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ABSTRACT The diffusion of plastoquinol and its binding to the cytochrome bf complex, which occurs during linear
photosynthetic electron transport and is analogous to reaction sequences found in most energy-converting membranes, has
been studied in intact thylakoid membranes. The flash-induced electron transfer between the laterally separated
photosystems Il and photosystems | was measured by following the sigmoidal reduction kinetics of P-700* after previous
oxidation of the intersystem electron carriers. The amount of flash-induced plastoquinol produced at photosystem Il was (&)
reduced by inhibition with dichlorophenyl-dimethylurea and (b) increased by giving a second saturating flash. These signals
were simulated by a new model which combines a deterministic simulation of reaction kinetics with a Monte Carlo approach
to the diffusion of plastoquinol, taking into account the known structural features of the thylakoid membrane. The
plastoquinol molecules were assumed to be oxidized by either a diffusion-limited or a nondiffusion-limited step in a collisional
mechanism or after binding to the cytochrome bf complex. The model was able to account for the experimental observations
with a nondiffusion-limited collisional mechanism or with a binding mechanism, giving minimum values for the diffusion

coefficient of plastoquinol of 2 x 1078 cm?~'and 3 x 10~"cm

2.-1

s™ ', respectively.

INTRODUCTION

Photosynthetic electron transport of higher plants in-
volves the integral complexes of photosystem (PS) II,
cytochrome bf, and PS I, which operate in series via
plastoquinone and plastocyanin. In higher plants PS I and
functional PS II are restricted to the nonappressed stroma
and the appressed grana regions of thylakoid membranes,
respectively (1-3), whereas the cytochrome bf complexes
are almost homogeneously distributed (4, 5). The elec-
trons produced by PS II must be transported over the
relatively large distance of up to 300 nm between the two
membrane regions to reach PS I. The electron transport is
carried out between PS II and cytochrome bf complexes
by diffusion of plastoquinol within the lipid bilayer of
thylakoid membrane and between the cytochrome bf
complexes and PS I by diffusion of plastocyanin in the
thylakoid lumen. Recently, we have shown a lateral
heterogeneity in the distribution of plastocyanin and its
light-induced diffusion from stroma to grana regions (6).
Plastoquinone is approximately evenly distributed in both
thylakoid regions (7). The problem of diffusing plastoqui-
nol and its oxidation at the cytochrome bf complex is
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equivalent to that of ubiquinol diffusion and its oxidation
at the cytochrome bc, complex in bacterial and mitochon-
drial electron transport. However, the lateral separation
of the complexes in grana and stroma membrane regions
may provide the possibility to study in situ a contribution
of the diffusion which may not be observed at the short
distances of the complexes in other membranes.

A long-range electron transport by diffusion of plas-
toquinol has been discussed using simply the averaged
distance between the two photosystems and Einstein’s
equation (8) for the diffusion in two dimensions giving the
mean square of the displacement x as a function of time
and the diffusion coefficient D,

(x?) = 4Dt. (1)

The value of ¢ chosen depends on whether plastoquinol
diffusion is assumed to be involved in the rate determining
oxidation of plastoquinol or in a faster preceding reaction.
Due to this uncertainty, estimates for the lateral diffusion
coefficient D lie in the extremely wide range of 10~°-10-¢
cm?s~! (9-12). In functional membranes the long-range
lateral diffusion is obstructed by the dispersed membrane
proteins and the macroscopically observed diffusion coef-
ficient may be by an order of magnitude smaller than in
pure lipid membranes (13, 14). The low value of 3 x
10~? cm?~! reported for the long-range diffusion of an
ubiquinone analogue in mitochondrial inner membrane
provided the basis for a model of the electron transport
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where the lateral diffusion of ubiquinol is the rate-limiting
step (15, 16). However, determinations of the lateral
diffusion coefficient of the ubiquinone analogue and of
ubiquinone incorporated into lipid membranes yielded
values of 2 x 1078 (16, 17) and >107¢ cm?~' (18) by
measurements of fluorescence recovery after bleaching
and of fluorescence quenching of probes, respectively.
This difference in the diffusion coefficient is not under-
stood, but may partially be due to problems arising from
probe specific effects (19). We have used a different
approach to the problem of long-range diffusion by using
undisturbed thylakoid membranes.

However, the contribution of the diffusion to reaction
kinetics of the electron transport is not only determined
by the diffusion coefficient of plastoquinol but also by the
probability of the reaction to take place on the encounter
between plastoquinol and the cytochrome bf complex. In
a diffusion-controlled process a reaction takes place on
every encounter resulting in a reaction rate which is
critically dependent on the path length of diffusion.
Therefore, the heterogeneous distribution of the com-
plexes in the thylakoids would be reflected in the kinetics
of a reaction only if the process is completely or partially
diffusion controlled.

Our approach to the role of the diffusion of plastoquinol
has been to follow the reduction of P-700, the reaction
center chlorophyll of PS 1, by electrons induced by a flash
at PS II as a convenient method of accurately measuring
full-chain electron transport. The half-time of the sigmoi-
dal reduction kinetics and the initial lag give information
about the rate-determining oxidation of plastoquinol (20)
and reactions preceding this step (21), respectively. The
rate of the step which involves the plastoquinol diffusion
can be varied by the amount of plastoquinol produced by
flash excitation either by inhibition of PS II with dichlo-
rophenyl-dimethylurea (DCMU) or by using a second
flash immediately after the first one. The size of the
differences in kinetic parameters due to the varied plas-
toquinol concentration can only be estimated with the aid
of a model which takes into account the diffusion process.
It is not possible to solve the diffusion equation for the
thylakoid membrane except for the oversimplified models
given in our preliminary report (22) or for the diffusion of
protons at the surface (23).

