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Electron transfer between Photosystem II (PSII) centers, cytochrome b /f complexes and Photosystem I (PSI) centers have been
studied in isolated spinach chloroplasts in the presence of ferricyanide. The analysis of the reduction of cytochrome b, under
saturating illumination shows that about 2/3 of cytochrome b/f complexes are rapidly accessible to PSII-formed plastoquinol
(< 10 ms), while for the remaining fraction, cytochrome b, is reduced in the 100 ms range. These results are interpreted
according to a model proposed by Joliot et al. (Joliot, P., Lavergne, J. and Béal, D. (1992) Biochim. Biophys. Acta 1101, 1-12), in
which the diffusion of plastoquinone is restricted to domains, including an average of 4 PSII centers. Cytochrome b/f complexes
included in the grana regions are involved in the linear electron flow from PSII to PSI; long-range electron transfer reactions are
exclusively mediated by plastocyanin. Under flash excitation, the rate of electron transfer from PSII to PSI is limited neither by
the diffusion nor by the binding of plastoquinol to cytochrome b/f complexes, but by electron transfer processes occurring within
the cytochrome b/f complexes. The rate of these limiting processes is very likely controlled by the redox state of the high
potential chain (cytochrome f and Rieske protein). Electron transfer through the cytochrome b/f complexes is discussed in

terms of a Q-cycle or a semiquinone cycle mechanism.

Introduction

Electron transfer between PSII and PSI centers
involves two mobile carriers. The liposoluble plasto-
quinone PQ mediates the electron transfer between
PSH and cytochrome b/f complex and the hydrosolu-
ble plastocyanin mediates the electron transfer be-
tween cytochrome b /f complex and PSI. PSIHI and PSI
centers segregate in different regions of the membrane,
appressed and non-appressed respectively, while the
cytochrome b /f complex is distributed in both regions
of the membrane (reviewed in Ref. 1). A crucial prob-
lem is to determine if one or both soluble carriers are
involved in long-range electron transfer reactions. Ki-
netic and thermodynamic analyses of electron transfer
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from PSII to the PQ pool suggest that diffusion of
plastoquinone is restricted to domains of small size,
including an average of four PSII centers. These do-
mains would be highly heterogeneous in terms of their
absolute size and of the [PQ]/[PSH] stoichiometry
[2-51. A restricted diffusion of plastoquinone implies
that only the cytochrome b/f complexes included in
the grana regions are involved in the linear electron
flow from water to NADPH and that long-range elec-
tron transfer is exclusively mediated by plastocyanin.
We previously analysed electron transfer reactions from
PSII to PSI in isolated chloroplasts in the presence of
ferricyanide, i.e., in conditions where the PQ pool and
both cytochrome b, and cytochrome b, are fully oxi-
dized in dark-adapted material [6,7]. Excitation by a
series of saturating flashes induces the reduction of
less than half of the total cytochrome b content, de-
spite the large excess of photochemically produced
PQH,. On the other hand, reoxidation of cytochrome
b is a slow process (¢, , = 1 s), which suggests that the
Q-cycle is not efficiently operating under these condi-
tions.

In this paper, we reinvestigate the process of elec-
tron transfer between PSII, cytochrome b/f and PSI
complexes under flash and continuous illumination and
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discuss the functional and structural implications of
these experiments.

Materials and Methods

Market spinach leaves were ground in a medium
containing 0.4 M sorbitol, 10 mM NaCl. S mM MgCl.,.
50 mM Hepes (pH 7.5), 2 mM sodium ascorbate and 2
g/1 bovine serum albumin. The homogenate was fil-
tered and centrifugated (2000 X g, 10 min). The pellet
was resuspended in the same medium and kept frozen
in the presence of 5% dimethyl sulfoxide. The experi-
ments were performed at room temperature, in a
medium containing 50 mM phosphate buffer (pH 6.5),
5 mM MgCl,, 1 uM gramicidin D, 0.1 mM methyl
viologen. All the experiments but that of Fig. 6 were
performed in the presence of (.3 mM ferricyanide.

