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Abstract

Reduction kinetics of cytochrome f, plastocyanin (PC) and P, (‘high-potential chain’) in thylakoids from spinach were followed after
pre-oxidation by a saturating light pulse. We describe a novel approach to follow PC redox kinetics from deconvolution of 810-860 nm
absorption changes. The equilibration between the redox-components was analyzed by plotting the redox state of cytochrome f and PC
against that of P;qo. In thylakoids with (1) diminished electron transport rate (adjusted with a cytochrome bf inhibitor) or (2) de-stacked
grana, cytochrome f and PC relaxed close to their thermodynamic equilibriums with P5qo. In stacked thylakoids with non-inhibited electron
transport, the equilibration plots were complex and non-hyperbolic, suggesting that during fast electron flux, the ‘high-potential chain’ does
not homogeneously equilibrate throughout the membrane. Apparent equilibrium constants <5 were calculated, which are below the
thermodynamic equilibrium known for the ‘high potential chain’. The disequilibrium found in stacked thylakoids with high electron fluxes is
explained by restricted long-range PC diffusion. We develop a model assuming that about 30% of Photosystem I mainly located in grana end-
membranes and margins rapidly equilibrate with cytochrome f via short-distance transluminal PC diffusion, while long-range lateral PC

migration between grana cores and distant stroma lamellae is restricted. Implications for the electron flux control are discussed.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In higher plants, most algae and some cyanobacteria, the
blue copper-protein plastocyanin (PC) mediates the photo-
synthetic electron transport (ET) between the membrane-
embedded complexes cytochrome (cyt) bf complex and
Photosystem (PS) I [1]. PC is localized in the thylakoid
lumen. Its structure is known at atomic resolution [2]. The
kinetics of the electron transfer between cytochrome f, PC
and PSI and its structural basis are well known [3,4]. Tight

Abbreviations: chl, chlorophyll; cyt, cytochrome; DNP-INT, 2.4-
dinitrophenylether of iodonitrothymol; Ae, differential absorption coeffi-
cient; E,, redox midpoint potential, ET, electron transport; FR, far red;
P00, reaction centre chlorophyll of Photosystem I; PAM, pulse-amplitude-
modulation; PC, plastocyanin; PQ, plastoquinone; PS, photosystem
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encounter-complexes between PC and its docking sites at
the cyt bf complex and PSI are formed, which allow very
rapid electron transfer from the heme complex of cyto-
chrome f'to the PC copper complex (time constant 35-350
pus) and from PC to P;o (time constant 10-20 ps; [3]),
respectively. However, to carry electrons between distant cyt
bf complexes and PSI, the small (10 kDa) PC protein must
migrate throughout the thylakoid lumen between protruding
protein complexes [4]. The influence of the lumen structure
on the PC diffusion is still not clear.

The thylakoid lumen is enclosed by the partially stacked
thylakoid membrane, forming distinct subcompartments.
Grana exhibit strictly stacked membranes (‘grana core’) and
‘exposed’ grana membrane regions, such as the bent
margins and the flat end-membranes [5]. The grana are
interconnected by unstacked stroma lamellae. The protein
complexes involved in the photosynthetic energy trans-
duction are asymmetrically distributed between these sub-
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compartments [6]. PSII with LHCII are preferentially
located in the grana core, whereas PSI, LHCI and the
ATPase are excluded from this area and are located in
exposed grana membranes and stroma lamellae. It is
assumed that the cyt bf complex is more or less equally
distributed throughout the membrane, i.e. one fraction of
this complex is located in exposed regions, adjacent to PSI,
another fraction in inner grana regions, distant to PSI. Grana
stacks exhibit a diameter of 400-500 nm [7]. It was
calculated that the mean distance between half of cyt bf
complexes located in the grana core and PSI is 60—70 nm
(assuming random cyt bf distribution, [8]). Furthermore, the
inner width of the thylakoid lumen (approx. 4 nm, [5]) and
the size of the PC protein (approx. 4x3 X3 nm, [2]) are in
the same order. In addition, it is assumed that the luminal
width can be further reduced in illuminated chloroplasts [9].
Hachnel et al. [10] could clearly demonstrate that PC does
diffuse in the light from the distant stroma lamellae to the
grana core, but it was questioned whether this long-distance
PC migration could be fast enough to support the linear
electron transport, which requires transfer rates in the order
of 10 ms [8,11]. Recently, it was reported that a decline in
the width of the thylakoid lumen by hyperosmotic stress
actually slowed the electron transport rate from PC to P;gg
in Chlamydomonas down, suggesting that the luminal width
could affect PC diffusion [12]. In addition, a large number
of protruding parts of grana protein complexes such as the
extrinsic proteins of the water splitting complex of PSII [13]
and cytochrome f[14] could act as diffusion obstacles and
are likely to contribute to a restriction of the PC diffusion.
On the other hand, PC diffusion is facilitated by the two-
dimensional character of the diffusion space, and its docking
to the target proteins, cytochrome f and the PsaF subunit of
PSI, is supported by long-range electrostatic attraction [3].