The Monte Carlo method was introduced by Metropo-
lis et al. (24) as a sampling algorithm to investigate
properties of interacting individual molecules in terms of
a rigid-sphere system and has been extended to a broad
range of physical systems (25). This algorithm has also
been used to simulate diffusion in biomembranes for a
variety of problems (14, 26). Generally one starts from a
description of a system in terms of a model and uses
random numbers to construct the appropriate probability
which is used to create a Markov chain of new states. The

subsequent configurations may be associated with a scale
of time which can be used to solve the diffusion equation
for complex boundary conditions. We have used this
approach to study the photosynthetic electron transport in
thylakoids by combining it with differential equations
describing the deterministic reaction kinetics. Multiples
of the step width in time used in the numerical integration
of the differential equations were chosen to match with
the time attributed to a step in the Monte Carlo approach.
It is this combination which helps to study biological
reaction sequences starting in a protein complex then
followed by diffusion of a substrate across considerable
distances before the reaction sequence continues in the
next multienzyme complex. We have applied this tech-
nique to the diffusion of plastoquinol, taking into account
the sizes and arrangement of the thylakoid protein com-
plexes (for reviews cf. references 10 and 27), and com-
bined it with iterative simulations of the other reactions to
build a complete model of linear photosynthetic electron
transport. We have included two cases for the mechanism
of plastoquinol oxidation; a collisional mechanism which
implies an oxidation of plastoquinol immediately on a
successful encounter with a cytochrome bf complex and a
tight-binding mechanism which includes an irreversible
binding of plastoquinol to the Q site of the cytochrome bf
complex before its slow oxidation takes place. Both
mechanisms have been used to compare a diffusion-
limited and a nondiffusion-limited reaction of plastoqui-
nol with our experimental data.

MATERIALS AND METHODS

Thylakoid isolation

Thylakoids were isolated from spinach leaves as described (21). The
1-cm cuvette contained chloroplasts at 9 uM chlorophyll, 100 mM
D-Sorbitol, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulphonic
acid (Hepes)/KOH, pH 7.5, 5§ mM MgCl,, 100 M methyl viologen,
and 2 uM gramicidin D. Chlorophylls were determined spectrophotomet-
rically in 80% acetone extract (28).

Spectroscopy

The flash-induced kinetics of P-700 were measured at 705 nm as
previously described (21), except that a transient recorder (DL912;
Data Laboratories, Mitcham, Surrey, England) was used, and that the
signals were averaged and analyzed in a minicomputer (A700; Hewlett-
Packard, Cupertino, CA). The continuous far-red measuring light of 1.4
Wm~? ensured that all the components between the two photosystems
were oxidized between flashes, except for cytochrome b and a fraction of
P-700 (21). The electrical bandwidth was from d.c. to 10 kHz. Blue
(filter BG 23/6 mm; Schott F, Glaswerke, Mainz, West-Germany)
flashes with 2 us full-width half maximum (model 6100; Photochemical
Research Associates, London, Ontario) of saturating energy of 600 pJ
were used for excitation. The content of the cuvette was changed every
50 flashes. The flash frequency, transient recorder dwell time, and
number of averaged signals used are given in the figure legends.
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We found that differences occurred in the kinetics between different
chloroplast preparations, but that the kinetics measured at varied
conditions showed the same trends within a single preparation. The
curves shown are corrected for flash-induced fluorescence artifacts
measured immediately after the recording of the signal with the same
sample in the absence of measuring light. The lag parameter of the
P-700* reduction kinetics was defined as the X intercept of a tangent
drawn through the point of inflection on the curve. The level of the lag
gives that of fully oxidized P-700. The amplitude of P-700 reduction was
determined either measuring the reduced level after a shutter-controlled
illumination with blue light of 150 Wm~2 for 40 ms, giving the total
amount of P-700, or after a single flash by fitting the latter part of the
time course assuming a first-order reoxidation of P-700 to the steady-
state level.

Simulations

Model simulations were written in FORTRAN77 and carried out on a
minicomputer (A700; Hewlett-Packard) with a vector processor card.
The program allows interactive selection of all structural parameters of
the membrane model under graphic control. The random number
generator provided as library routine was used for the Monte Carlo
simulations after having been tested for uniformity of distribution. First-
and second-order steps were simulated iteratively using the method of
finite differences (29) with a maximum step time of 2.5 us.

Description of model

The model was composed of two parts: an iterative simulation of
reactions using first- and second-order rate equations, and a Monte
Carlo simulation of the diffusion of plastoquinol and its interaction with
cytochrome bf complexes. The output of the model is the relative
concentration of reduced P-700.

Reactions simulated using
differential equations

Table 1 lists the electron-carrying species that were considered in the
model and their starting concentrations. Plastoquinone is termed Q,
Qz, or Q if it is bound to PS II, the oxidizing site of the cytochrome bf
complex or its reducing site, respectively. The initial concentrations are
based on a 1:1:2:1 stoichiometry for PS 1I/cytochrome bf/plastocya-
nin/PS I (30). Under our steady-state conditions the acceptors of PS IT
function as a two-electron gate (31). Therefore, after a flash approxi-
mately one half of the acceptors will stay in the state Q,Qg~ while the
other half produces plastoquinol after the initial formation of Q,~ Q™.

A problem of the simulation is to include the complex reactions at the
cytochrome bf complex. The most commonly accepted scheme for the
oxidation of plastoquinol is that it is a concerted two-electron process, in
which one electron passes onto the two b cytochromes and one to the
P-700 donors via the Rieske iron sulfur protein (FeS). If there was
already an electron on the b cytochromes, the two electrons on the b
cytochromes combine to reduce a plastoquinone molecule (32-34). It
was therefore necessary to consider three states of the cytochrome b
subunit with zero, one, or two electrons on the b cytochromes. If the state
with one reduced cytochrome b is stable within our measuring time
(32, 34) which is consistent with the finding that the electrons produced
by a flash at PS II go quantitatively through to P-700 and its electron
donors under our conditions within 200 ms (35), we must assume that
every other cytochrome bf complex has one cytochrome b reduced before
the flash. This is in line with the observation that one quarter of
cytochrome b is reduced in the steady state (34). The other intersystem
components are oxidized before the flash (35).

TABLE 1 Initial concentrations relative to total P-700
after far-red preillumination

Abbreviation Species Initial concentration
Q. Qg” reduced Q, and plastosemi- 0.5*
quinone bound to PS II
Q.Q% Q. and plastoquinol dianion 0
bound to PS I1
PQH, freely diffusing plastoquinol 0
BF cytochrome bf complex with 0.5
both cytochrome b oxi-
dized
BF- cytochrome bf complex with 0.5
one cytochrome b oxi-
dized
BF?- cytochrome bf complex with 0
neither cytochrome b oxi-
dized
QH, plastoquinol bound to the 0
oxidizing site of the cy-
tochrome bf complex
FeSox oxidized Rieske iron sulfur 1
(FeS) center
Cyt-fox oxidized cytochrome f 1
Pcox oxidized plastocyanin 2
P-700* oxidized P-700 1

*The initial concentration of Q, Qg™ was varied according to the
amount of active PS II in the experiment being simulated.

