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TALKINGP01NT

m.F.CTRON TRANSFER CHAINS in
bioenergetic organelles combine two
sets of processes. Most reactions occur
through electron tunneling between
redox centers that are strictly positioned within integral membrane proteins. These large blocks can be considered immobile on the time-scale of
electron transfer, and redox transfer
between them is achieved through
shuttling of smaller diffusible carriers ~.
In chloroplasts, two such carriers are
involved 2, the lipid-soluble plastoquinone and the water-soluble plastocyanin, which is confined in the lumenal space within the thylakoid sacs.
Homologous carriers in the bacterial
photosynthetic
electron transport
chain 3 are ubiquinone and cytochrome
ca, which is confined to the periplasmic
space. We will show, however, that in
several instances these molecules do
not diffuse freely within the membrane
or along its surface, at least on a rapid
time-scale. Evidence for such restrictions to diffusion gives useful clues as
to the lateral organization of membrane
proteins. Although the scope of this
article concerns only photosynthetic
membranes, similar considerations
apply to respiratory electron transfer.

The structural organization of membrane proteins and their linkage by
diffusion are topics of much debate. Functional studies in photosynthetic membranes, where rapid equilibration of electron transport between
redox centers appears restricted to isolated domains, shed new light on the
subject.

Such information is especially valuable since it provides a bridge between
two levels on which most structural investigations have focussed. Our knowledge of structure on the molecular
scale is rapidly increasing thanks to
biophysical and biochemical techniques and to the X-ray crystallographic solution of the three-dimensional structure of bacterial reaction
centers 4,s. On the other hand, electron
microscopy and associated techniques
give pictures of the large-scale organization of the membranee; in particular
they have established the lateral heterogeneity of the chloroplast membrane between the appressed regions of
grana stacks and unappressed regions.
Our approach is based on the idea
that
a restricted diffusion of electron
J. Lavergneand P. Jollot are at the Institutde
carriers, confined within isolated
BiologiePhysico-Chimique,13 rue Pierreet
'domains', will prevent global equilibraMarie Curie,75005 Paris, France.
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tion of the photochemically-generated
redox equivalents. This will appear as
discrepancies between the quasi-equilibria resulting from illumination and
thermodynamic data derived from equilibrium titrations in the presence of
redox mediators. Experimental data has
revealed many instances of such discrepancies, which, combined with appropriate kinetic studies, suggest roles
for novel structural features 7-~°.

EqallibdumwithinIsolateddomains
Before giving specific examples, we
would like to outline the general ideas
that are involved in this approach (see
Ref. 7 for more details). We consider a
section of a photosynthetic electron
transfer chain, say, on the donor side of
a reaction center (although the same
principles will apply to an acceptor
chain). This donor chain includes redox
129
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Rgure 1
Basic features in the behaviour of isolated domains can be illustrated by considering a
two-partner donor complex with a primary donor, A, and a secondary one, B, with lower
potential. The mid-point potentials of the two carriers are assumed to be independent of
the redox state of the partner (e.g. no electrostatic interaction between the redox centers)
and their difference is taken around 75 mV, corresponding to an equilibrium constant
Keq=20. A photochemical reaction extracts an electron from A and rapid relaxation
then occurs within the complex until [AB*]/[A*B]=20, according to the scheme:
AB he >A.B<_>AB+. The diagrams show the distribution of the various states of the complex
after this intra-complex equilibration has taken place, where one positive charge is present
in the complex. (a) One single turnover flash has been given, injecting a single positive
charge in all the complexes (so that states AB and A÷B* are not populated). (b) Following a
period of weak continuous illumination, the complex has a (near) poissonian probability of
having undergone 0 (state AB), I (states A*B<->AB+) or more than I (state A'B+) photochemical turnovers. (a) and (b) relax towards (c), the global inter-complex equilibrium that
may be reached through complex-complex collisions or through an exogenous redox mediator at low concentration. Only in this state of global equilibrium is the ratio
([A]/[A*])/([B]/[B*]) equal to Keq. By contrast, the one-flash distribution (a) corresponds to
an under-oxidation of A and the continuous ilium,ration (b) to an over-oxidation of A. In the
latter case, when Keq is large (say, >50), the distribution becomes totally independent of
Keq(Ref. 8), with ([A]/[A*])/[B]/[B+])=4.6.