The control of long-distance migration of PC could be of
significance for the appropriate matching of the light-driven
linear electron transport to PSI and the electron-consuming
metabolic reactions. It could also affect the balance between
linear and cyclic electron transport. If cyclic transport is
located in stroma lamellae (e.g. Ref. [6]), this compartment
should be protected from rapid redox equilibration with PSII
in the grana stacks, i.e. fast PC migration from inner grana
stacks to the distant stroma lamellae could disturb the redox
poising needed for cyclic transport [15]. Overall, long-
distance migration of PC is an important problem regarding
the control of photosynthetic electron transport. There exists
a number of arguments in favour of restricted PC diffusion.
Yet, there is still no clear concept integrating PC diffusion
and the control of electron transport. Interestingly, there is
increasing evidence that the PC gene (petE) expression is
highly regulated by various environmental factors [16,17].
By this regulation, PC could be adjusted to changing
metabolic conditions.

In this work, we analyze redox kinetics of the compo-
nents of the ‘high potential chain’, cytochrome f, PC and
P700- A novel approach to measure redox kinetics of PC

from absorption changes in the 810-860 nm range
(measured with a pulse-amplitude-modulation (PAM) pho-
tometer) is described. In saturating light pulses, the ‘high
potential chain’ becomes fully oxidized. We measured and
compared the reduction of the three redox components in
the dark after the light pulse, reflecting the redox equilibra-
tion between these components. We demonstrate that the
components of the ‘high potential chain’ remain far from
their thermodynamic equilibrium and suggest that only a
minor fraction of PC, located in the outer regions of grana,
could rapidly equilibrate with adjacent cyt bf complexes and
PSI. The long-distance PC migration between grana cores
and distant membrane regions, however, is relatively slow
and hinders redox-equilibration throughout the membrane.
We discuss our observations in the light of the flux control
of the linear electron transport and the balance between
linear and cyclic flux.

2. Materials and methods
2.1. Preparations

Chloroplasts were isolated from 6-week-old leaves of
spinach (Spinacea oleracea var. polka) grown in a hydro-
ponics medium [18] at 13—16 °C according to Ref. [19]. The
photoperiod was 10 h (300 pmol quanta m % s~ '). The
chlorophyll content was determined according to Ref. [20].

PSI enriched particles were isolated according to Ref.
[21]. The P;o content increased from 2.0 to 3.0 mmol/mol
chl, indicating that the preparation still contained PSII and
LHCII. However, for our purpose, it was important that the
preparation no longer contained any PC. This was ensured
by the isolation protocol. A PC-enriched preparation was
isolated from thylakoid membranes washed twice in a buffer
containing 100 mM sorbitol, 10 mM NaCl, 10 mM MgCl,,
30 mM HEPES (pH 7.8, KOH), and 2 M NaBr to remove
peripheral proteins localized at the stroma side of the
membrane, namely ferredoxin. Membranes treated in this
way were subjected to 10 cycles of freezing and thawing in
order to release PC from the lumen [22]. The membranes
were pelleted (35,000xg, 20 min) and the PC containing
supernatant was concentrated with a Centricon 10 (cut-off
10 kDa). The purity of the PC preparation and the absence
of ferredoxin were checked by comparison of difference
absorption spectra (1 mM ferricyanide minus 10 mM
sodium ascorbate) with literature spectra [23,24]. The
measurements were made with a Hitachi U3010 photometer
(slit width 1 nm, 300 nm/min).