Spectrophotometric measurements were performed
with an apparatus similar to that described in Ref. 8
and improved according to Ref. 6. Actinic flash excita-
tion was provided by a xenon flash (3 us at half-height),
filtered through a Schott RG665 filter for cytochrome
f and cytochrome b measurements, or a Corning 4-56
filter for P700 measurement. For these experiments,
the chlorophyll concentration was 30 ug/ml. The
light-detecting diodes were protected from scattered
actinic illumination by Corning 4-56 filters for cy-
tochrome b detection and by Kodak Wratten 96 +
Wratten 16 filters for P700 measurement. Continuous
actinic illumination was provided by two arrays of ninc
red light-emitting diodes (Toshiba TLRA-180x, peak
wavelength around 660 nm) which illuminate opposite
faces of the cuvette. To keep the continuous actinic
illumination homogeneous, experiments were per-
formed at a chlorophyll concentration of 15 ug/ml. At
maximum operating power (5 mW /diode), the inten-
sity corresponded to 0.5 to 1 absorbed photons per
PSII center per ms.

The redox changes of cytochrome b are measured in
the a-band, as the difference between the absorption
at 563 nm and a baseline drawn between 545 nm and
573 nm. This procedure essentially eliminates the con-
tribution of cytochrome f, P700 and plastocyanin. Cy-
tochrome f was measured at 553 nm from the same
baseline, and corrected for cytochrome b contribution,
by subtracting 8% of the cytochrome b signal. Taking
into account the absorption coefficients from Rich et
ai. [9], we computed that at the characteristic wave-
lengths mentioned above, the absorption coefficients
for cytochrome b and cytochrome f were 21.5 and 17.4
mM ! /cm, respectively. P700 was measured as the
difference between the absorption at 700 nm and 729
nm. The absorption coefficient in digitonin PSI partic-
ules is 66 mM ™' /em [10]. Taking into account a small
flattening effect at 700 nm in chloroplasts, we estimate
the absorption coefficient to be 62 mM ™' /cm.

The relative concentrations of PSI and PSII centers
were measured by the amplitude of the electrochromic
shift induced by a laser flash either when both PSII
and PSI are active, or when PSII is blocked by addition
of 2 mM hydroxylamine and 20 uM DCMU. The
concentration of active PSII centers (those which in-
clude an active Qg site) is ~ 0.90 of the concentration
of PSI centers.

The relative amounts of photooxidizable P700 and
cytochrome f were measured in the presence of 20
uM DCMU, | mM hydroxylamine and 6 mM sodium
ascorbate. Chloroplasts were submitted to a saturating
illumination for 100 ms, which fully oxidized P700 and
the secondary PSI donors. The ratio [cytochrome
£1/[P700] was thus estimated at 0.7.

The amount of chemically reducible cytochrome b
(cytochrome b, + cytochrome b,) was measured as the
difference between the chloroplasts absorption in the
presence of about 16 mM sodium ascorbate and in the
presence of about 10 M sodium dithionite + 1 uM
phenazine methosulfate. From the redox potentials of
the different cytochromes, one expects that cytochrome
f and high-potential cytochrome b-559 to be fully re-
duced in the presence of sodium ascorbate, while all of
the b cytochromes, including cytochrome b,, cy-
tochrome b, and low potential cytochrome b-560 are
reduced in the presence of Na dithionite. Note that
cytochrome 5-560 is not associated with PSII [11] and
thus differs from cytochrome b-559. On the basis of
redox titrations, Kramer [12] characterized the spectra
of cytochromes b,, b, and b-560, which peak at 563

m, 565 nm and 560 nm, respectively. Their relative
amounts were estimated as 1/1/0.6, respectively. The
difference spectrum (dithionite minus ascorbate) peaks
at 563 nm, which suggests that cytochrome b-560 is
contributing to the difference spectrum, i.e., that a
fraction of it is still oxidized in the presence of ascor-
bate. The ampliiude of the differential signal is Al/]
=6.6-10"" for 30 ug/ml chlorophyll. On the basis of
Kramer spectra [12] and assuming that 10 to 15% of
the signal at 563 nm is due to cytochrome b-560, we
estimated the concentration of the chemically re-
ducible cytochrome b (cytochrome b, + cytochrome b,)
to be 1.4 + 0.1 of P700 concentration, in good agree-
ment with our above estimate for cytochrome f.

We checked that ferricyanide or methyl viologen
have no inhibitory effect on the rate of electron trans-
fer reactions occurring at Q, or Qc-sites. Actually,
after a weak far-red illumination, which fully oxidized
the secondary PSI donors, the same Kinetics of flash-
induced reduction or oxidation of cytochrome b, were
observed in the presence or absence of ferricyanide
and methyl viologen.

