iven  S d i s t r i b u t i o n  (we t b u n d  

l h a t  the e x p e r i m e n t a l  s e q u e n c e  was  best  f i t t ed  wi th  

100<'7 of  the  c e n t e r s  in i t ia l ly  i l l  SI),  Eqn (A5)  fu l ly  
de te rm ines  the evo lu l i lm  o f  the S-system upon each 
f lash. The  oxygen yield is, s imi lar ly :  

Y ( ) : (  ,~ ) : ( 1 - a )q.g ,( ,I ) + /~q . ' i : (  n ) ( , \r ,  ) 
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