2.2. Spectroscopy

Redox kinetics of cytochrome f were obtained from
difference absorption signals in the green wavelength region
(545, 554 and 575 nm) in a self-constructed photometer as
described in Ref. [19]. The measuring beam was produced
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by a Bausch and Lomb monochromator. Saturating 100 ms
red light pulses (about 5 mmol quanta per m” and s, 630 nm)
generated by a high power LED cone (Walz Company,
Effeltrich, Germany) were directed into the cuvette perpen-
dicular to the measuring beam via fiber optics. In the third
optical axis, PC" and P,y were followed in the far red (FR).
The pulse-modulated (100 kHz) FR measuring beam was
produced and signals were collected by a PAM 101
photometer (Walz) with the emitting-detecting units ED-
800T (810 nm) [23] and ED-P700DW (810-860 nm) [25].
FR signals were recorded simultaneously with the cyto-
chrome f'signals. Fifteen measurements for each signal were
averaged (repetition frequency 3 s). The deconvolution
procedure is described in Results.

Shortly before the measurements, the chloroplast enve-
lope was removed by a 30-s osmotic shock in a hypotonic
medium. During the measurements, the suspension medium
contained 300 mM sorbitol, 50 mM KCI, 7 mM MgCl, and
30 mM HEPES, pH 7.6 (KOH) and thylakoid membranes
equivalent to 30 pM chlorophyll. Methylviologen (50 uM),
nigericin (1 pM), nonactin (0.5 uM) and sodium ascorbate
(1 mM) were added. 2,4-Dinitrophenylether of iodonitro-
thymol (DNP-INT) was added as indicated. For de-stacking,
thylakoids were transferred in 10 mM KCI and 15 mM
HEPES, pH 7.6 (KOH).

For FR absorbance measurements with leaves, 1.8 cm
discs from spinach leaves were infiltrated with tap water
containing 0.4 mM methylviologen. Five minutes after
infiltration the leaf discs were placed in a reflecting cuvette.
The modulated measuring beam, the measuring signals and
a 120 ms red light pulse (5 mmol quanta per m? and s, 645—
700 nm) were guided via a threefold-branched fiber optics
through the cuvette.

3. Results

3.1. Deconvolution of FR absorbance changes in PC and
Py redox kinetics

P00 and PC" signals were obtained from FR difference
signals at (860-810 nm; ED-P700DW unit) and at 810 nm
(ED-800T unit). The differential absorption coefficients
required for the deconvolution of the absorption signals are
summarized in Table 1. The values were determined from
PSI- or PC-enriched preparations (see Materials and
methods). The PC content of the preparation was obtained
from the absorption difference spectrum at 597 nm
(ferricyanide minus sodium ascorbate) using an absorption
coefficient Ae=4.9 mM ' cm™' [24]. The P,y concen-
tration was obtained from light-pulse induced difference
signals at 702 nm (see Ref. [19]). Using suspensions of
either PC- or PSl-enriched preparations with adjusted
chromophore concentrations, we determined the apparent
absorption coefficients for our measuring system (Table 1).
Assuming a PC/P;y ratio of 3:4 in thylakoid membranes

Table 1
Differential absorption coefficients, Ag, of PC and Py, for the FR
measuring heads

Ae 810 nm Ae (810-860 nm)
PC 1.59 mM ™! cm™! 0.44 mM " em™!
P00 1030 mM ' em™! 9.60 mM ' cm ™!

(see below) it follows from the A¢ values in Table 1, that the
contamination of the ‘P signal’ (810-860 nm) signal with
the PC-dependent signal is between 12% and 15%. At 810
nm, the contribution of PC was estimated to be 32-38% of
the total amplitude. On the basis of Table 1, Egs. (1) and (2)
were used to deconvolute FR absorbance changes in its PC
and P, redox signals.
AA3109.60 — AA810786010~3O

erc = d10.73 ()

~ Adgio-s601.59 — Adgi90.44 5
o = d10.73 (2)

cpe, Cp,,, concentration of PC and P7op in mM; Adgo,
AAgy9-g60, absorption change at 810 or 810-860 nm; d,
optical path length in cm.

Fig. 1 shows an example for a deconvolution of light
pulse-induced FR absorption changes measured with iso-
lated thylakoid membranes. The presence of the PSI electron
acceptor methylviologen [26] and the uncouplers nigericin
and nonactin suppress ApH- and Ay-dependent light
scattering changes [23]. Sodium ascorbate was added to
keep the ‘high potential chain’ completely reduced in the
dark. The saturating light pulse of 100 ms (grey bar in Fig. 1,
left) quantitatively oxidizes the ‘high potential chain’. Thus,
the ratio PC/P;go can be derived from the maximal signal
changes (Fig. 1, right). A PC/P;¢ of 3.60+0.35 (n=5) was
calculated, which is in good agreement with values
published for spinach [10,23]. The validity of the deconvo-
lution procedure was further proved and confirmed by
repeating the measurements with thylakoids where PC was
either inactivated by KCN treatment [22] or released from
thylakoids by freezing—thawing cycles [22]. As expected, the
absorption changes induced by the treatments corresponded
well with the predicted changes from Table 1 (not shown).