After more than 1 min-dark incubation in the pres-
ence of 0.3 mM ferricyanide, ~ 30% of P700 is in the
oxidized state, which corresponds to a redox potential



of 450 to 460 mV. After a light-induced oxidation of
P700 in the presence of DCMU, i.e., when no POQH2 is
formed by PSII, the re-reduction of P700 occurs with a
half-time of about 10 s.

In the experiments reported here, the concentra-
tions of the electron carriers were expressed relative to
the P700 concentration.

Results

In Fig. 1, the reduction of cytochrome b was mea-
sured in chloroplasts in the presence of 0.3 mM ferri-
cyanide after a series of one to five saturating flashes,
given 12 ms apart (curves 1 to 5). Whatever the flash
number, the absorption change peaked at 563 nm,
which corresponds to the absorption maximum of cy-
tochrome b, in chloroplasts. Only a small amount of
cytochrome b, is reduced after the first actinic flash
while about ten times more is reduced after the second
one. Therefore, PQH, involved in the cytochrome b,
reduction arises from the PSII two-electron gate pro-
cess. The significant reduction of cytochrome b, ob-
served after a single non-saturating flash (i.e., not
inducing double hits), suggests that a fraction of sec-
ondary PSII acceptors is in the Qg state in dark-
adapted material, despite the strong oxidizing condi-
tions. The kinetics of cytochrome b, reduction mea-
sured after the last flash of each series is close to an
exponential function and the half-time is independent
of the flash number (approx. 12 ms). Therefore, the
rate constant for cytochrome b, reduction does not
depend upon PQH, or oxidized cytochrome b, con-
centrations, a characteristic behavior for a first-order
reaction. The half-time for the reoxidation following
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Fig. 1. Reduction of cytochrome b, in chloroplasts submitted to a

series of saturating flashes given 12 ms apart. Curves 1 to 5 corre-

spond to a pre-illumination by one to five flashes, respectively. The

last of a group of n flashes is given at time zero, and the correspond-
ing ordinate is measured at time 12 ms on curve (n —1).
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Fig. 2. Reduction of cytochrome by, P700 and secondary PSI donors

induced by the second of a series of two saturating flashes given 200

ms apart. 1, cytochrome b,: P700: 3, P700 +secondary PSI donors

(plastocyanin, cytochrome [ and Rieske protein); 4, cvtochrome by,

corrected for cytochrome by oxidation (sce Discussion). Arrow,
amplitude of the fast phase for curves 1-4.

the second actinic flash is about 1.5 s and slightly
decreases when the flash number increases. This slow
reoxidation phase shows that cytochrome b, cannot be
rapidly reoxidized by PQ at site Q. (as already shown
in Refs. 6 and 7).

Fig. 2 shows the time-course of cytochrome b, re-
duction (curve 1) and P700 reduction (curve 2) after
the second of a group of two saturating flashes spaced
200 ms apart.

During the process of PQH, oxidation, the elec-
trons primarily result in re-reduction of P700, while a
small fraction of the electrons is stored in the PSI
secondary donors (FeS center, cytochrome f and
plastocyanin). We measured the amount of these re-
duced secondary donors at various umes after the
second flash by giving a third saturating flash. This
third flash induces a full oxidation of P700, followed by
a fast re-reduction phase, completed in about 2 to 3
ms, due to the transfer of electrons initially present in
the secondary donors to P700. We checked that, in the
conditions of our experiment, most of the electrons
stored in the secondary donors prior to the third flash
are transferred to P700 during this ms reduction phase.
Thus, the amplitude of the ms phase following the
third flash gives a measurement of the amount of
reduced secondary donors present prior to this flash.
Curve 3 shows the time-course of electron transfer to
P700 and the PSI secondary donors, estimated in this
manner.

Curves 1 and ? are superimposed during the first 20
ms after :ne second flash, showing that during this
phacc, about the same number of electrons is trans-
ferred to P700 and t¢ cytochrome b,. At longer times
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after the second flash, the amounts of reduced P700
{curve 2) or reduced P700 and sccondary donors (curve
3) become much larger than reduced cytochrome by,.
Curve 3 displays three phases: a first phase (¢, ~ 12
ms) corresponds to the concerted reduction of cy-
tochrome &, and of the high potential chain; a second
phase (t,,, ~ 150 ms) is followed by a much slower
one, not yet completed in 3 s. The amount of electrons
stored in P700, secondary donors and cytochrome &, 3
s after the second flash is ~ 0.9, which corresponds tu
the oxidation of ~0.45 PQH, molecules, in large
excess of the amount of reduced cytochrome b, (~
0.27).