The ratios of (Q, + Q,")/(BF + BF~ + BF?")/(Pc + Pcoy)/(P-
700 + P-700") were 1:1:2:1, where each cytochrome bf complex con-
sists of 2 cytochrome b, 1 Rieske iron sulfur center, and 1 cytochrome f
(60).

Table 2 gives a schematic list of the reactions that are included in the
model. To simplify the model some fast steps for which the exact kinetics
are not known are considered implicitly with these reactions. These are
the following: the reduction of Q, occurs too rapidly (36) to affect the
output of the model. The protonation of Q- and its subsequent release
from PS II were taken as one step with a constant k,. The rate constant
k, of the plastoquinone reduction in the Q-cycle by two reduced
cytochromes b (37) includes also the release from the binding site after
formation of plastoquinol. The time for the transfer of electrons from
cytochrome f to P-700 was simulated as being due to the electron
transfer from plastocyanin to P-700. This latter simplification allowed
us to assume that the Rieske FeS center, cytochrome f, and plastocyanin
are in constant equilibrium. Our experience with more complex models
suggests that these simplifications do not significantly alter the output of
the model.

Rate constants taken from the literature are k; = 1,150 s~ (20, 21)
and ks = 2,800 s~' from the halftime of 270 us for the oxidation of
cytochrome f by P-700* (38). The rate constant for the back reaction
k_5 = 125! between plastocyanin and P-700 was calculated assuming
redox potentials of 340 and 480 mV, respectively (39). All concentra-
tions are expressed as amounts relative to the amount of P-700, so that
although k,, k3, ks, and k_; are second order, they also have units of
seconds™'. The values of redox potentials depend on measuring condi-
tions (40), but the large proportion of electrons which pass through to
P-700 after a saturating flash under oxidizing conditions indicate a large
difference in potential between P-700 and its donors (32, 35). The
diffusion, binding, and oxidation of plastoquinol and the reduction of Q,
(reactions 3~6 in Table 2) are not unambiguously attributable to known
details of reaction kinetics, so that the values of D, P, k;, k}, and k, have
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TABLE 2 Processes considered in the model of electron transport

Reaction Method of simulation
I Q Qs - QuQ5" ~d[0 Qs 1/dt = kyx [Q4 Q")
2 QuQ% + 2H" s PQH, + Q, —d[QMG} 1/dt = ky x [QuQ3]
3 PQH, PQHziil:fusion Q:H, (:::::np‘:_z;f::ﬁr; ID,} Monte Carlo
4* Q,H,-BF + FeSo, & BF- + FeS, + PQ + 2H* ;dEc%Hf-Qiﬂz{ ;;]  (FeS.]
5* QH-BF” + FeS,, = BF?" + FeS,, + PQ + 2H* ;dIEQQ >Z<H[2Q351;-]B/:t'] x [FeS,]
6 BF* + PQ + 2H* A BF + PQH, —d[BF*"1/dt = k, x [BF*"]
7 FeS,y + (Cytf + Po),, — FeSox + (Cyt-f + Po),eg - {ﬁ::,:]il[((cc}:;ff:ifc)):}
T S e APTO  Fd x 70

Where: [Pcred]/[Pcox] = [(Cyt'f + Pc)red] /[(C)'t'f + Pc)ox]‘

*These processes were assumed to be instantaneous in the collisional mechanism.

to be treated as unknowns. For the sake of simplicity, we assume that the
oxidation of Q,H, has the same rate constant regardless of whether
there is a reduced cytochrome b on the cytochrome bf complex. k; is
therefore taken to be equal to kj throughout.

Simulation of diffusion of plastoquinol by
a Monte Carlo method

The diffusion of plastoquinol and its interaction with the cytochrome bf
complex was simulated in a Monte Carlo algorithm, in which random
numbers were used to simulate the diffusion of plastoquinol molecules in
a two-dimensional model, which represented the structure of the
thylakoid and the size and distribution of the integral membrane
complexes. The simulation of plastoquinol diffusion was built on a
number of assumptions which are listed below.

Model of thylakoid membranes

In the model representing a stacked thylakoid of higher plants (Fig.
1 A), it was assumed that:

(a) 40% of the area of the thylakoid membrane is in the granal region
(41).

(b) 50% of the circumference of the granal region connects with the
stromal region via six equally sized, equally spaced strips (fret regions)
(27). The regions on the circumference between these strips represent a
barrier to diffusion.

(¢) The radius of the granum is 220 nm (27).

(d) PS II complexes are located only in the granal regions, PS I and
ATP synthase complexes are restricted to the stromal regions
(3, 27, 42, 43), while cytochrome bf complexes are homogeneously
distributed between the two regions (4, 5).

(e) The average area of thylakoid membrane per PS II complex in
the granal region is 710 nm? (44).

(f) Protein complexes are distributed in a hexagonal arrangement at
maximum separation of complexes from the same type (2).

(g) The stoichiometry of the complexes PS II/cytochrome bf/PS
I/ATP synthase is 1:1:1:1.5 (27, 30).

(h) The radii of the complexes are 8, 4, 6, and 5 nm for PS II with its
light harvesting chlorophyll proteins (45), cytochrome bf (5), PS I (46),
and ATP synthase (27), respectively.

() The protein complexes are effectively immobile, as diffusion
coefficients measured for complexes are generally too low to have
significant effects within the considered time scales (e.g., a value of 4 x
10~'"°cms~' was determined for the cytochrome bc, complex [15]).

Monte Carlo algorithm

(a) At the start of the simulation, plastoquinol molecules are positioned
at a random point on the circumference of a PS II complex. In a
simulation of a saturating flash, every other PS II complex produces a
plastoquinol (see above). For simulations of measurements made with
DCMU-inhibited samples, the number of plastoquinol molecules were
reduced to correspond with the measured level of inhibition. Dual flash
experiments were simulated as follows: after a single saturating flash
simulated as above, an interval corresponding to 2.04 ms followed before
a second lot of plastoquinol is produced. These plastoquinol molecules
are positioned at PS II complexes which did not produce plastoquinol in
the first flash. The number of plastoquinol molecules produced in the
second flash is set as determined experimentally.