In the light pulse, Py reached a nearly oxidized state
within about 20 ms. A rapid initial photooxidation of PC
(about three-fourths) was followed by a slow oxidation
phase (about one-fourth), which was nearly (about 95%
oxidation) completed at the end of the light pulse (100 ms).
Similarly, the PC" relaxed more slowly in the dark
compared to P9. In thylakoid preparations, the P,y
relaxation signal usually showed a small slow component
(time constant >150 ms; Fig. 1, right). Its amplitude varied
with preparations from 10% to 20% of the total signal
amplitude, but drastically increased in thylakoids exposed to
freezing—thawing cycles (not shown). On the other hand, it
was completely absent in intact leaves (see below). Thus,
we conclude that the slow component represents a fraction
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Fig. 1. Deconvolution of FR absorbance changes in P;oo and PC redox kinetics. P79 and PC redox signals were calculated with Egs. (1) and (2). The grey bar
(left) indicates the saturating light pulse. Both deconvoluted redox signals (right) are normalized to the maximal P;oo amplitude.

of PC-depleted thylakoids. It could be an artefact resulting
from the isolation or osmotic shock procedure. We
eliminated this component in the following equilibrium
analysis.

3.2. Redox equilibration between cytochrome f, PC and Py,
during the dark relaxation

At the end of the light pulse in Fig. 1, the ‘high potential
chain’ is completely oxidized, whereas the plastoquinone
(PQ) pool is highly reduced (redox cross-over). This is due
to the rate-limiting step at the cyt bf complex [11]. In the
following dark phase, electrons from the PQH,-pool will
pass the cyt bf complex and enter the ‘high potential chain’.
The redox equilibration within the ‘high potential chain’ can
be examined by comparing the relaxation of the three
components, cyt /*, PC" and P,y after the light pulse.
Normalized values (100% photooxidized=1; 100% reduced
state=0) for PC" and cyt /" obtained from these relaxation
curves were plotted against P7oo (Fig. 2). In the following

these plots in Fig. 2 are called ‘equilibration plot’. Values
around 1/1 represent the condition immediately after the
light pulse where all components are highly oxidized. With
increasing dark time, the relative proportion of the oxidized
population decreases. At the 0/0 point, all components are
reduced. Theoretical equilibrium curves (K.q) are plotted in
Fig. 2 (shaded area) calculated from published midpoint
potentials (E,,) of cytochrome f, PC and P, of spinach
derived from equilibrium redox titrations (Table 2). These
calculated curves represent the situation expected if the
components of the ‘high potential chain’ would interact
homogeneously, rapidly and close to their thermodynamic
equilibrium.

The apparent equilibration plots derived from measured
redox kinetics clearly differ from the calculated curves:
Overall, the apparent equilibrium values (K,p,) are signifi-
cantly smaller than expected from the K., values. This
suggests that the electron transfer from PC to PSI is
restricted in such a way that PC and P do not equilibrate
rapidly and P,oy stays more oxidized than expected.

cytochrome f plastocyanin

10 1,0
k]
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Fig. 2. Equilibrium plots for the components of the ‘high potential chain’ in stacked thylakoids with maximal electron transport rate. Relaxation signals after the
light pulse (see Fig. 1, right) of cytochrome f, PC and P,y were normalized and plotted against each other. The grey area indicate the expected behaviour

calculated from the midpoint potentials given in this figure with:

_Ka—a—-K

(P700 — @)K
y =

((l — 1)K 1-— (P700 — a) +K(P700 — (1)

y, normalized PC™ or cytochrome f*; K, equilibrium constant, from Table 2 it follows K (PC/P700)=43-172 and K (cyt f/P700)=64-312; a, point of
intersection with the abscissa axis. The parameter a represents the slow P, relaxation component. For further details see text.
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Table 2
Published values for midpoint potentials (E,,) of components of the ‘high
potential chain’ from spinach

Component Literature E,, in mV
Cytochrome f* [41-43] +340 to +360
PC [23,35] +355 to +370
Bound to PSI [35] +421

P00 [23,35] +465 to +485
With bound PC [35] +475

The equilibrium constant, K, is calculated according to ch:e(’” FEWRT),

n, number of electrons transferred (n=1); F, Faraday constant (96,500 C
mol™"); R, gas constant (8.314 J mol ' K™); 7, temperature (293 K).