In Fig. 3, chloroplasts were illuminated by saturating
flashes spaced 75 s apart in order to reach a steady-state
regime. Due to the reoxidation of Qj during this long
dark period, the amount of POH, produced is at least
4-times lower than in the conditions of Fig. 2 (fiashes
spaced 200 ms apart). Kinetics of cytochrome b, re-
duction (curve 1) is clearly biphasic with a fast phase
similar to that of curve 1, Fig. 2 and a slower phase
which represents about 0.20 of the total amplitude.
Surprisingly enough, despite the limiting amount of
PQH, generated by the flashes, the slow phase in the
reduction of cytochrome b, shows that a fraction of
PQH, has no rapid access to the cytochrome b/f
complex. Cytochrome b, reoxidation is about 2-times
slower than in the experiment of Fig. 2. Curve 2 shows
the kinetics of P700 reduction associated with PQH,
reoxidation. Under these conditions, the rate of P700
reduction measured in the absence of PQH, (see Ma-
terials and Methods) is not negligible compared to the
rate of P700 reduction associated with POH, oxida-
tion. Thus, curve 2 was computed by subtracting the
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Fig. 3. Reduction of cytochrome b,, P700 and secondary PSI donors
induced oy flashes given 75 s apart. 1, cytochrome by; 2, P700; 3,
P700 + secondary PSI donors (plastocyanin, cytochrome f and Rieske
protein); 4, cytochrome b, corrected for cytochrome b, oxidation
(see Discussion). Arrow, amplitude of the fast phase for curves 1-4.
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Fig. 4. Reduction of cytochrome b, measuied after saturating light

pulses of various duration. For each pulse duration, the maximum

amount of reduced cytochrome b, is measured during the subse-
quent dark period. 1, Controk: 2, 0.1 uM DCMU.

time-course of P700 reduction measured in the pres-
ence of a saturating concentration of DCMU from the
time-course of P700 reduction measured in the absence
of DCMU. Curve 3 shows the reduction kinetics of
P700 and secondary PSI donors as a function of the
dark-time following the flash, using the same proce-
dure as in Fig. 2, curve 3. Curves 1, 2 and 3 are
superimposed during the first 20 ms following the
flash, as already observed in the experiment of Fig. 2.

In Fig. 4, chloroplasts were illuminated by pulses of
saturating light of various duration and the maximum
level of reduced cytochrome b was plotted against the
duration of the pulse. For each pulse, cytochrome b
was measured during the subsequent dark period, after
completion of all the reactions leading to cytochrome b
reduction (diffusion and binding of PQH,; electron
transfer within the cytochrome b /f complex). Thus, we
measured the fraction of cytochrome b/f complexes
able to interact with PQH, for a pulse of given dura-
tion. (Kinetics shown in Fig. 4 must not be compared
to the flash-induced kinetics of Figs. 1, 2 and 6.) The
absorption spectrum of reduced cytochrome b was
measured after a short (10 ms) or long (300 ms) pulse.
Both spectra peak at 563 nm (not shown), which corre-
sponds to the absorption peak of cytochrome b, [12].
In Fig. 4, curve 1 is markedly biphasic. The amplitude
of the fast phase is about 0.40, which corresponds to
~57% of chemically reducible cytochrome b,. This
pool of cytochrome b,, is thus rapidly accessible to the
PSH-formed PQH ,. Half of this pool is reduced by an
approx. 3 ms light pulse. Much longer pulses (several
hundreds of ms) are required to reduce the remaining
fraction of cytochrome b,. The half-time of cy-
tochrome b, reoxidation after long pulses (> 200 ms)
is about 200 ms (data not shown). Thus, one expects



that the slow reduction phase of cytochrome b, is
truncated by cytochrome b, reoxidation, which would
explain why the amount of photo-reducible cytochrome
b, (about §.60) is lower than the amount of chemically
reducible cytochrome b, (about 0.70).

Curve 2 shows the reduction of cytochrome b, in
the presence of 0.1 uM DCMU. At this DCMU con-
centration, about 86% of PSII centers were inhibited,
as measured by fluorescence experiments in the pres-
ence of ferricyanide (not shown). Under these condi-
tions, the amount of rapidly accessible cytochrome b,
is about 0.44 of that accessible during the same phase
in the absence of DCMU.