centers bound to membrane proteins
and, possibly, mobile carriers that may,
within a certain diffusional domain,
connect the complexes. By shining light
on the system, electrons can be
removed from the chain through photochemical turnovers of the reaction
center. An additional experimental condition is to prevent any re-reduction, for
example, by use of an appropriate
inhibitor, thereby creating a cul-de-sac.
Following a period of illumination that
leaves the system in a partially oxidized
state, a relaxation will take place within
any domains connected by the diffusing
carriers. If all the redox chains can
interact with each other (i.e. if the
domains are large or exogenous redox
mediator is added) a state of global
equilibrium will be reached. The
respective oxidation states of two redox
centers within a chain is controlled by
an equilibrium constant that can be
deduced from the difference in the midpoint potentials. If, however, the diffusion of the mobile carriers is restricted
130

Conversely, continuous illumination will
cause over-oxidation of the primary
donor (A') by totally removing electrons in a fraction of the domains. This
is because of the poissonian distribution of photons during continuous illumination: while some domains receive
less photons than average, some
receive more and become completely
photo-oxidized earlier. The effects illustrated in Fig. I are significant only when
the size of the domains (the number of
redox centers per domain) is small.
However, similar deviations from global
equilibrium may occur in larger domains if their individual stoichiometry
is not fixed, but varies around an average value, as is discussed later about
the acceptor chain of photosystem II.

Super-complexes in bacterial chains
Our first example is the donor chain
in the photosynthetic bacterium
Rhodobacter sphaeroides s. The relevant
redox centers are P, the primary donor
(the bacteriochlorophyll special pair in
the reaction center), cytochrome c2 as a
secondary donor, then cytochrome ci
and the Fe--S center that both belong
to the cytochrome b-c complex (analogous to cytochrome b6-f in chloroplasts). Experimentally, this section of
the bacterial electron-transfer cycle can
be easily isolated kinetically by using
myxothiazol as an inhibitor of quinol
reoxidation by cytochrome b-c. Cytochromes ci and c2 have similar midpoint potential values, and their
to small domains, the resulting state of equilibrium constant with P (K~=
the various redox centers may vary [P][Cyt÷]/[P÷][Cyt]) is about 70. Startquite significantly from the global equi- ing from a reduced donor chain, conlibrium, depending on the history of the tinuous light can be shone on the syssystem, particularly the illumination tem, the oxidation kinetics of P and the
procedure used. Feeding charges into cytochromes can be monitored, then
the system through an irreversible photo- ( P , ~ against (Cyt,~) can be plotted, as
chemical process is not equivalent to shown in Fig. 2. The data are very differbalancing the system at some redox ent to the equilibrium curve (K~q=70),
potential and will not, in general, result drawn as a solid line. They would
in the particular distribution of redox actually suggest, when starting from a
states that would fit global equilibrium.
totally reduced state, an equilibrium
An illustration is given in Fig. I, constant of about six, meaning a conwhere a simple two-partner complex siderable over-oxidation of P in com(primary donor, A, and secondary parison with the expected equilibrium.
donor, B) is considered. Illumination by Distortion caused by a kinetic limitation
a single turnover flash forces the same is unlikely, since the intensity of the
degree of oxidation in all domains, leav- light corresponded to a photochemical
ing two of the four possible states of turnover rate much slower than that of
the system (AB and A÷B÷) unpopulated. electron transfer from cytochrome c2 to
Although equilibrium is achieved within P. Indeed, when the light intensity was
each complex, the overall result is an lowered by an order of magnitude, the
under-oxidation (compared with global same curve was obtained. A quasi-equiequilibrium) of the high potential (pri- librium of some sort has thus been
mary) donors (A) with respect to the achieved, although it differs grossly
lower potential (terminal) ones (13). from the global equilibration. However,
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data in agreement with the global equilibrium is obtained when the relaxation
time is extended to several minutes.
This was seen by modulating the redox
balance of the cell in the dark through
the respiratory rate. The above data
provide a strong indication that the carriers are organized in small domains,
such as 'super-complexes'. Rapid equilibrium occurs within one super-complex, while equilibration between supercomplexes is much slower, unless accelerated by exogenous redox mediators.
During the photooxidation process,
some super-complexes will have received more photons than others and
become totally oxidized earlier, which
accounts for the observed over-oxidation of P.
The precise stoichiometric and kinetic features of the super-complexes
were deduced from additional experiments. Firstly, the total amount of
photo-oxidizable cytochrome (c~+cz) is
only 87% of the amount of P. Since there
are roughly equal amounts of c~ and cz,
this suggests, as a first approximation,
a basic stoichiometry [(P)2(cz)(b-c)],.
Following illumination with a weak
flash, which randomly samples a small
fraction of the centers, total rereduction of P÷ is completed in less than
I ms; this excludes the possibility of
reaction centers disconnected from any
secondary donor. On the other hand,
when a saturating flash is used, about
12% of P remains oxidized In the I00 ms
time-range. This suggests that in a fraction of the super-complexes there are
less secondary donors (c2.ci.Fe-S)
available than there are primary
donors. A simple explanation is that
there is not enough cytochrome b-c
available to complete every super-complex in the form [(P)2(c~)(b-O], so that
a fraction (slightly more than 2 x 12%
because of the photochemical misses)
of the super-complexes remain as
[(P)~(c~)]. in these, following a saturating flash, the state P'P*c2 relaxes
towards P÷Pc2÷, whereas in the complete super-complex enough secondary
donors are available to achieve feteduction of both primary donors.
This model can be tested in a rather
precise way, since the photo-oxidation
process can be simulated using these
stoichiometric parameters (and the
equilibrium constants between the
redox centers) without resorting to the
use of a variable parameter. As may be
seen in Fig. 2, where the dashed curves
show the simulated results, the fit is
quite good (and remains so when simu-

