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In the first part of the paper, we describe the rationale that underlies our proposal that rupid plastoguinone ditfusion is
restricted to membrane domains that include a small number of PS 11 centers, with 2 noad distribution of the quinone per
center stoichivmetric ratio. This hypothesis is shown to account for the non-cquilibrinm relationship beiween the redox states of
Q, and plastoquinoncs during the phoioreduction process. It is strongly supported by ihe study of the oscillations of the
flash-induced oxygen yield. The progressive accumulation of Q, causes no additional damping. cxpressing an all-or-none
phenomenon: no significant reduction of Q, occurs in a domain until all the secondary accepts. . are reduced. The ime-course
reflects the distribution of the quinone per reaction center stoichiometry, total photoreduction heing reached carlier in domains
where this ratio is low. In the sccond part, we proposc a structural model in which the domains are causcd by the high
concentration of proteins in the membrane. From cryofracture data, it appears that the surface fraction occupicd by proteins is
close to the two-dimensional percolation threshold (0.5), above which a network ot closed cells is formed. preventing long-range
diffusion of small molecules. A theoretical approach is described, based on percolation theory. that agrees satisfactorily with the

experimental data.

Introduction

In bioenergetic membranes a section of the ¢lectron
transfer chain involves a shuttling of diffusing quinone
molecules that accept electrons from a membrane pro-
tein complex and deliver them to another complex.
Quinones arc lipid-soluble molecules partitioned 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 membranc images obtained by elec-
tron microsccopy [1].

In chloroplasts, plastoquinones (PQ) mediate trans-
fer between the PS I reaction center and the cy-
tochrome b, f complex. There are about six PQs per
PS 1 center [2-4] (or about eleven if onc includes the
‘slow pool’ ascribed to stromal membrane in the pre-
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ceding paper [S]) and several centers have access 1o a
common pool [5-7). Since most PS H reaction centers
are located in the granal regions. while PS I centers are
segregated in the stromal regions, transfer over a long
distance (some tenths of micren) must be carried out
by a diffusing carrier. The two possible candidates are
plastoguinonc and plastocyanin. The latier is a soluble
protein confined in the internal aqueous space (lumen),
that transfers electrons from the b, f complex to the PS
I reaction center. Sinee the b, [ complex is present in
both membrane regions, there scemed to be no obvious
way to decide which diffusing carrier is responsible for
long distance transter. In the companion paper [5] and
in previous work [1.8). we reported cvidence for a
compartmentation of PQs within membrance domains
including a small average number (3-5) of PS 11 cen-
ters. Diffusion between domains was shown to occur
on a slow time-scale (seconds range). Correspondingly,
the diffusion of PQ from the stromal region towards
the grana is also a slow process, that cannot account
for rapid transfer between both regions.

In the present paper. we first discuss in more detail
the ratipnaie that led us to these conclusions. This
involves an analysis of the relation between the pri-
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mary quinone aceeptor of PS 11 (Q ) and the PQ pool
during the photoreduction process. The lack of rapid
global equilibrium between these carriers is an indica-
tion of the existence of heterogeneous domains. Strong
support for this view is provided by analyzing the
damping characteristics of the oxygen evolution se-
quences under flash ilfumination. Second. we propose
a structural interpretation for the guinone domains.
The surface fraction occupicd by the membrane pro-
tein complexes. as estimated from electron microscopy,
is close to the two-dimensional percolation threshold
corresponding to the formation of closed cells. We
describe a theoretical approach that can account for
the expernimental data.