In Fig. S, redox changes of P700 and cytochrome f
were measured as a function of the dark time following
a 80 ms pulse of saturating light. This illumination time
is sufficient to reduce the largest part of PQ localized
in the grana regions, but not that of strom 1 regions [4].
Even in the presence of such a large excess of PQH,,
the reduction of P700 remains a relatively slow process,
which displays two phascs (1|, =20 ms and 1, , = 1 s,
respectively). Reduction of cytochrome f occurs with a
half-time of about 150 ms; it is worth pointing out that,
despite the large excess of PQH, produced by the
flash, only about 68% of cytochrome f is reduced in a
1 s dark period and probably less, if one takes into
account that the cytochrome f signal is not corrected
for the contribution of ¢-550. We cannot exclude that
in the seconds’ time range, a slow reduction of cy-
tochrome f could compete with its reoxidation by
ferricyanide.

In the experiment of Fig. 6, the flash-induced cy-
tochrome b, reduction was measured using chloro-
plasts in the presence of 6 mM sodium ascorbate.
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Fig. 5. Reduction of cytochrome f and P700 after an 80-ms saturat-

ing pulse. At time zero, cytochrome f and P700 are fully oxidized.

Dashed line, total amount of photo-oxidizable cytochrome f (see

Materials and Methods). Arrow, amplitude of the fast reduction
phase of P700.
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Fig. 6. Reduction of cytochrome by, induced by non-saturating flashes
given 2.7 s apart. 6 mM sodium ascorbate.

Chloroplasts were illuminated by a series of red (Schott
filter RG695) non-saturating flashes spaced 2.7 s apart.
This actinic light preferentially excites PSI, thus pre-
venting accumulation of PQH, along the flash series.
The half-time for cytochrome b, reduction is about 4
ms, i.e., about 3-times shorter than the half-time meca-
sured in the presence of ferricyanide. The same experi-
ment (not shown) was performed with saturating flashes
and led to a somewhat slower cytochrome b, reduction
(t, =7 ms), which remains faster than under oxidiz-
ing conditions. We checked that, in the presence of a
saturating concentration of DCMU, no cytochrome b,
was reduced upon the first or subsequent flashes. We
also observed that a 2-s weak far-red pre-illumination,
which oxidized a small amount of cytochrome f and a
fortiori any PQH, present in the dark, did not modify
the flash-induced reduction kinetics of cytochrome by,.
Thus, although PQH, involved in cytochrome b, re-
duction in the presence of ascorbate arises from PSII
turnover exclusively, the rate constant of cytochrome
by, reduction is about 3-times higher than under oxidiz-
ing conditions.

Discussion

Kinetics of reduction of cytochrome b, and PSI donors

According to the the concerted reaction mechanism
[13,14], oxidation of PQH, at site Q, leads to the
transfer of one electron to the high potential chain
(primary and secondary PSI donors) and one electron
to the low potential chain (b cytochromes). In agree-
ment with this hypothesis, reduction of cytochrome b,
and P700 during the initial phase occurs with same
kinetics and amplitude (Figs. 2 and 3, curves 1 and 2).
This implies a large equilibrium constant and fast
electron transfer ( <2 ms) between cytochrome f and
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P700. It implics. also, that most of the thylakoids have
not lost piastocyanin during the chloroplast’s prepara-
tion. This fast phase is close to an exponential, with a
hatf-time (about 12 ms) independent of the amount of
PQH, formed by the flash and of the fraction of
cvtochrome by, oxidized prior to the flash (Figs. 1, 2
and 3). This behavior is characteristic of a first-order
process limited by clectron transfer reactions occurring
within the cytochrome b/f complex.