lating similar experiments with different
initial redox poise, or flash-driven
photo-oxidation). This comparison with
simulated curves rules out larger structures, such as [(P)a(c2)(b-c)]2.
Finer mechanistic details were obtained from flash-induced kinetics in
the sub-millisecond time-range. A biphasic time-course of P* reduction is
observed with a fast (3ps) phase
involving less than half of the centers,
and a slow phase in the I00 ps range
that is further slowed when a saturating
flash is used. In the case of a weak flash
(hitting 5% of the centers), the probability of hitting both centers in a single
super-complex is very low, thus most P*
formed will occur as P P*c2(b-c). The
fact that less than half of these react
with a 3 ps time constant indicates that
only in this fraction of the super-com-
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plexes c2 is properly attached to the P
that was photo-oxidized. This agrees
with the idea (see the inset in Fig. 2)
that within a super-complex, the c2
molecule has three {or two in the
[(P)2(cz)] fraction} binding sites, one on
each of the Ps, and one on the b-c complex. The second phase thus corresponds with the switching time from
one of the inactive configurations (c2
bound on the b-c complex or on the
reduced P) to the active one (c2 bound
on the oxidized P). When a saturating
flash is used, c2 needs to be rereduced
by cytochrome c= (when available)
before reacting with the second P'. This
mechanism accounts for the slower
(130 ItS instead of 65 ps) second phase
observed in this case.
A dimeric association of the reaction
centers has also been found in another
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Figure 2
A plot of the amount of reduced primary donor (P-870) versus the amount of reduced
cytochrome(c2+cl) in myxothiazol-poisonedcells of R. sphaeroides(redrawnfrom Ref. 8).
The experimentaldata points were plotted with various symbolscorrespondingto different
initial redox balances in the dark. These initial states are shown as closed symbols;the
correspondingopen symbolsdisplaythe states reachedduringsubsequentphoto-oxidation
under weak continuous illumination (the common end-pointfor total photo-oxidationis at
the axis origin). The solid line is the equilibriumcurve for Keq=70,which closelyfits the initial redox distribution (closed symbols). The dashed curves were computed accordingto
the treatment developedin Ref. 7 using the parametersdescribed in the text. The inset is
a schematic representation of the two types of super-complexes,and is not intended to
give a realistic structural picture.
131
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photosystem
I
(PSI).
Electrons from PSII are carried to the b~f complex by
?
plastoquinones, while plas3tocyanin acts as carrier
between the b~f complex
and PSI. The overall transfer
of electrons from water to
NADP is quite rapid and efficient: it thus came as a
-~ 2- :',
T,
surprise that PSIi and PSi
turned out to be located
in different places within the
~. ' 1',
~
"
11
photosynthetic membranes
11
11
(thylakoid). The vast ma~1',,-~,, | ' ,
jority of PSII is segregated
in the appressed regions
(granal stacks), while PSI is
only present in non-appressed regions (stromal lamellae) ~,~,s. The distance beO"
tween them is in the order
1;
2'o 3'o
4'o
1
of 0.I pm. Therefore, longFlash number
range rapid diffusion must
be achieved by either plasRgure 3
toquinone or plastocyanin,
Oxygen evolution during a sequence of short saturator both. Structural studies
ing flashes in spinach chloroplasts (anaerobic condo not help in deciding
ditions, no PSI acceptor). When the final part was
between the two candidates
replotted on an expanded scale (X5), the oscillatory
pattern was still discernible (with no phase-shift) at
since cytochrome b~f is
the seventh period. The solid curve was obtained by
found in both regions ~z. In
averaging the oxygen yield on successive groups of
the absence of definitive
four flashes, showing the progressive closing of PSII
proof (for review see Ref. 2),
centers accompanying the reduction of the PQ pool. If
many authors have argued
global equilibrium (with KeQ>50)were achieved during
in favour of plastoquinone.
the reductive process, this curve would consist of a
This does not seem to
plateau followed by a step decrease (i,e. no significant QAreduction until most PQ is reduced).