Results

The domain vpothesis

Non-cquilibriton relationship heoveen (), and the PQ
pool. As previously discussed [S] the relationship be-
tween the redox states of Q, and that of PQ during the
course of a photoreduction process appears markediv
different from the expected quasi-equilibrium etween
two carriers separated by a midpoint potential ditfer-
ence of at deast 100 mV. In such experiments, the
illumination intensity is sufficiently weak so that the
clectron transfer rate from Q, to PQ is not limiting.
Varying this intensity in a range of five does not
essentially modify the observed relationship. In Ref. §
this discrepancy with equilibrium cuives was illustrated
by comparing (Fig. 10) the experimental Q4 vs. PQ
relationship with theoretical equilibrium curves corre-
sponding to various vatues of the constant K = ({Q\")/
[QYHIX[PO ] /[PQ™ ' . The kinetic aspect is shown
here in Fig. 1. where the experimental data for accu-
mulition of Q4 during a scquence of flashes are com-
pared with theoretical curves for various values of K.
The data were taken from Fig, 8 in Ref. 5, subtracting
the slower phase (approximated as a straight ling). As
discussed in the preceding paper. in spite of the ab-
seitce of a soluble acceptor for PS L one or two
clectrons are taken up through PS 1. This will be
neglected here, resulting in a slight over-estimate of
the (fast) PO pool in the present paper. The theoreti-
cal curves were computed using egs. (A3, A4) in the
Appendix, imposing a PQ/Q, stoichiometric ratio of 7
(50 as 1o keep the arca cqual to that of the experimen-
tal curve), The S-shape is duc to the cquilibrium law
between a onc-clectron carrier (Q,) and a two-clee-
tron carrier (PO), that affects similarly the theoretical
plots shown in Fig. 10 of the preceding paper. For
simplicity. the incidence of the two-clectron gate Qy
between Q4 and the pool is not taken into account
here. As already discussed [S) this mechanism causes
the system to shuttle between two sets of states in
which the cquilibrium constant of Q,, with its sec-
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Fig. 1. Experimental { } and computed (- - ---- ) time-courses
of Q, reduction duning o series of flashes. The experimental curve
wits derived from the oxygen sequence of Fig, & in the preceding
paper using the smoothing procedure deseribed in that paper and
subtracting the slow phase approximated as a straight line between
the origin and the O, yield reached at the 50 th flash The dashed
curves were computed, as deseribed in the Appendix, for various
vilwes of AL as indicated (taking X, = 7). The Kok parameters, here
and in other i ares were a = 0085 and 8 = 0.02.

ondary acceptor is cither about 20 or greater than 50
{9]. Thus. this can hardly affect the basic discrepancy
between the obseived time-course of photoreduction
and that cxpected from equilibrium relationships.,

Failure to achicve cquilibrium during photo-reduc-
tion is also apparent when the experiment is run start-
ing with a partially reduced pool, as may be done by
pre-illuminating the system and letting it dark-adapt
for a few minutes. If cquilibrium were achieved, the
observed time-course during illumination (or the Q, vs.
PQ relationship) should be superimposable to the final
section of the corresponding ¢ ve for PQ initially fully
oxidized. By contrast. the kine .cs is steeper and starts
from Q, almost fully oxidized (sce Figs. 810 in the
preceding paper). In other words, the sitvation found
after a few minutes dark-adaptation is consistent with
an cquilibrium of large K valuc. whercas non-equi-
librium prevails during photoreduction.

These tindings arce reminiscent of similar faiure to
achieve rapid global equilibration in experiments with
hacterial reaction centers [10-11]1 The interpretation
developed in the latter case involved *super-complexes’
including a small amount of redox proteins with fixed
stoichiometric composition, However, this type of ex-
planation cannot be retained here, for two reasons.
First, the low “apparent cquilibrium constant’ appears
during flash photoreduction of the pool as well as
under continuous illumination. Yet, the theoretical
analysis developed in Ref. 11 predicts an increased
apparent constant (with respect to the true 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



for important deviations with respect to global equilib-
rium [11]. Therefore, we were led to propose a distinct
hypothesis, that rctains the idca of isolated clusters,
but involves stoichiometric fluctuations in their 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 centers.
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-
arics is a slow process in the ten second range. Fig. 2
shows the individual reduction kinetics of Q, 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
100), each of these curves is close to a step (Heavyside)
function, with Q, remaining almost fully oxidized until
total reduction of the acceptors. 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 Q. + PQ. hus, if onc
has X, plastoquinones per center, the edge occurs
around N, =(2X,+1+0.5)/(1 —a+B), where the
photochemical efficiency of the flash is taken into
account through the miss («) and double-hit (B) coefti-
cients. By supcrimposing 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 cxample where the curves shown in
the figure were equally weighted. Converscly, given the
experimental behavior of Q,, one can estimate the
weighting for the various stoichiometric ratios. The
derivative of the Q, curve at flash N expresses, to a
good approximation, the fraction of centers for which
N =N,, thus thosec having (Nl —a+ B) - 1.5)/2
plastoquinones per center. This distribution was plot-
ted in Fig. 3 (solid line): according to the foregoing
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Fig. 2. Computed time-course for Q, reduction dunng a4 series of
flashes. assuming K = (X} and various values of X, as adicated
[ R ). The curve ( ) is the sum of these Kinetics with cqual
weighting.
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Fig. 3. Density of centers belonging to domains with @ given PQ per
center stoichiometry. The smooth line was computed  from  the
derivative of the Q, time-course of Fig. 1, as deseribed in the st
The solid circles were obtained by a simplex fitting of the Q,
time-course by a combination of individual curves with X, = ... 20,
such as those shown in Fig, 2,