At longer times than 20 ms after the flash, the
number of electrons tranferred to the high potential
chain becomes larger than that stored in cytochrome
b,. This implies that a second PQH, molecule is
oxidized at site O, in complexes including cy-
tochrochrome b, already reduced by a first PQH,
molecule. This second concerted reaction leads to the
transfer of a second electron to the high potential
chain. As no accumulation of cytochrome b, is ob-
served, the second clectron transferred to the low
potential chain must trigger the reoxidation of cy-
tochrome b, and the Jormation of PQH, at site Q. as
proposed in Ref. 14. If n (1) is the number of POH,
oxidized by complexes including an oxidized cy-
tochrome b. n.(¢) the number of PQH, oxidized by
complexes including a reduced cytochrome by, n (1)
the number of electrons stored in cytochrome b, (Figs.
2 and 3, curve 1) and #(r), the number of electrons
stored in P700 and secondary PSI donors (Figs. 2 and
3, curve 3), one has: n_=n,—n,; ny=n,+n, and
thus, n, ={n.+n,) /2. If we assume that the probabil-
ity of triple turnover is negligible. n, (plotted as curve
4, Figs. 2 and 3) represents the number of complexes in
which one cytochrome b,. and at least one PQH,
molecule have been oxidized. Curve 4 displays two
phases with half-times of 12 and 100 ms, respectively.
The slow phase shows that a fraction of PQH, (about
1/3) has no rapid access to cytochrome b/f com-
plexes. The ampilitude of the fast phase is the same for
curves | and 4 (Figs. 2 and 3) after extrapolation to
time zcro of the corresponding slow phases. In the case
of curve 4, Fig. 3, a decay is observed at times beyond 1
s: this indicates that when PQH, is present in limiting
amount, cytochrome b, is ieoxidized by a slow process
(t;,,=2 s) not involving a second turnover at the Q.
site. i.e.. no clectron transfer to the high potential
chain.

We performed preliminary experiments (not shown)
in the presence of 100 pM MOA-stilbene, known to
inhibit site Q, in the cytochrome b/c complex [15]
and preferentially site Q- in the cytochrome b /f com-
plex [16]. We obsecrved that a group of 2 saturating
flashes induced the reduction of cytochrome b, and
P700 with similar time-courses and amplitudes, at vari-
ance with what was observed in the absence of in-
hibitor (see Fig. 2, curves 1 and 2). Thus, the inhibition
by MOA-stilbene of site Q.. prevents the oxidation of

a sccond PQH, at site Q, and the oxidation of cy-
tochrome b, at site Q. as predicted by the model
proposed above.

After dark adaptation in the presznce of sodium
ascorbate, the secondary donors are fully reduced while
the PQ pool remains fully oxidized. Cytochrome b,
reduction in the presence of ascorbate, is about 3-times
faster than in oxidizing conditions (Fig. 6), although in
both conditions, PQH , exclusively arises from the PSII
reaction. We conclude that, at least in oxidizing condi-
tions, cytochrome b, reduction is not limited by the
ratc of diffusion of PQH, to the cytochrome b/f
complex or by the rate of binding of PQH, at the
Q-site. Therefore, as already stated, the rate of cy-
tochrome b, reduction, is limited by electron transfer
reactions occurring within the cytochrome b/f com-
plex. The rate of this limiting process is probably
controlled by the redox state of the carriers of the high
potential chain (Rieske protein, cytochreme f). Sur-
prisingly enough, the highest rate of electrorn: transfer is
observed when the high potential chain is in its re-
duced state prior to the flash. A possible interpretation
is that oxidizing or reducing conditions induce different
conformational states and thus, different functional
properties of the cytochrome b/f complex. Alterna-
tively, it could be that positive charges stored in cy-
tochrome f and the Rieske protein undergo electro-
static interactions with the charged semiquinone tran-
siently formed at site Q. This should increase the
midpoint potential of the couple PQ/PQ~ and thus
should decrease the rate of electron transfer to the low
potential chain.

Most of these results can he interpreted in terms of
a model already proposed in Refs. 4 and 5, in which
diffusion of plastoquinone is restricted to membrane
domains of limited size. Nevertheless, additional struc-
tural hypotheses are required to take into account
some following paradoxical features: (1) the formation
of at least 0.45 PQH, molecules by the second of a
group of two saturating flashes (Fig. 2) induces the
reduction of only 0.25 cytochrome b, molecules during
the fast phase (¢,,, = 12 ms), i.e., 63% of the rapidly
accessible pool of cytochrome b, (see Fig. 4); (2) when
a limiting amount of PQH, is produced (Fig. 3), the
reduction of cytochrome b, displays a slow phase,
which implies that a fraction of PSII-formed PQH, is
not able to react rapidly with cytochrome b/f com-
plexes, even when the amount of PQH, is much lower
than that of the rapidly accessible cytochrome b,