demand an unacceptably
large diffusion coefficient for
this
molecule in the
bacterium, Rhodospirillum rubrum9. lipid phase of the membrane ~3,=4.
There is no association to cytochrome Furthermore, plastoquinone has been
b-c in this case, nor tight binding of found approximately evenly distributed
cytochrome c2, although there is still a in both membrane regions iS. A more
binding region in the dimer that can positive indication is that several PSII
only accommodate a single c2. In both centers feed electrons into a common
cases, the evidence for associations in pool of plastoquinones, as evidenced
super-complexes was inferred from by the slower photoreduction of the
functional experiments and still awaits pool when inhibiting a fraction of the
direct confirmation from structural PSII centers ~,~. It was recently shown
methods.
by Mitchell and co-workers ~4 that the
It has been suggested that the mito- overall kinetics of electron transfer
chondrial cytochrome-c oxidase also from PSII to PSI could be satisfactorily
exists as dimers in viuo. It was shown simulated by a model based on plastothat covalent binding of one cyto- quinone diffusion. An interesting feachrome c per dimer was sufficient to ture of this work is the use of a Monte
cause inhibition of both oxidases u, Carlo approach that takes into account
which may suggest a similar arrange- the complicated geometry of the thyment to the [(P)2(c)z] super-complex.
lakoid structure and the crowding of
the membrane by protein complexes
The photosystemII acceptor chain
(although, in our opinion, this aspect
Three integral proteins are involved was still under-estimated by these
in the photosynthetic non-cyclic elec- authors). We will describe recent evitron transfer chain: photosy.~tem II dencd ° that led us to adopt the
(PSII), the cytochrome b6-Fcomplex and unorthodox view that plastoquinone
Ii
I
,i
Ii
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cannot be involved in long-range electron transfer.
The 'primary' acceptor of PSII, a
reaction.center-bound
plastoquinone
named QA (the existence of more primary acceptors, chlorophyll and pheophytin is of no relevance here) feeds
electrons into the pool of plastoquinones (PQ) diffusing in the lipid
phase of the membraneL There are
about eight PQ per PSII, each accepting
two electrons, so that the average
capacity of the pool is about 16 electrons per PSII. Redox titrations indicate
a midpoint potential of PQ more than
I00 mV above that of QA, so that the
equilibrium constant is greater than 50
in the direction of PQ reduction.
Nevertheless, when the pool is photoreduced under weak continuous light or
a train of low frequency saturating
flashes, an apparent equilibrium constant of 3-5 is observed between QA
and PQ (see Ref. I0 and references
therein), meaning that the reduction of
QA with respect to PQ is much larger
than expected from equilibrium considerations. Again, however, kinetic limitations are unlikely since the photochemical rate (in the range 10-500 ms)
is much slower than the known transfer
rate from QA- to PQ (sub-millisecond
range). Relaxation towards the global
equilibrium occurs in the 10s time
range. The situation is so far similar to
that described for the donor chain of R.
sphaeroides, and might suggest supercomplexes of the form [(PSII)(FQ)s],.
However, the electron capacity of such
a structure, even taking n-l, is too large
to account for the small apparent equllibrium constant 7. Furthermore, as
alluded above, it has been established
that several centers share a common
pool (thus, n>l).
A crucial piece of information came
from analysing the oxygen evolution
pattern under flashing light. Oxygen is
evolved alter the donor side of PSI! has
accumulated four oxidizing equivalents,
resulting from four successive photoevents on an individual center, in the
dark-adapted state, the system is initially reduced so that a characteristic
evolution pattern is obtained, oscillating with a periodicity of four flashes ~s.
The oscillation is damped due to an
intrinsic probability of photochemical
misses or double-hits occurring randomly on each center. When reoxidation of the pool is inhibited, a progressive decrease of the yield is observed
(Fig. 3), reflecting the closing of reaction centers due to QAreduction with a