(b) Plastoquinol molecules start to move only after a simulated
release from PS II. The kinetics of this release are determined by a
numerical simulation of a sequence of two first-order processes (Table 2,
steps 1 and 2).

(¢) In each iteration of the model (termed “walk™), the plastoquinol
molecules are moved by 1 nm, corresponding approximately to the
distance between lipid molecules in the membrane (47, 48). This
movement took place in one of six equally probable directions spaced at
60° intervals, selected by a random number. This results in movement in
a trigonal lattice and is shown for one plastoquinol molecule in Fig. 1 B.

(d) If plastoquinol encounters a complex or a boundary, one of the
other possible directions for movement is selected, except at a cy-
tochrome bf complex.

(e) Encounters between plastoquinol and cytochrome bf complexes
which have their single Q,-binding site unoccupied and have at least one
oxidized cytochrome b are counted. Every 1/P of such encounters
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FIGURE1 (A) Representation of the thylakoid membrane used by the Monte Carlo algorithm to simulate the diffusion of plastoquinol. The outer
circle represents the edge of the thylakoid, whereas the inner, broken circle represents the edge of the granum. The space between complexes and
boundaries represents the lipid bilayer in which the plastoquinol diffuses. The box delimits the expanded area of the map shown in B. (B) Expansion of
box in A4. A diffusion path as generated by the Monte Carlo algorithm for a single plastoquinol molecule is shown, with the starting position at a PS II
designated by a +. The path shown consists of 2110 steps. In this case, binding (indicated by a *) occurred on the fifth encounter between the

plastoquinol and a cytochrome bf complex.

results in binding, where P is the preset binding probability. If binding
occurs, this plastoquinol molecule is removed from the set of freely
diffusing plastoquinol.

(/) In the tight-binding mechanism, the Q,H, remains until oxida-
tion occurs by reactions 4 and 5 in Table 2. In the collisional mechanism,
oxidation is considered to occur instantaneously. Following oxidation of
Q_H,, the status of the cytochrome bf is changed to indicate one more
reduced cytochrome b and the number of electrons in the FeS = cytf =
Pc equilibrium is increased by one.

(g) For both mechanisms, the reduction of plastoquinone at the
cytochrome bf complexes was simulated assuming a first-order depen-
dence on the number of cytochrome bf complexes with two reduced b
cytochromes. When a reduction of a plastoquinone molecule occurs, a
plastoquinol appears at the circumference of the cytochrome bf complex
and is added to the set of freely diffusing plastoquinol. The cytochrome
bf complex is flagged as having both cytochrome b oxidized.

(h) The time represented by each walk of the algorithm was given by:

t= X?/(4D), 2)

where ¢ is the time per walk, X is the step length of 1 nm, and D is the
diffusion coefficient in the absence of protein. The validity of this
equation was checked by comparing the output of the Monte-Carlo
algorithm with a closed solution for a simple diffusion problem (22).

RESULTS

Experiments

Determination of amount of electrons

produced by photosystem Il and the ratio

of the photosystems

The kinetics of P-700* reduction were measured under
conditions which varied the amount of electrons produced

by PS II. This parameter can be conveniently determined
with the P-700 signal by using a longer measurement
period. After a short flash of saturating energy the area
bound by the transient reduction of P-700* at continuous
far-red light of constant intensity is proportional to the
number of electrons generated at PS II (49, 50). There-
fore, the area g, in the presence of inhibitor over the area
ac of the control gives the fraction of noninhibited PS II.
Such P-700 signals are shown in Fig. 2 which were used to
determine an inhibition of 71% of PS II by 50 nM
DCMU. The amplitude AA; of the signal in the presence
of DCMU (Fig. 2 B) was 29% of that found for total
P-700 after a long flash A4, (not shown). Owing to this
low amount of reduced P-700 it is safe to assume that
almost all electrons from PS II have reduced P-700 and a
negligible fraction of the electron donors of PS I, as a
result of the equilibrium constant being considerably
greater than 1 (see above) and in agreement with the
reduction of 91% of total P-700 in the absence of inhibitor
in Fig. 2. From these data we accurately determine the
ratio of the functionally connected PS IT and PS 1

npsu/nest = (AA;/AA)/(ar/ac) 3)

as 1.0. This approach only uses three measurements with
one sample at 705 nm and does not need corrections for
inhomogeneous absorption by the chloroplast suspension
or the assumption of an extinction coefficient. A correc-
tion for the misses which always occur in PS II (51) and
for double hits with our flash lamp in the range of +5% is
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FIGURE2 The change of absorbance of 705 nm due to the reduction
and reoxidation of P-700 after a saturating flash. The shaded area is
proportional to the total number of electrons produced at PS II at
constant intensity of the monitoring light. The flash frequency was 0.2
Hz, the dwell time was 1 ms per address. Other conditions were as
described in the Materials and Methods. (4) Signal measured from a
sample in the absence of DCMU. Average of 50 flashes. (B) Signal
measured from a sample in the presence of 50 nM DCMU. Average of
150 flashes.

estimated from the O, oscillation in successive flashes
(not shown).

Kinetics with varied amount

of plastoquinol

Fig. 3 shows two P-700 signals over 20 ms measured in the
presence and absence of 50 nM DCMU. For comparison,

CHANGE OF ABSORBANCE / 107

FIGURE3 The reduction of P-700 after a saturating flash as a function
of time. The flash frequency was 0.2 Hz and the dwell time was 10 us per
address. The number of flashes used in the two measurements was
chosen so as to give similar signal-to-noise ratios. (4) Signal measured
from a sample in the absence of DCMU. Average of 150 flashes. (B)
Signal measured from a sample in the presence of 50 nM DCMU.
Average of 3150 flashes.

the curves are scaled by the factor determined in Fig. 2 for
the number of electrons produced in each case. Over the
first millisecond, the two signals show slight differences,
possibly due to imperfect correction for the flash-induced
artifact. After this time the two normalized signals
exhibit no detectable differences in kinetics except for a
slightly higher amplitude of the signal in the presence of
DCMU which is consistent with the equilibrium dis-
cussed.