Furthermore, the plots exhibit a complex shape. This
indicates that redox equilibration between the components
of the ‘high potential chain’ is not homogenous throughout
the membrane.

3.3. Electron transport rate and redox equilibration

In the analysis shown in Fig. 2 the electron transport rate
is at its maximum. The overall rate could be obtained from
the P,y reduction kinetics after the light pulse. The time
constant was 8.8£0.3 ms (n=5). To examine the influence
of the electron transport rate from PQH, to P7go on the K,
the equilibration analysis was carried out in the presence of
varying concentrations of DNP-INT, a potent inhibitor of
the PQH, oxidation at the cyt f complex [27,28]. DNP-INT
(1 uM) decreases the Py reduction rate to about 20% of its
control value. The corresponding equilibration plots are
shown in Fig. 3. Compared to those of the non-inhibited
thylakoids (solid line, from Fig. 2), the apparent equilibrium
constants between PC/P;oo and cytochrome f/P5(, are now
shifted to much higher values and more or less approximate
the expected curves derived from the £, values (grey areas).
Furthermore, the curves are less complex and exhibit a
nearly hyperbolic shape, similar as theoretically expected.

The data shown in Fig. 3 were fitted to calculated
equilibrium curves. From these fittings, we determined K,
values for different inhibition levels adjusted by different
DNP-INT concentrations. The insets in Fig. 3 show an
inverse correlation between the electron transport rate and
the K,p,p. For data fitting, it is noteworthy that at low levels
of inhibition the equilibration curves deviate from the ideal
hyperbolic shape (see Fig. 2). However, in a first approx-
imation, K,,,, as a function of the electron transport rate can
be quantified in this way.

3.4. Membrane stacking and redox equilibration

Redox equilibration was further examined after de-
stacking of grana membranes (Fig. 4). De-stacking was
obtained by incubating thylakoids in a hypotonic medium
with low ionic strength. Under this condition, the time
constant for P,y reduction (8.040.1 ms, n=2) was nearly
identical to that of stacked membranes (8.1+£0.1 ms).
However, the redox equilibration plots differed clearly from
those obtained for stacked thylakoid membranes (solid
lines). The equilibration curve for de-stacked thylakoids was
less complex and significantly closer to the theoretically
calculated curves. It suggests that during fast electron
transport, in de-stacked membranes the ‘high potential
chain’ was much closer to its equilibrium, compared to
intact, stacked thylakoids.

3.5. PC/Pyy redox equilibration in leaves

The inset of Fig. 5 shows P,y and PC redox kinetics
measured with an infiltrated leaf disc. The FR measuring
light efficiently penetrates the leaf tissue, as there are little
FR absorbing components. Infiltration minimizes light
scattering of the leaf tissue. As mentioned above, we did
not see a slow component in the redox kinetics. We
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Fig. 3. Equilibrium plots for the components of the ‘high potential chain’ in stacked thylakoids with slowed down electron transport rate. Thylakoids were
incubated in the presence of different concentrations of the cyt bf inhibitor DNP-INT (1 pM in this figure). Solid lines are taken from Fig. 2 to clarify the
deviations. The dashed line (right) indicates an equilibrium constant of 10 (see Discussion). Insets: the apparent equilibrium constants (K,,,) were calculated
with the equation given in Fig. 2. The actual inhibition was quantified by the P, reduction rate constant and plotted against K pp- Note the strong dependence

of Kypp on the rate constant.
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Fig. 4. Equilibrium plots for the components of the ‘high potential chain’ in de-stacked thylakoids. Thylakoids were incubated for at least 10 min in a de-
stacking medium. Solid lines are taken from Fig. 2 to clarify the deviations. For further details see Fig. 3.