TIBS 16-APRIL 1991

small apparent equilibrium constant.
However, no additional damping is
observed under these conditions. If the
closing of the centers were controlled
by a global equilibrium with reduced
PQ, there would be an increased probability of photochemical misses and
dramatic damping and phase shift in
the sequence would occur; it would be
expected that the sequence would be
completely smoothed over after a few
periods. The absence of damping suggests an all-or-none behaviour: each
center is experiencing a large equilibrium constant with a locally accessible
pool and the centers that stop emitting
oxygen do so only when this pool is
completely filled up with electrons. We
must resort again to the concept of isolated domains, but now allowing variability in their stoichiometric composition ~° (PQ/PSII ratio). The domains
with a smaller PQ pool are the first to
achieve total photoreduction, and their
PSII close earlier. The actual distribution of pool sizes can be approximated
by assuming that the fraction of centers
that are closed after flash n+l in a train
of saturating flashes gives the fraction
of domains with n/2 PQ per center. A
satisfactory simulation of the experimental oxygen evolution sequence is
then obtained by using this distribution
for weighting theoretical sequences corresponding to the various pool sizes
(where a large equilibrium constant is
assumed).
Knowledge of the distribution of the
PQ/QA ratio among domains leaves
open the problem of the absolute stoichiometrles: how many PSII centers are
there, on average, per domain?
Relevant information can be drawn
from experiments where a fraction of
the centers is inhibited. As mentioned
above, previous experiments ~s,~ of this
kind had revealed, as a primary effect,
the slowing down of the pool reduction,
indicating that several centers were
connected by a common pool. We reinvestigated this problem, focussing on
the total amount of PQ being reduced
under such conditions. For a given fraction of inhibited centers, the probability
of having all centers inhibited in a
domain (thus no local PQ reduction)
depends on this stoichiometric ratio.
We found a decrease of the rapidly photoreducible PQ when partially inhibiting
PSII that leads to an estimate of 4-8 PSII
centers per domain.
What physical structure can be envisaged to account for these findings? Our
present view is a (nou-)percolation