The P-700 absorbance change induced by two saturat-
ing flashes 2.04 ms apart is shown in Fig. 4 B. This signal
can be regarded as a composite of two P-700 reduction
time courses due to the two flashes. When a single flash
signal measured in the same sample (A4) is subtracted off
the two-flash signal (B), the resulting trace (B-A) repre-
sents the kinetics of full-chain electron transport of the
electrons attributable to the second flash. This subtracted
curve is only shown as a convenient way of comparing the
early kinetics of P-700* reduction after single and second
flashes. The number of electrons produced were deter-
mined from the areas under the curves using the same
method as in Fig. 2, showing that the second flash induces
85% of the electrons which are produced with a single
flash. This difference is due to those PS II complexes in
which the electron transfer from Q,~ to Qg has not taken
place during the 2.04 ms between the flashes. Although
the value of 85% is lower than that expected from the
halftime of 200 us found by chlorophyll fluorescence
measurements for this reaction (52) it has been found
consistently in our experiments. A comparison of the
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FIGURE4 (A) The reduction of P-700 after a saturating flash as a
function of time. (B) The reduction of P-700 after two saturating
flashes, 2.04 ms apart. (B-A) The result of subtracting signal A from
signal B. Average of 300 flashes with a flash frequency of 0.2 Hz. The
dwell time was 10 us per address.
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single and second flash signals (Figs. 4, A and B-A) after
normalization to the amount of electrons produced shows
that the kinetics are similar over the first 10 ms, but at
longer times the second flash signal lies increasingly lower
than the single flash curve. As a result, the lag parameters
of the single and second flash signals can be compared
directly, but the halftimes cannot. There is no significant
difference in the lags measured in the single and second
flash signals.

Modeling

To obtain quantitative information about the nature of
plastoquinol diffusion and its interaction with the cy-
tochrome bf complex from these data, our model was used
with one of two mechanisms; collisional or tight-binding
at the Qsite. For each mechanism, near diffusion-limited
and nondiffusion-limited cases were simulated; i.e., the
value of the probability P of binding with a cytochrome bf
complex on encounter was set to 0.25 or 0.005, respec-
tively. We have chosen P = 0.25 because it seems
unlikely that plastoquinol hits the single binding site on
every encounter, but have also tested simulations with
P = 1. For convenience, we refer to the near diffusion-
limited case with P = 0.25 as diffusion limited.

The model parameters for which values were not known
(ky, k3, k4, and D for the tight-binding mechanism; k,, k,,
and D for the collisional mechanism) were varied across a
range of values until a good approximation to the signal
being simulated was obtained. The long computing time
needed for the simulations generated by the model with
the Monte Carlo algorithm precluded the use of nonlinear
regression for parameter optimization. However, for the
nondiffusion-limited cases, the Monte Carlo simulation of
binding can be substituted with a second-order rate
equation (see Discussion), which enabled us to optimize
the parameter values by nonlinear regression. The param-
eters were then used in the model with the Monte Carlo
algorithm. The results of varying parameters are shown in
Figs. 5-7, where simulations using ranges of values for D
or for t, = In2/k, are plotted together with the normal-
ized single flash signal shown in Fig. 4 4. The best fit of a
given signal is indicated by the lowest value for the root
mean square of the residuals (given in the figure legends).
It can be seen that while changes in fast steps affected
predominantly the lag phase, changes in the oxidation of
plastoquinol affected the main kinetics and changes in k,
changed the kinetics in the latter part of the simulation
(Figs. 5 and 6). The optimal values of the parameters
obtained for both control signals in Fig. 3 4 and Fig. 4 4
are listed in Table 3.

For the tight-binding mechanism, two of the floated
parameters, k, and D, affected primarily only the length
of the lag, so that it was only possible to obtain minimum

COLLISIONAL MECHANISM
diffusion—limited

D =0.7#410"° cm’s”

fraction reduced P—700

FIGURES Comparison of the output of the model using the diffusion-
limited collisional mechanism (lines) with the observed P-700 signal
(points). The signal is the control shown in Fig. 4 4 normalized to the
absorbance change for complete P-700 reduction. The left-hand figure
shows simulations from the model for a range of values for the diffusion
coefficient (D) as shown in the key, with the value of t, set to 11 ms. The
right hand figure shows simulations with D fixed at 7 x 10~ '°cm’s~', for
a range of values of ¢,, as shown in the key. Other parameter values,
which were the same for all the lines shown, are listed in Table 3. The
root mean square of the residuals for the best simulation shown was
38 x 1073

values for them from the optimization process. The
optimized values shown in Table 3 for the tight-binding
mechanism are those obtained with D set equal to
3x 1077 cm%~ L.

The fact that it is possible to obtain a good approxima-
tion to the signal with the model with either mechanism

COLLISIONAL MECHANISM

nondiffusion—limited

0.6 t,=81ms [

°
>

o
N

fraction reduced P—700

T ——
Y/ [om2.1e-8 —|
Omii0E—8—————i—|
D=1.5€—8 — -~
D=1 3E-B-—=== — =
- | |

FIGURE6 Equivalent to Fig. 5, but with output from the model with
the nondiffusion-limited collisional mechanism. To obtain simulations
with this mechanism which approximate well to the signal, similar
values for ¢, but a considerably different range of values for D from those
in Fig. 5 were used. The root mean square of the residuals for the best
simulation shown was 6.2 x 107>,
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BINDING AT Q; SITE

diffusion~limited nondiffusion—limited

D=5.08~7 —————————| | [p=s.0e-7 ————— ]
0.2 [~ |p=0.5E-7 — ——=—— y Fgu=e= A —
D=0.1E—7 —-—-—-— P Dm0, 8F 7 — e ]

P = 0.005

fraction reduced P—700
o
T

0 - PP Nash -
17 1 1
o 2 4 6 © 2 4 6
TIME / ms
FIGURE7 Comparison of output from the model with tight binding at

Qg (continuous and dash-dotted lines) with the single flash signal (same
as Fig. 4 4, shown as points), for a range of values of D. The left- and
right-hand diagrams show near diffusion-limited and nondiffusion-
limited simulations, respectively. The dashed lines are the tangents at
the point of inflection and indicate the lag as intercept of the time axis.
The root mean square of the residuals for the best simulation shown was
4.7 x 107% and 5.0 x 10~ for the diffusion-limited and nondiffusion-
limited cases, respectively.