determined a PC/P;qq ratio of 3.64+0.25 (n=10), which was
in good agreement to the value determined for isolated
thylakoids. Addition of the uncoupler nigericin (10 pM)
resulted in a stimulation of the P,og reduction time constant
from about 26 ms to about 11 ms, which is close to the rate
constant found in thylakoids. This can be explained by an
acidification of the thylakoid lumen in the light in the
absence of the uncoupler leading to a ‘photosynthetic
control’ which slows down the electron flux through the
cyt bf complex [29,30]. Photosynthetic control is abolished
by the uncoupler. One has to take into consideration that the
uncoupler could also affect other cellular membranes and
stimulate proton leakage from the cell vacuole. However, if
this would occur it seems to have only little, if any influence
on the electron transport rate. The equilibration plot PC™ vs.
P50 obtained from leaves infiltrated with uncoupler (Fig. 5,

1,0 oo -ﬁ
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0.8 - P °
b 7=26.2 ms (]
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Fig. 5. Equilibrium plots for the redox system PC/P, in infiltrated leaf
discs. Leaf discs were infiltrated in the presence of 0.4 mM methylviologen
and in the presence (white squares) or absence (black circles) of 10 uM
nigericin. The indicated time constants are derived from the Py, reduction
kinetics. The dashed line indicates an equilibrium constant of 10 (see
Discussion). Note the similarities of the equilibrium curves to Fig. 2 right
(not inhibited) and Fig. 3 right (inhibited). Inset: deconvoluted P-yy and PC
redox kinetics.

closed symbols) are similar to that obtained for intact, non-
inhibited thylakoids (compare Fig. 2, right), while the curve
from leaves without uncoupler (slow electron flux; Fig. 5,
squares) was hyperbolic and similar to that of DNP-INT
inhibited (compare Fig. 3, right) or de-stacked (Fig. 4)
thylakoids. In thylakoids (Fig. 3, right) as well as in leaf
discs (Fig. 5, white squares) K,p, rises if the electron
transport rate decreases and approximates K.

4. Discussion
4.1. A novel method for detecting PC redox kinetics

In the visible spectral region, PC is difficult to measure,
due to its broad difference absorption spectrum [23,24] and
strong superposition by other redox active chromophores of
the photosynthetic electron transport chain [31]. The FR
region is favourable because only P,o,, PC" and ferredoxin
as well as light scattering changes contribute to absorption
changes [23]. Measurements around 810 nm were already
applied for the registration of the redox status of Py [32—
34]. Here, we used a PAM photometer for registration of the
difference signal 810-860 nm (mainly P;¢g) and the 810 nm
signal (PC and P;qo). Calibrating the measuring system
(Table 1) using PC- and PSl-enriched preparations with
well-defined concentrations of chromophores, we deconvo-
lute the FR signals and separate PC and P, signals (Egs.
(1) and (2)). The good agreement between the PC and P-qq
signals obtained from isolated thylakoids and leaf discs
suggest that it is a useful spectroscopic approach to
investigate PC in leaves.

4.2. PC diffusion limits redox equilibration within the ‘high
potential chain’

In a recently published study [35], the ET between
isolated PC and PSI (both from spinach) was comprehen-
sively examined. Kinetic data from single-turnover flash
experiments were used to develop a model which includes
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binding and electron transfer equilibriums. It was an
important result of these studies that the electron transfer
from PC to P is optimized by the highly favoured binding
of reduced PC to PSI, relative to oxidized PC. At the same
time, however, the midpoint redox potential of PC bound to
PSI was shifted to a more positive value compared to that of
free PC. Thus, the equilibrium constant for the ET chain
from PC to the P, decreases from 85+40 calculated for
free PC (Table 2; grey area in Fig. 2, right to Fig. 5, right) to
a value of about 10 as determined for the PC—PSI complex
[35]. The corresponding equilibration curve calculated for
K,pp=10 is shown as dashed line in Figs. 3—5 (right side). In
thylakoids, the situation could be more complex. As PC is in
excess (PC/P700=3.60) there may be an equilibration
between bound and unbound PC. In that case, the apparent
equilibrium constant between P59 and PC should be
between that expected for the free component and that for
the PC-PSI complex and should vary with the oxidation
state of the thylakoids (F. Drepper, personal communica-
tion). However, in leaf discs and isolated thylakoids under
conditions where the ET rate is slowed down by an inhibitor
(Figs. 3 and 5), or the electron transport is fast but the grana
are de-stacked (Fig. 4), the observed equilibration plots fit
closely to the curve calculated for K,p,=10. It is an
indication that under these particular conditions the redox
equilibration between PC and P, is mainly determined by
the PC—PSI complex, and neither the concentration of free
PC" nor the diffusion of PC seem to determine the reaction.