hypotheses and approximations, it gives the relative
fraction of centers belonging to domains with a given
number of PQ per center. The circles in Fig. 3 show
the result of a somewhat more accurate procedure
where the time-course of PQ in individual domains is
not approximated by a Heavyside function, but using
computed curves as in Fig. 2. We used 21 of these
curves. with the PQ /center stoichiometry ranging from
0 to 20. The experimental g(n) curve was fitted by a
simplex routine {12] with 21 parameters expressing the
weighting of cach stoichiometry. The last parameter
accounts for stoichiometries > 20 and was accordingly
found larger than the precedirg ones.

The model described so far does not imply a defi-
nite size for the quinone domains. Two extremes would
be cither very small domains including one center and
a small variable number of PQ molecules, or con-
versely, domains extending to large fractions of the
thylakoid, or to whole thylakoids. In the latter case,
however, one would not observe redistribution of
guinoncs over the domains, even on a sfow time scale.
As mentioned above. and shown in e preceding pa-
per. such a redistribution does occur on a ten seconds
time-scale, excluding very large scale heterogeneity as @
prevailing cause for the stoichiometric spread. Further-
more, experiments using partial inhibition of PS 11
centers led us to conclude that the domains contain 4
small number of centers (that we estimated to be 3-4,
assuming all domains have the same number of cen-
ters—a point that will be reexamined below). The effect
of redistribution of quinones after partial photo-
reduction and fong relaxation time (sec Figs. 8-10 in
the preceding paper) is casily simulated in the domain
framework. Assuming that the stoichiometric distribu-
tion (total PQ per center among the domains) s not
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altered when only a fraction f of the pool is oxidized.
the time-course of Q, photoreduction will be roughly
homothetically contracted by factor / along the hori-
zontal scale since a domain with a given total number
of quinones per center will reach total photoreduction
in about twice as few flashes when half its quinones are
initially reduced,

Oxyveen sequences. Examination of the damping char-
acteristics of the uxygen yield sequence under flashing
illumination offers a critical test of the domain hypoth-
es’s. Oxygen is released after sequential accumulation
of four oxidizing cquivalents on the donor side of cach
PS 11 center. as described by the Kok model [13). Since
most centers are in the §, state (one oxidized equiva-
iant present) in the dark-adapted system. this results in
a characteristic oscillating pattern of the oxygen yield
with a periodicity of four flashes. The photochemical
cfficicncy of short saturating flashes is affected by
intrinsic probabilitics of “misses” (parameter @ corre-
sponding to no change of the S-state) and “double-hits’
(parameter B correspouding to double advance). These
parameters cause the damping of the oscillating pat-
tern and their relative magnitudes affect the phase
shift occurring during the sequence. An exeess of misses
will result in an incrcased periodicity (more than four
flashes) and double advances will have the opposite
cffect. This phenomenon provides a sensitive probe of
the local functionning of the centers.