TABLE 3 Optimal parameter values for single-flash signals

and assuming either diffusion limitation or nondiffusion
limitation (Figs. 5-7), shows that simple comparison of
the output with a single signal is an inadequate test of the
model. The next stage was therefore to see whether the
model is capable of accurately simulating a double-flash
or DCMU-inhibited P-700 reduction curve with the
values obtained by optimizing to the corresponding con-
trol signal (Table 3).

For the tight-binding mechanism only a minimum
value of D can be obtained by simulation of the control
signals (Fig. 7), the simulations of the dual-flash and
DCMU-inhibited signals with this mechanism were also
carried out over a range of values for D. Fig. 8 shows how
the lags of simulations of single, second flash, and
DCMU-inhibited curves decrease asymptotically with
increasing D, for both diffusion-limited and nondiffusion-
limited cases. As D is increased, the differences between
the lags of the simulations of the three signals decrease
until they become negligible at D = 3 x 10~7 cm?~!. This
corresponds to the experimental situation, where the lags
of the DCMU-inhibited signal (Fig. 3 B) and of the
second-flash signal (Fig. 4 B-4) do not differ from those
of their corresponding controls (Fig. 3 A and Fig. 4 4,
respectively).

Fig. 9 4 shows collisional mechanism simulations of a
dual-flash experiment together with the dual-flash signal
from Fig. 4 B. It can be seen that, while both simulations

Control Control
Mechanism P Parameter Fig.3 4 Fig.4 4
k, 495s~! 8655
diffusion 0.25 D* 3.0 x 1077 cm?s~! 3.0 x 1077 cm?s~!
limited k; 165" 15157
tight k, 825! 825!
binding
mechanism
k, 990 s! 2,310 5!
nondiffusion 0.005 D* 3.0 x 1077 em?s~! 3.0 x 107" cm?s~!
limited k, 147 5! 1515~
k, 100s-" 825!
k, 495s~! 865s~"
diffusion 0.25 D 7.1 x 1070 em?s-! 7.0 x 10" ¢em?s~!
limited k, 735! 635!
collisional
mechanism
k, 4955! 865s"
nondiffusion 0.005 D 1.8 x 10"% cm®s ! 1.7 x 1078 cm?s !
limited k, 855! 865!
*D was set to this value and k, adjusted to obtain the observed lag.
Fixed parameters:
k, = 1,550s7".
E” of FeS, cytochrome f, plastocyanin, P-700 were 320, 340, 340, 480 mV, respectively.
ks =2,800s"".
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FIGURES8 Lags of simulations generated with the tight binding mecha-
nism at Q, with various values of the diffusion coefficient; (4) nondiffu-
sion-limited mechanism; (B) diffusion-limited mechanism. Lags are
shown for simulations of a single flash (W) (as indicated by the dashed
lines shown in Fig. 7), a second flash (W), and a single flash (®) with 71%
of PS II inhibited. The second flash simulation was generated by
subtracting a simulation of a single flash off a simulation of a double
flash as shown for the signals in Fig. 4. The experimentally observed lag
was 1.8 ms (see Fig. 4).

lie below the signal, the nondiffusion-limited simulation is
the better approximation. Fig. 9 B is an equivalent figure,
but for simulations using the tight-binding mechanism.
There is little difference between the diffusion-limited and
nondiffusion-limited cases, and here both simulations lie
above the signal, in contrast to the collisional mechanism
simulations. However, both the simulations in Fig. 9 B are
reasonably good approximations to the signal.

In Fig. 10, the DCMU-inhibited signal (Fig. 3 A) is
compared with simulations of this signal generated by
using the parameter values from the fitting of its control
and assuming 71% inhibition of PS II. For the collisional
mechanism simulations (Fig. 10 4), the nondiffusion-
limited case is a better approximation than the diffusion-
limited one, which lies above the signal. Both the curves
generated with the model using the tight-binding mecha-
nism simulate the signal reasonably accurately (Fig.
10 B).

DISCUSSION

The work here addressed questions concerning the lateral
diffusion of plastoquinol and the mechanism of its binding

COLLISIONAL MECHANISM

BINDING AT Q, SITE
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TIME / ms

FIGURE9 Comparison of normalized dual flash signal (same as Fig.
4 B, shown as points) with simulations of a dual flash signal from the
model using the collisional (4) and tight binding mechanism (B); each
for the diffusion limited (solid lines) and nondiffusion-limited (dash-
dotted lines) cases. The values of the parameters used in the model were
those obtained by optimizing the simulation of the single flash control
signal (Fig. 4 A), as shown in Figs. 5-7, and are listed in Table 3. The
root mean square of the residuals: (4) 5.3 x 1072 and 3.0 x 102 for
diffusion-limited and nondiffusion-limited case, respectively; (B) 3.0 x
10~2and 2.4 x 102 for diffusion-limited and nondiffusion-limited case,
respectively.
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FIGURE 10 Comparison of normalized signal measured in the presence
of DCMU (same as Fig. 3 B, shown as points) with simulations
assuming 71% inhibition of PS II (lines). Simulations were generated
using the collisional (4) and the tight binding mechanisms (B); each for
the diffusion-limited (solid lines) and nondiffusion-limited (dash-dotted
lines) cases. The values of the parameters used in the model were those
obtained by optimizing the simulation of the uninhibited control signal
(Fig. 3 A), and are listed in Table 3. The root mean square of the
residuals: (4) 6.0 x 1072 and 2.6 x 10-* for diffusion-limited and
nondiffusion-limited case, respectively; (B) 4.4 x 1073 and 2.8 x 103
for diffusion-limited and nondiffusion-limited case, respectively.
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and oxidation by the cytochrome bf complex. Related
aspects are the magnitude of the diffusion coefficient of
plastoquinol, the identity of the rate-limiting reaction and
the contribution of the Q-cycle to the reactions of linear
electron transport. The electron transfer steps are essen-
tial for our understanding of the long-range electron
transport, but have only been investigated in vivo in a few
studies. Our approach was to construct a model with
which the signal of the electron transfer from PS II to PS
I after a single flash was fitted using different mechanisms
for the diffusion of plastoquinol and its binding to the
cytochrome bf complex, and to see which of these mecha-
nisms best explained the signals observed when the
amount of flash-induced plastoquinol is varied experimen-
tally.