A quite different situation is seen in well stacked
thylakoids with fast (non-inhibited) electron transport (Figs.
2 and 5). Here, the equilibration curves are complex and
non-hyperbolic and do not fit any of the calculated curves.
The curves indicate that K,,, could have values much
smaller than 10, indicating that at least one large fraction of
PSI relaxes far from its equilibrium with the high potential
chain.

K,pp values less than 5 were previously observed for the
redox equilibrium between cytochrome f and P;go in light
pulse experiments [36,37] and indirectly derived from
steady state measurements [38]. Delosme [36] and Joliot
and Joliot [37] discussed it in terms of an altered function of
the cyt bf complex. In this case, however, the redox
equilibration between cyt f and P;oo (Fig. 2, left) but not
that of PC and P,o would be affected. Here, however, we
observe a disequilibrium between PC and P,y (Fig. 2,
right), indicating that the interaction between PC and PSI is
disturbed. As the electron transfer within the PC—PSI is fast
(1020 ps, Ref. [3]), diffusion of PC to its docking site
could be the factor restricting the equilibration. If the PC
diffusion rate is slow compared to other electron transfer
rates, cyt / and PC" would become rapidly reduced while
P00 remains oxidized due to restricted PC diffusion, as is
seen in Fig. 2. This interpretation of the equilibration curves
is supported by the observation that de-stacking brings the
PC/P700 redox pair closer to its thermodynamic equilibrium
(Fig. 4). In de-stacked membranes, the lumen space is

widened and potential diffusion barriers could be elimi-
nated. Furthermore, a decrease of the electron flux rate (by
DNP-INT or by membrane energization) has a similar effect
on the redox equilibration. After inhibition, the electron flux
rate could approximate the apparent PC diffusion rate,
hence, PC diffusion could no more limit the redox
equilibration and K,p, would approach K. It further
suggests that the deviation from the thermodynamic
equilibrium observed during fast electron transport is caused
by a kinetic barrier, most likely PC migration. As the inner
width of the thylakoid lumen (approx. 4 nm, [5]) and the
size of the PC protein (approx. 4x3 X3 nm, [2]) are in the
same order, obstructed PC diffusion could be due to non-
sufficient width of the diffusion space. Cruz et al. [12]
observed that the electron transport is inhibited during
osmotic stress (where the lumen width could be further
reduced) and explained this observation with a restricted PC
mobility in the lumen. A second limiting factor could be
protruding proteins, which act as obstacles in the luminal
diffusion space [8,11]. In particular, the large water splitting
complexes tightly packed in the inner grana membranes
could severely restrict the PC lateral mobility in the lumen
of grana cores and act as a diffusion barrier between the
fraction of cyt f'located in grana cores and PSI. The two PC
docking proteins, cyt f'and the PsaF subunit could also limit
long-distance diffusion.

4.3. Slowly and rapidly equilibrating PC domains

The non-hyperbolic, complex shape of the curves (Fig. 2)
suggests that the redox components equilibrate in a non-
homogenous way. Part of the cyt /' versus P, curve in Fig.
2 actually fits well to the theoretical equilibration curve,
suggesting that roughly, about 30% of Py, equilibrates
rapidly with cyt £, i.e. PC diffusion should be fast. Only a
second, larger fraction relaxes far from the equilibrium. It
was assumed [11], that long-range lateral PC diffusion
throughout the lumen could be restricted, while short-
distance transluminal diffusion between cyt f and PsaF
located in facing membranes could be fast. Transluminal PC
diffusion between cyt f and PSI could be of significance in
the ‘end-lumen’ of grana stacks. Here, a stacked membrane
packed with PSII and cyt bf complexes is located opposite
to the non-stacked ‘end-membrane’ of the granum, which
contains a large number of PSI. PC would shuttle the
electrons between cyt ' and PSI over short distances across
the lumen, just between facing membranes (see model in
Fig. 6). Albertsson [6] presented data demonstrating that
about 30% of PSI could be located in end-membranes, but
this fraction could be lower in highly stacked grana. To
some extent, transluminal PC diffusion could also occur in
grana margins. In this sense, the end-lumen and, perhaps,
the lumen space in the margins of grana stacks could be
regarded as ‘rapid PC diffusion domains’. This would agree
well with our suggestion that about 30% of PSI equilibrate
rapidly with cyt f (experiment in Fig. 2A). On the other
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Fig. 6. Model of PC diffusion in the thylakoid membrane. The thylakoid model is based on the model proposed by Albertsson [6]. PSI, Photosystem I; bf,
cytochrome bf complex; PC, plastocyanin. For clarity, PSII, LHCs and the ATPase are omitted. Light dashed arrows indicate restricted lateral PC diffusion;
bold arrows indicate transluminal unrestricted diffusion in the end-membranes of grana thylakoids.