As an cxample, we consider the homogencous situa-
tion where the accumulation of Q. during photo-
reduction of the pool would reflect a probability of all
centers being closed for an increased fracuon of the
time. This is equivalent to an increase of the proba-
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Fip. 4. Fxperimental (@) and computed € ) oxygen evolution se-
yuences, The experimental sequence is that of Fig 8 in the preced-
ing paper, with linear subtraction of the slow phase. as described
carhier. The computed sequence was computed wang Bas. AS and
A6 of the Appendix. taking the phenomenological ¢ time-course as
the solid line in Fig. 1. This is, therefore, the predicted sequence.
when assuming a homogencous madel where the reduced fraction ot
Q, controls the damping o and # as indicated in the legend of Fig,
Loinitial §,= 1.
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Fig. 5. Oxvgen evolution seguences renormilized to o constant
amount of active centers. (@) the experimental sequence of Fig, 4;
( aYcomputed sequence of Fig. 3 and (., computed sequence of Fig.
7. Each of these was divided by the Q4 time-course of Fig. 1.

bilistic @ parameter that can be simulated as described
in the Appendix. Fig. 4 compares the experimental
sequence (solid line and circles) with the sequence
computed under the above assumption, using the ex-
perimental Q, time-course (solid line in Fig. 1) as the
phenomenological probability to have an open center
upon cach flash. The simulated sequence 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, where both sequences were re-pormal-
ized to a constant number of opcn centers. No oscilla-
tion is discernible in the simulated sequence (triangles)
bevond the third period, whereas the 6th-7th periods
are still resolved in the experimental sequence. There-
fore, the possibility of a rapid homogencous cquilib-
rium between Q, and the pool is not only inconsistent
with the thermodynamic analysis developed earlier, but
is ulso excluded by the absence of additional damping
accompanying the accumulation of reduced Q,. This
absence of damping is a strong indication that the local
relationship “etween PS 11 centers and their accessible
aceeptor pool is governed by a large equilibrium con-
stant. We believe the only way to accomodate both this
evidence of a local large cquilibrium constant and the
progressive deerease of opent ceniters accompanying the
pool reduction is the hypothesis of isolated domains,
Fig. 6 shows computed sequences for domains of
various stoichiometries, using the same parameters as
in Fig. 2 (K= 100). As expected, caci. sequence be-
haves roughly in an all-or-nothing fashion with almost
no additional damping until total photo-reduction of
the acceptors. Using the stoichiometric distribution of
Fig. 3 (circles). the individual scquences can be
weighted in order to synthesize the global response.
The result is shown in Fig. 7 (open circles) and in Fig.
5. for comparison with the renormalized experimental
sequence. The agreement with the experimental se-
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Fig. 6. Computed oxygen cvolution sequences for individual domains
with X, = 2-1). as indicated. Equations AS - A6 were used at each
step of the iterative o yeoutation of the ¢ time-course. tuking K =
1K)

quence is very good, especially if one takes into ac-
count the approximations involved in the computation
(such as: possible minor deviations from the simp':
Kok model. neglecting the interference of the two-elec-
tron gate on Qy. estimate of the Q, curve by smooth-
ing the oxygen sequence [5), neglecting the limited
electron flow through PS 1 and approximating, lincarly.
the contribution of the slow phase).

A percolation approach for plastoquinone domains

The thylakoid membrane, as observed in crvofrac-
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 thesc protcins that confer their characteristic as-
pects to the FF and EF domains. Typical figures re-
ported for partticle size and density in stacked (granal)
regions are shown in Table 1. The total surface fraction
occupied by these particles is also indicated and was
found around 509¢. This was cstimatcd by integration
using the histograms of the distribution ot particle
sizes; slightly lower figures are obtained when taking
the average size estimated for both typss of particles.
The shading procedures may cause some crror in the

TABLE 1
Cvrofracture data for the membrane drea occupied by integral proteins
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Fig. 7. Evperimental (@ as in Fig. ) und computed () oxsgen
evolution sequences. The latter was obtained by weighting sequences
Gauch as those of Fig. 6) for individuad domains (X, - 0 200 with the
distribution <nown in Fig. 3 (®)

cstimate of the particle sizes. and the number of parti-
cles that are recognized as worth counting depends, to
some extent. on the observer’s own bias. At any rate. it
may be concluded that the surface fraction occupicd by
protein complexes in the lipid core of the membrane is
of the order of 507¢. A noteworthy feature in eryofrac-
turc pictures is that the particle distribution is not
quite random. The EF particies seem to ‘repel’ cach
other, with a statistical trend against small distances
between them. In some instances. highly ordered. crys-
tal-like structures are seen [15.18]). The general case
seems to fic somewhere between total randomness and
crystalline order, suggesting that if both fracture sur-
faces were reassociated in their native position, a net-
work of associations would appear.