Fitting of modael to single
flash signals

For the control signals shown in Fig. 3 4 and Fig. 4 A4 the
parameters of the model with the different mechanisms
were varied until values were obtained which gave a good
approximation of the signal. When nondiffusion-limited
cases are considered, binding of plastoquinol is equally
likely at all cytochrome bf complexes available for bind-
ing, and the signals can be fitted by nonlinear regression
after substitution of the Monte Carlo algorithm with a
second-order rate equation. The rate of binding
(d[ PQH,]/dt)ying is given by

(d[PQH,)/dt)yina = —kuindlPOH,1IBF + BF~], (4)

where [PQH,] is the concentration of free plastoquinol,
[BF + BF~] the concentration of cytochrome bf com-
plexes available for binding, both expressed relative to the
amount of P-700, and k4 is the second-order rate
constant given by

ktina = cPnpgi/ (2%1), (5)

where ¢ is the time per walk given in Eq. 2 in Materials
and Methods, c is the number of trigonal lattice points
adjacent to the circumference of a cytochrome bf com-
plex, npg; is the number of PS I (i.e., the number of P-700)
in the model thylakoid, and £ is the total number of lattice
points in the model thylakoid. From Egs. 2 and 5, k4 is
proportional to the product D x P for the nondiffusion-
limited case. That the Monte Carlo algorithm produces
the same output as Eq. 4 can be used as a criterion of
nondiffusion-limitation; in our model, this was satisfied
with P < 0.005.

Figs. 5-7 show how the simulations vary with the D and
k4 parameters in comparison with the control signal from
the dual-flash experiment. For the tight-binding mecha-
nism, the lag is determined by two unknown parameters,

k, and D, so that they do not have unique optimal values,
and the values shown for k, in Table 3 are those with D set
to3 x 1077 cm?~ .

The control signals (shown in Fig. 3 4 and Fig. 4 A)
were carried out on different preparations of thylakoids.
The slight differences in lags and halftimes are within the
range of values that are commonly observed in spinach
thylakoid preparations. The slightly different values for
the k,, k;, k;, and D parameters as obtained by the
optimization process are given in Table 3. The reason for
this variation is not known, but environmental factors
such as growth temperature are known to affect the lipid
to protein ratio in the thylakoid membrane, for example
(53).

Contribution of Q-cycle

The time course of P-700* reduction 10 ms after the flash
rises too slowly to be modeled by a simple chain of
first-order reactions (54), nor can it be fully accounted for
by the back reactions which occur between the Rieske
iron sulfur protein, cytochrome f, plastocyanin, and P-700
as a consequence of their redox potentials. For all the
mechanisms considered in our model, the adoption of a
mandatory Q-cycle with a halftime for the reduction and
release of plastoquinone at the Q. site of the order of 8 ms
was necessary to successfully simulate the whole kinetics
of P-700" reduction. After every Q-cycle half of the
amount of plastoquinol being oxidized at the Qg site is
released again at the Q. site which slows down the
transfer of the total amount of electrons from PS II to
PSIL

Modeling of inhibited PS Il and
dual-flash signals

Consequences of tight-binding
mechanism

In the tight-binding mechanism, the diffusion of plastoqui-
nol precedes its slow oxidation and therefore affects the
lag phase of the P-700* reduction kinetics. It is in
particular this mechanism which should result in distinct
differences in the kinetics at different amounts of plastoqui-
nol. The more plastoquinol is present, the less free binding
sites at cytochrome bf complexes are available, and the
longer the lag. The binding sites of cytochrome bf
complexes near to PS II complexes tend to be occupied
first, so that in the case of the dual flash, most of the
molecules generated in the second flash would be forced to
diffuse into the stromal region in this model. This effect
can be seen in Fig. 8, where for values of D < 107 cm?
s~!, there is a substantial difference in the lag phase of
simulations between those for second and first flashes.
The difference between the DCMU-inhibited and first
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flash simulations is less pronounced, because tight-
binding sites are in excess for both.

However, the experimental observation is that the lag
phase is not altered by the amount of flash-induced
plastoquinol because no significant difference is seen
between the lags of signals after inhibition of PS II (Fig.
3) nor after the second flash (Fig. 4). This situation is only
approached when D is increased so that the influence of
the binding step on the lag diminishes. For D = 3 x 107’
cm?s~! the difference in lags for both diffusion-limited
and nondiffusion-limited cases is within the precision of
our measurement. The fact that the lags of the simula-
tions converge to a lag of 2.1 ms is simply a reflection of
the value chosen for k,, but the value of D at which they
converge is independent of this choice. Thus, a tight-
binding mechanism would only be consistent with our
data if the diffusion coefficient of plastoquinol is >3 x
1077 cm?s .

Consequences of a collisional

mechanism

For the collisional mechanism, the rate-limiting oxidation
of plastoquinol occurs by diffusion and is controlled by the
binding probability at the cytochrome bf complex, so that
the whole kinetics are affected by the diffusion process. As
the oxidation of plastoquinol proceeds, there is an accumu-
lation of cytochrome bf which cannot oxidize plastoqui-
nol, because both cytochromes b are reduced due to the
slow reduction of Q.. This fraction of cytochrome bf
increases at the increased plastoquinol concentration
after a second flash and slows down the oxidation of
plastoquinol. As compared with this second-order process
the intramolecular, first-order oxidation of plastoquinol
after its binding to the cytochrome bf complex in the
tight-binding mechanism is much less changed by this
effect. Thus, the model predicts slower kinetics for the
dual-flash signal with the collisional mechanism than with
the tight-binding mechanism (data not shown).