hand, the fraction of cyt bf complexes located in these
domains (e.g. 15% of total cyt bf is located in end-
membranes [6]) and, hence, its contribution to the overall
electron flux may be rather low. A much larger fraction of
cyt bf complexes is located in the inner grana membranes,
and these complexes could only slowly equilibrate with
P700, as they are separated from PSI by long-range lateral
PC diffusion pathways (see model in Fig. 6). Assuming
random cyt bf distribution, 50% of cyf bf complexes located
in grana stacks may have a mean lateral distance of 60—70
nm to the next PSI in the margins [8]. Lateral ‘percolation’
of the diffusible PC protein between ‘obstacles’—mainly
PSII/water splitting complexes—is expected to slow down
its diffusion rate with increasing distance. Our experiments
suggest that this kind of long-distance PC diffusion controls
the redox equilibration rate within the ‘high potential chain’.

On the basis of this model (Fig. 6), we explain the
kinetics of the dark-relaxation of the ‘high potential chain’
in the following way: at the end of the light pulse, all
components of the ‘high potential chain’ are oxidized. In a
first approximation the subsequent reduction by the plasto-
quinol pool can be subdivided into two different phases.
Phase 1: after the light pulse, one fraction of Py, in the end-
membranes becomes rapidly reduced (by efficient trans-
luminal PC diffusion; Fig. 6 upper part), while a larger
fraction of Py, remains oxidized, because of slow lateral
PC diffusion from the grana cores. Due to the restricted PC
diffusion, a large fraction of PC" in the grana core becomes
more rapidly reduced than P,oo. The first phase is
completed approx. 10 ms after the light pulse (estimated
from comparing the equilibration curves in Fig. 2 with the
relaxation kinetics). Phase 2: Poo in the end-membrane
(about 30%) is already reduced. P,y in the margins and
stroma lamellae (about 70%) becomes more slowly reduced
via lateral PC diffusion from the grana core. Concomitantly,
PC" in the grana will be further reduced. After substantial
reduction of the PC pool (about 3—4 PC per PSI, 8-10 per

cyt f) reduction of cyt /" starts (Fig. 2, left, middle and
lower left part of the curve). Similarly, the slow phase in the
PC photooxidation kinetics (Fig. 1) could represent a slowly
diffusing PC fraction migrating from the inner core of the
grana to the PSI containing margins.

4.4. Physiological implications

The most significant consequence of restricted long
range PC diffusion is a slow redox equilibration between
grana and stroma lamellae: electrons extracted from water at
PSII are kept in the grana. There is good evidence that the
second diffusible carrier, PQ also does not rapidly equili-
brate throughout the membrane [19,39]. Obviously, rapid
PQ equilibration is restricted to small ‘diffusion domains’
within the grana, while its long-range diffusion is slow.
Consequently, in high light the PQ pool in the grana core
remains reduced, while that of the distant stroma lamellae
remains oxidized. Taking these observations together, it
seems clear that electron shuttling from grana to stroma
lamellae is restricted. It has been discussed that cyclic
electron transport is located in the stroma lamellae [6,40].
Protection of stroma lamellae against ‘overreduction’ by
electron flow from the (PSII-containing) grana core is an
important requirement to keep appropriate redox poise for a
proton pumping cyclic electron transport [6,15,40].

However, restricted PC migration may also be of
significance for the flux control of the linear electron
transport. If lateral PC diffusion from grana to PSI in the
margins and stroma lamellae is restricted, the number of PC
could be an important factor controlling the linear electron
flux. Under metabolic conditions, where photosynthesis is
controlled by the electron-consuming carbon reactions,
restriction of electron flux through the high potential chain
could prevent ‘overreduction’ of PSI and related production
of reactive oxygen species. In fact, the petE (PC) gene
expression is under metabolic control [16,17]. In a
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subsequent paper, we will demonstrate a significant
contribution of PC to the flux control on the photosynthesis
in leaves.
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