Rgure 4
A computer-generated image illustrating our model for restriction of PQ diffusion. The
circles stand for membrane proteins, half of them representing PSII centers with the black
sector as the binding site for PQ. The white space is the area available for PQ diffusion,
consisting of closed domains largely heterogeneous in size. We propose that the fluctuations in the number of PSII active sites per domain area are the origin of the broad distribution found for the PSII/PQ stoichiometry. The program first generated a random pattern
of non-overlapping circles; the radius of each circle was then increased by 25% to create
the slight overlap. This overlap is a convenient way to visualize the effective barrier for PQ
diffusion, taking into account the minimum width of this molecule (7A). This model is very
crude and does not allow for a number of known or expected features such as heterogeneity in particle sizes, repulsive or attractive interactions between proteins and other specific
associations. A possibly interesting feature in this simulation is the significant fraction of
centers that have no access to PQ: this might be the origin for the experimental finding of
a fraction of 'inactive' centers 2°-22.

model in which the integral membrane
proteins delimit closed regions of the
lipid phase ~9(Fig. 4). Ructuations in the
number of reaction centers per domain
area and, to a lesser degree, fluctuations of the PQ concentration could
account for the wide variation in stoichiometry. This view may not be unrealistic since cryofracture micrographs
indicate that about half, and possibly
more, of the bilayer midplane is
obstructed by integral proteins. This
level of crowding represents the percolation threshold in two dimensions: randomly crowding the surface above this
value will prevent any long-range diffusion of small objects. Non-random associations between integral proteins
may alter this threshold in either direction.
When the photoreduction process is
interrupted and resumed after several
seconds, the [QE] versus [PQ~] curve
is shifted towards the global equilibrium curve. This indicates redistribu-

tion of PQ among domains in this timerange. Since the domains contain a
small number of PSII centers (less than
eight), their size must be much smaller
than granal stacks, and the diffusion of
PQ from the appressed to nonappressed regions must involve the
crossing of many domain boundaries.
Such a slow process rules out the longrange diffusion of PQ being responsible
for the transfer between both photosystems which occurs over a few milliseconds. However, a good case can be
made for the other candidate for this
job, plastocyanin. Millisecond oxidation
of all cytochrome f by PSI through plastocyanin has been reported 2. Since this
includes the large fraction of the b6-f
complex located in PSII regions, one
must conclude that plastocyanin, which
is contained with the thylakoid lumen,
manages to worm its way efficiently
through the whole lumen, regardless of
its complex geometry and of the proteins protruding from the membrane
133
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surface. A consequence of this view is
that the bc-f complex present in the
non-appressed regions cannot be
involved in linear electron transfer from
PSII, and must be dedicated to cyclic
transfer around PSI.
In comparing the PSII acceptor chain
with the investigation of a bacterial
donor chain, it is noteworthy that we
were led to quite different structural
models although the basic 'thermodynamic' information was similar. In both
instances, the discrepancy between the
quasi-equilibrium states reached during
illumination and the global equilibrium
suggests that mobile carriers (cz or PQ)
are confined within isolated domains,
on a rapid time-scale. With the bacterial
donor chain, the domains are small,
associating a few (two or three) membrane proteins. These structures have a
precise stoichiometry and probably
correspond to reproducible oligomeric
entities. The area of the domain of diffusion for cytochrome cz is probably
less than I00 nm ~. An electrostatic confinement rather than a protein 'pocket'
is more likely since the latter structure
is not supported by the three-dimensional structure of the reaction center s.

Much larger domains are involved for
the PSII acceptor chain with an area of
the order of I0000 nm'. These structures, resulting from the more or less
random spatial distribution of membrane proteins, are expected to be very
inhomogeneous, thus accounting for
the broad spread of the stoichiometric
ratio PQ to PSll.
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