The problem of quinone diffusion in this densely
obstructed arca pertains to the ficld of percolaton
theory (sec Ref. 19 for an overall view and Ref. 20 tor
a discussion of percofation in biological membrancs).
The two-dimensional percolation threshold s defined
as the surface fraction above which the particles will
form a nctwork of closed cells, presenting long-runge
diffusion (percolation) of smaller objects. This thresh-
old is about 1.5 [19]. thus close to the actual crowding

Material EF, Pk, Total arca
Mean Density © Area Meun Density Afca action
diameter # fraction * diameter fraction”

Spinach [17] 14.3 1495 0.25 x.2 KN .19 1144

Barley (18] 14.4 1670 0.28 8.2 1662 a2s 053

Pea[19) 13.3 1466 0.19 7.3 452 0.22 0.4l

Chlamydomonas [20] 14 1230 0.i9 8.4 3520 (.39 1ras

“ Nanometers: " per square micron; ¢ computed by integrating the histograms for particle size distribution
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of the thyvlakoid in stacked regions *. Clearly. the de-
gree and nature of order in the arrangement of the
particles may significantly shift the percolation thresh-
old one way ar the other. Indeed, a regular array of
closed cells can be formed with much less than 50
surface coverage, while dense packing of particles in
seperate clusters can allow percolation with a higher
coverage fraction. The latter situation. however. does
not scem consistent with cryofracture images. Electro-
static repulsion due to the necgative charges of the
particles in the hydrophilic regions should disfavour
the formation of compact clusters. Furthermore, exci-
tation transfer among the chlorophyll-protein and reac-
tion center complexes s known to occur. with high
efficiency, according to the ‘lake model’, in which a
common antenna feeds o large number of centers: this
also suggests a trend towards an association of particles
in strings rather than isolated compact clusters, Thus,
even in situations where the surface coverage would be
below the percolation threshold. the reticulation in a
network of closed cells may still occur **,

Regarding the problem of plastoguinone 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 diamet :r of the quinone

* A value of 05 s found for the percolution threshold when
laying randomly non-overfapping dises on a surfuce. Ditferent
values may arise when studving percolation on a lattice (see,
c.g. Ref. 2D depending on the Luttice geometny and on the way
of esumating the equivalent area of the objects laid on it

In a recent Monte Carlo study of “cluster-cluster aggregation”,
Saxton [21] points out that aggrceates formed by diffusion and
irreversible sticking are much more effective barriers 1o diffu-
sion than random obstackes. In this system. long-range diffusion
vanishes for a surtace coverage lower by 10-207¢ than the
random percolation threshold.

*

-

head. about 7 A [22]. 1t becomes very likely that rapid
fong-range diffusion in the stacked regions is pre-
vented. at least for a majority of quinones, by the
protein network *** This provides a natural interpre-
tation of the Jomain hypothesis developed above. It
should be recognized, however, that the particle net-
work 15 expected to undergo constant rearrangement,
modifving the domains’ geometry and allowing, in the
long run. diffusion of quinones throughout the mem-
branc space (a point that was stressed to us by Dr. W.
Hachnel, private communication). The rate of these
rearrangements strongly depends on the interactions
between particles: if significant binding takes place,
this rate should be much stower than could be esti-
mated from the diffusion coctficicnt of individual com-
plexes. Indeed. the spin label study reported in Ref. 24
suggests a very low mobility of PS 1l antenna com-
plexes in stacked regions. In the present discussion we
assume that the network can be viewed as rigid on the
sub-sceond time-scale that concerns us here,

In order to test this model, we now examine whether
the framework of percolation theory can account for
the parameters found in the domain description. Two
independent features should be accomodated: the stoi-
chiometric 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 arca s is as in Ref. 25:

Pyy=s"expl—» /%) (1)

Parameter o can be viewed as characteristic of the
degree of disorder of the system. A random spatial
distribution of particles corresponds to o= -2 [25],
thus a very rapidly decreasing dependence on 5. Spa-
tizl organization of the particles in a4 more ordered
n.iwork would tend to favor domains with an arca
close to some average value: this corresponds to a
positive value for ¢ that resuits in a bell-shaped area
distribution. Fig. 7 shows the shape of P(s) for various
values of o. Parameter § controls (for fixed o) the
average domain size and depends on the surface frac-
tion occupied by the particles.