This effect is more pronounced with the diffusion-
limited than with the nondiffusion-limited collisional
mechanism in the dual flash signal, where the cytochrome
bf complexes in the granal region are more likely to have
both cytochrome b reduced after the first flash than those
in the stromal region, so that plastoquinol produced by the
second flash must diffuse into the stromal region or wait
for the reduction of Q. before it can be oxidized. This can
be seen by the much slower kinetics predicted by the
diffusion-limited collisional mechanism for the dual-flash
signal (Fig. 9 4) and slightly faster kinetics for the
inhibited PS II signal (Fig. 10 A) as compared with the
nondiffusion-limited case. In fact, the magnitude of the
effect of varying the amount of plastoquinol predicted by
the diffusion-limited case is greater than that which is

observed experimentally, while the nondiffusion-limited
case simulations fit the signals reasonably well (Fig. 9 4
and Fig. 10 4). It is remarkable that the diffusion
coefficient did not have to be greater than 2 x 10~% cm?s !

to describe our data with this mechanism.

Diffusion coefficient

The values for the diffusion coefficient D that can be
obtained using our model are dependent on the value that
is used for the binding probability P. We set P = 0.25 for
a nearly diffusion-limited case, taking account a limited
reaction site at the surface of the cytochrome bf complex.
If a value of P = 1 is used, the value of D needed to fit a
single-flash signal using the collisional mechanism is 20%
lower than that listed in Table 3 for P = 0.25. In the
nondiffusion-limited collisional mechanism the second-
order rate constant is proportional to D x P (see above)
and D can have any value provided that P is small enough
to avoid limitation by diffusion. The maximum value of P
for which this is true was found to be 0.005, which yields a
value of 2 x 1078 cm?~! for D. This value is similar to the
diffusion coefficient of lipid molecules in bilayers (17). It
is considerably lower than all previous estimates which
took into account that the rate-limiting step in photosyn-
thetic electron transport is not diffusion limited.

For both the tight-binding and collisional mechanisms,
only a minimum value of D can be estimated. For
tight-binding, this is the value of 3 x 1077 cm%~! at
which diffusion ceases to have any influence on the
kinetics because it is so rapid. The value of D in our model
relates to the rate of plastoquinol diffusion that would be
seen in the membrane without protein obstacles (14). As
such it can be best related to direct measurements of
quinone diffusion coefficients made in protein-free lipo-
somes. Values of 107°~10~° cm?s~! were obtained for the
diffusion coefficient of ubiquinone in phospholipid lipo-
somes by a fluorescence quenching technique (18, 55).
More recently, Blackwell et al. (19) have determined
values of 1.3-3.5 x 1077 cm?™' for the diffusion of
plastoquinol in phosphatidylcholine vesicles using a dif-
ferent fluorescence quenching method. The same authors
recalculated the diffusion coefficient of ubiquinone using
the data of reference 55, arriving at a value of 2.5 x 1077
cm’s~!. However, the presence of protein almost certainly
decreases the fluidity of the membrane, as has been shown
by reconstituting the isolated CF, complex of the chloro-
plast ATP synthase into vesicles composed of thylakoid
lipids (56), so that these values represent an upper limit
for D in our model, where we consider diffusion in the
thylakoid membrane. For this reason, the minimum value
of 3 x 1077 cm?~! for D required by the model with the
tight-binding mechanism seems rather high.
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Comparing mechanisms

There is some positive evidence from other work that
plastoquinol oxidation occurs by a collisional mechanism.
The mechanism of the analogous reaction of ubiquinol
oxidation by the cytochrome bc, complex in Rhodobacter
spheroides has been studied in some detail (57, 58). The
kinetics of the reaction as a function of ubiquinol concen-
tration in membranes depleted of endogenous ubiquinol
was consistent with a collisional mechanism in this system
(57). In another study the pre-steady-state kinetics of the
oxidation of duroquinol by isolated reduced cytochrome
bf complexes were found to be second order as would be
expected under these circumstances for a collisional
mechanism (59).

Wang et al. (58) investigated the possibility that the
oxidation of ubiquinol is diffusion limited in Rhodobacter
spheroides. The kinetics of the reduction of cytochrome
b-561 were measured at a range of temperatures and the
low activation energy obtained was taken as indicating
that the reaction is not diffusion limited. However, re-
cently a high temperature dependence of the viscosity of
lipid membranes has been found (16).

Another possible mechanism for the oxidation of plas-
toquinol would be a reversible rapid binding at Qg
followed by slower oxidation, as has been suggested for
ubiquinol oxidation in Rhodobacter sphaeroides (61).
This could be modeled by adding an unbinding step to the
tight-binding mechanism, so that values of D as high or
higher than that obtained for that mechanism would be
required to give the observed kinetics.

An obvious extension of the work presented here is to
measure the kinetics of P-700 reduction under conditions
which induce unfolding of the thylakoid membranes and a
homogeneous distribution of the photosystems. In these
circumstances, if the oxidation of plastoquinol is diffusion
limited the difference in kinetics between the second and
first flash in a dual flash experiment would be expected
to be less than that observed here using stacked thylakoid
membranes. However, the results of such experiments do
not support the operation of a diffusion-limited mecha-
nism (Spillmann, A., R. Mitchell, H. Robenek, and W.
Haehnel, manuscript in preparation).

In conclusion, the results are best fitted by our model
assuming either a very rapid tight-binding step for the
oxidation of plastoquinol and a diffusion coefficient =3 x
10~7 cm?~! or a nondiffusion-limited collisional mecha-
nism and a low value of the diffusion coefficient of =2 x
10~% cm?s~!. In our view, the data presented here and
elsewhere is best accounted for by the nondiffusion-
limited collisional mechanism.

The exact nature of the contribution of the diffusion of
plastoquinol to the kinetics of photosynthetic electron
transfer is very difficult to determine by experiment alone

because there is at present no way of accurately measur-
ing the steps in which it is involved. Our alternative
approach in which the whole-chain kinetics, which can be
very accurately determined, were successfully modeled
has enabled us to set new lower limits for the possible
values of D and to exclude a diffusion-limited collisional
mechanism. Due to the number of uncertainties which
still remain regarding the structure and functioning of the
thylakoid system, we have not investigated all of the
possible alternative assumptions for the model, for exam-
ple, it has recently been suggested that there is inhomoge-
neity in the distribution of plastoquinone (62). However,
an advantage of our approach is that as experimental
evidence accumulates, the model may be modified and the
consequences for kinetics investigated.
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