“*F A recent paper by Blackwell and Whitmarsh [23] reports 4 study
of plastoquinone diffusion in artificial membranes where hy.
drophobic proteins were included. The method used (quenching
of pyrene fluorescence) provides information on the short range
diftusion of PQ and is not directly relevant to percolation.
Nevertheless. it is interesting to note that the presence of
proteins was found to induce an unexpected decrease of the
diftusion coefficient of PQ. The authors propose that lipid/
protein or PO /protein interactions may account for this obser-
vation. Such interactions could increase the minimum protein-
protein distance required for PO to go through, beyond the
steric threshold of 7 A,



As a starting point, we assume (from Table 1) that
the EF, particles, that occupy about 25% of the mem-
brane surface, correspond to PS 11 centers, while the
other (PE)) particles, that occupy a similar surface
fraction, correspond tc other proteins (the b, 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 (sec, c.g., Refs. 26 and 27) suggesting that
the particles couid 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 II(a, s) of the
fraction of domains, with area s, including n PS I1
centers. A first simplifving assumption is to takc the
area v 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 arca *, 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. Then ¢
can be computed, noting that, since each particle be-
longs to two domains, the total area occupied by parti-
cles is:

S, = 1/2111"" sP(s)ds
=1/2¢$, (W

where §; denotes the total free area. Since we assumed
a coverage ratio of 0.5, §, =S and ¢ = 2. The distri-
bution of v, P'(v) is obtained from that of s:

P'(v)= P(s)ds/dv
=1/dP /) )

Taking the area unit =qual to one EF, particle
(=155 nm?) 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 Qy 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 v occupied by a PS 11
center with the right orientation is f=1/4. It may be
remarked that we disregarded two effects that should

* The perimeters of domains are expected 10 he fractals with dimen-
sion equal to 7/4 [28], thus rather close to 2. Then, if all particles
belong to the perimeter, it would be more appropriate to take
v=4g /% rather than v =¢ s. This small difference would only
slightly affect the values of the fitting parameters determined
below.
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have oppuosite incidence on [ and may to some extent
compensate for each other. Particles that are com-
pletely immersed in the domains should increase f.
while the steric obstruction of the quinone pocket may
occur in a fraction of ‘inactive’ centers, as further
discussed below. thus decrecasing f. We obtain IT as
the hinomial distribution:

Hn. vy= (:;)/.n“ T "

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 beyond present knowledge.
We may recall that both for functional reasons (ef-
ficicncy of excitation cnergy transfer and clectron
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 justifics some of
our assumptions. At any rate. we wish to stress that our
present aim is a qualitative test of the plausibility of
the model rather than an accurate theoretical descrip-
tion.

Another source of fluctuations that may affect the
stoichiometric distribution arises from plastoquinoncs.
Denoting by ¢ the density of PQ in the frec membrane
surface. the probability of having s, quinones in a
domain of area s (bounded by = ¢s particles) is given
by a Poisson law:

Qn, vy=¢ “pn /n)! 5

where y = gs = gv /¢ is the mean number of guinones
in such a domain.

We can now write the stoichiometric distribution
Y(r) expressing the number of centers belonging to
domains where n, /n = r:

Yiry=1/ V'I- ‘dl'P'(x'l
I

x Z {n”(n. 1')f1d11“()(nw vya(n, /n- r)} t6)
(R 0

I

where the & function c¢liminates any stoichiometry but
r (the summation excludes domains void of any ceni=r).
The denominator normalizes the expression to the
total amount of centers:

N:flfv!"(mdp (7
H

which, using (2), (3) and f=1/4, yields N=1,/2 §,.
consistently with our structural assumptions. The inte-
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gration on a1, in (6) is carried out through the variable
change x =n,/n. dn, = n dx. viclding:

Yiry=1,M I.‘dl'l"(l') 2: a . ey o)y )
i

nok

If the average number of quinones per domain is large,
fluctuations in the quinone distribution may be ne-
glected so that eq. (8) is approximated by: Q. r)=
8(n, — p). In this particular casc. after inscrtion in (8),
and performing the appropriate variable change. the
summation on n is climinated and one gets:

Y(r)=4q" ( ‘\’,[,3r’)jddp[”(,')p-’ll(q,“/d/r, r} (C)]
1

Among the parameters involved in expressions (8.9),
¢ (=2 and f (=1/4) were fixed by our structural
assumptions. The other parameters are o, S and ¢.
Given the two first parameters. ¢ is determined by the
experimental overall stoichiometry (seven quinones per
PS II center). The appropriate value of ¢ was com-
puted so that this stoichiometry was obeyed when
excluding the domains that have no center. We arc
thus left with only two adjustable parameters, o and §
that determine the domain size distribution P(s), or
P’() through Eqn. (3). A satisfactory fit of the experi-
mental Y(r) distribution of Fig. 3 was found for o =
—1.3 and S = 18, us shown in Fig. 9. For comparison,
the dotted curve shows the distribution obtained by
adopting a fixed domain size. Fig. 10 further shows the
incidence of the parameters iavolved in P(s) on the
distribution Y(r). varying cither o (left pancl), or §
(right panef). It is worth noting that both parameters
are rather narrowly constrained by the characteristics
of the experimental distribution. o controlling the as-
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Fig. 9. Experimenta) and computed stoichiometric distributions, The
datapoints are those of Fig. 3. The solid line wis compaited according
to Egn. (8) {or equivalently. Eqn. 9) with ¢ = —~ 1.3, § = 20 and other
parameters, as given in the text (- ) the distrihution obtained
with a fixed arca for the domains (replacing PO} by a Dirac function
around the average vatlue).

0.054:

Fraction of centers
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PQ per center
Fig. 10, Effects of o (left hand panel) and § (right hand paneD) on
the computed distribution. The datapoints are those of Fig. 3. Left:
S=18and or=-1(---- =13 (——) -l (------ ). Right,
og=-13und $=10¢------ ) 18¢(

symmetry and, for given o. S controlling the peak
position and distribution width. This set of valucs turns
out to be quite consistent with the type of statistics
expected from a random, or close-to-random distribu-
tion of particles in percolation theory. The value of o
is close to the —2 value obtained in two-dimensional
percolation on a lattice. Moreover, the relatively large
value found for § (= 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 § =443,
when A is small [25D.

Taking o= — 1.3 and § = 18, one can compute the
average number of centers per domain, for which we
obtained 2.5 (considering only domains that posscss at
lcast one center). The average number of quinones in
these domains (where # 2 1) is 7-fold larger, thus about
14. Thus it is clear that the prevailing cause for the
width of the stoichiometric distribution resides in fluc-
tuations of the number of centers rather than quinones.
Indeed. when suppressing quinone fluctuations (impos-
ing gs quinoncs in a domain, using Eqn. 9), the com-
putcd 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 of interest to see 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 4 partial inhibition of the centers.
In the preceding paper, we estimated a 60% decrcase
of the (fast) photoreducible pool when inhibiting 85~
90% of the centers. The solid line (A) in Fig. 11 gives
the relation between both guantities as computed from
our model. This predicts a 60% 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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Fig. 11. Relationship betwen the amount of photo-reducible quinones
and the inhibition of the centers. The decrease of the pool corre-
sponds to domains where ull centers are inhibited. Cune A was
computed according 1o the present madel (monomeric centers),
using the best fit purameters of Fig. 9 (¢ = — 1.3, $=18). The
dashed curve wats obtained assuming a fixed number of centers ( = 2)
per domain (the fraction of totally inhibited domains is then p°.
denoting by p the fraction of inhibited conters). Curves B and C were
computed assuming that EF particles contain two PS 11 centers, with
anti-parallel (B) or parallel {C) arrangement (see text), Parameters o
and § were those corresponding to the best fit of the stoichiometric
distribution (same as for monomers in C and — 19, 15, respectively.
in B), The cross indicates the experimental value found in [4], with
estimated error bars.

domain (taken as the mean value 2.05), The discrep-
ancy 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 we 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 EF,  particles e dimers instead of
monomers of PS H centers. Two possibilitics 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 EF, particle arc either both directed
towards the domain under consideration or both di-
rected outwards (with probabilities of 1 /2). This means
that we keep f = 1/4 but replace n by 22 in Eqn. (4).
On the other hand. if the dimers are antiparallel. an
EF, particle will always present one center directed
towards the domain, so that one should adopt f=1/2
and keep Eqgn. (4) unaltered. Of course. in both cascs.,
the density of quinones, g. must he increased so as to
keep the overall stoichiometry fixed. It turned out (not
shown) that the stoichiometric distribution of Fig. 3
was cqually well fitted in both dimceric cases. as it was
in the monomer hypothesis. For antiparailel dimers the
best fit was obtained for o = — 1.9, § = 15, thus a valuc
of o still closer to the theoretical value of -2 (random
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percolation network) than in the monomeric case. For
parallel dimers the best fit was obtained with the same
parameters (o= — 1.3, § = 18) as for monomers. The
inhibition simulation, however, led o a more discrimi-
native result: curves B and C in Fig. 11 correspond.
respectively. to the antiparaliel and paraliel situations.
Only the former case (antiparallel dimers) is consistent
with the experimental result (as well as the monomeric
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 o being closer to the theoretical value).

Notwithstanding the qualifications regarding the
rather crude simplifying assumptions that were
adopted. we feel that this overall agreement with the
experimental data. adjusting only two paramcters to
values that turn out to be quite orthodox from the
point of view of percolation theory, brings substantial
support to the plausibility of our structural interpreta-
tion.

In Ref. 1. we proposcd the possibility that a fraction
of centers could have no access to the guinone pool.
cither being associated with very small domains, or
having their Q, site obstructed. This would account for
the so called ‘inactive PS 1 centers' [29.30]. that were
shown in Ref. 31 to behave like (otherwise) normal
centers with blocked Q4 — Q,, transter. The present
theoretical approach is not really appropriate for deal-
ing with very small domains or fine steric effects. On
the other hand, the graphic simulation shown in Fig. 4
of Ref. 1 did suggest that a significant fraction of
centers could be found in this situation.

Appendix

We consider a domain with a given stoichiometry of
X, plastoquinones per center, We denote by ¢ the
fraction of oxidized Q, (i.c.. the fraction of photo-
chemically active-open-centers and X /X, the fraction
of oxidized quinones. When cquilibrium is achieved in
the domain, one has:

¢ RN 0
A AD
eV x ¢

where K s the redox equilibrium constant equal to
expldE J(RT/F)). The total number of reduced
equivalents {clectrons) present in the system (normal-
ized to the amount of centers) is:

Nag=2Xy= Xo+lm-g (A2)

which takes into account that a reduced PQ carries two



clectrons. Solving (A2) with respect to X, inserting into
(A1) and rearranging, one obhtains:

gi s K (N, -1 K2X, N, -3
SgRCUY, 2N ) RN, V)=l (A3)

which can be solved numerically. giving ¢ and. using
(A2). X, for a given value of N,.

If o1e has ¢ open centers, a saturating flash will
increase N, by:

SN, =gl - a+ fg) (A4}

where o and 8 denote, respectively. Kok's misses and
double-hits. In (A4). we assumc, for simplicity. that the
double-hit probability on an initially open center does
not depend on X, which will obviously not be correct
for small values of X' but will not cause major errors
due to the small value of g (0.02) that was used to fit
the data. The time-course of ¢ during a series of
flashes can then be computed by an iterative proce-
dure. Starting from a given value of N, {e.g. 0) one
obtains ¢ by solving (A3). N, is then incremented
using (A4) and the procedure repeated for cach flash.,
This method was used in Figs. 1-2.

Simufation of oxygen scquences was carried out as a
step of the above iterative procedure. Given the value
of a and the concentrations of the S-states after flash
# =1, their distribution after flash » is:

Sty = (ag + LIS 01 - D+~ F)gS, ((n-1)
+ BuS, «(n-1 (AS)

where the i's (=0 to 4) are taken modulo 4, The same
approximation as in (A4) is made concerning the dou-
ble-hits. Starting from a given § distribution {(we found
that the experimental sequence was best fitted with
1007 of the centers initially in §,). Egn (A5) fully
determines the evolution of the S-system upon cach
flash. The oxygen yield s, similarly:

YO (n)= (1= a)gSi(n)+ BaS-(n) {AB)
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