Two classes of model can account for the data
presented here: (1) the cytochrome b/f complex is
associated with PSII reaction centers, forming super-
complexes. This hypothesis was already proposed by
Lam and Malkin [17], who observed efficient electron
transfer reactions between PSII and the cytochrome
b /f complex in reconstituted systems in the absence of



added PQH,. The formation of super complexes im-
plies addition of Mg”", which is suprosed to prevent
the electrostatic repulsion between PSII and the cy-
tochrome b/f compiex, by shielding the negative
charges present at the surface of this complex. From
our experiments, we computed that, in the grana re-
gions, there is about 0.45 cytochrome b /f complex per
PSII center (as discussed below); thus, the supercom-
plexes should include 2 PSIl centers and one cy-
tochrome b/f complex, similar to those observed in
Rb. sphaeroides R26 [18]. We assume that PQH, is
released in a pocket including both the Qg and Q,
sites. Following the flashes, site Q, experiences a high
transient local concentration cf PQH,. A major frac-
tion of PQH, is rapidly trapped at site Q, and ac-
counts for the first order kinetics of cytochrome b,
reduction. The remaining fraction of PQH, is released
in the lipid phase of the membrane and reacts only
slowly at site Q,. This model explains why, in Figs. 2
and 3, curves 4 display fast (¢, ,, =12 ms) and slow
(¢, ,, = 100 ms) phases, whatever the amount of PQH,
produced, in excess (Fig. 2) or limiting (Fig. 3). Accord-
ing to curves 4, only about 66% PQH, produced is
rapidly trapped at the Q, site. It has been previously
estimated [4] that grana domains, in which POQH, dif-
fusion is restricted, include an average numbecr of four
PSII centers, i.e., two supercomplexes; (2) no specific
interaction between PSII and cytochrome b/f com-
plexes is assumed. Plastoquinone diftuses rapidly within
the isolated domains defined in Ref. 4. To account for
the first-order kinetics of cytochrome by, reduction, we
must assume: (a) a fast equilibration (< I ms) of PQH,
within the isolated domains; (b) a rapid binaing (< ]
ms) to site Q,, and; (c) a great affinity of PQH, for
site Q. In this model, we expect a random distribution
of PSII centers and cytochrome b/f complexes in the
domains in which the diffusion of plastoquinone is
restricted. This would lead to a highly variable stoi-
chiometry {cytochronie b/f]/[PSH] within the differ-
ent domains, with an average value of ~ 0.45. For the
fraction of the domains in which » > 0.8, more than
two flashes are required to produce enough PQH, to
fully reduce cytochrome b,. On the other hand, as the
average number of cytochrome b/f per domain is
small (about 2), the probability of having domains
including PSII but no cytochrome b /f complexes is not
negligible. PQH, formed in these domains would have
access to cytochrome b/f complexes only via a leak
between neighboring domains. which woueld occur in
the 100 ms time-range. This leak would account for the
slow phase in the reduction of P700, secondary PSI
donors and cytochrome b,, observed when a small
amount of PQH, is produced (Fig. 3).

Cytocrirome b / f complexes accessibility to PSIl-formed
plastoquinol
Structural and biochemical analyses [19-21} have
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led to estimates that the proportion of cytochrome b/ f
complexes lecated in the grana and stroma regions are
about 2/3 and about 1/3. respectively. In the experi-
ment of Fig. 4. the amount of cytochrome b, reduced
by pulses of saturating light is measured after comple-
tion of the electron transfer reactions occurring within
the cytochrome b/f complexes. About 607+ of cy-
tocirome by is reduced by pulses of ~ 20 ms duration.
It is very likely that this fraction of the cytochrome b /f
complexes, rapidly accessibie to POQH,. is located in
membrane domains including both PSI and cy-
tochrome b /f complexes, i.c., in the grana regions. A
20-ms light pulse of saturating light generates enough
PQH, to saturate all the Q. -sites located in the grana
regions. Much longer pulses are required to reduce the
rernaining fraction of cytochrome b, belonging to the
cytochrome b /f complexes included in domains with
no or few PSII centers, very likely in the stroma re-
gions. This slow reduction of cytochrome 5, could
arise from both the turnover of the few PSII centers
preseni in these regions and of the diffusion of POH,
from grana to stroma regions.

In the presence of 0.1 uyM DCMU, the rapidly
accessible cytochre ne b/f complexes represent only
479 of the control. If f is the fraction of inhibited
PSII centers. » the number of centers per domain, the
fraction of domuins where all the centers are inhibited
is g=f". In the experiment of Fig. 4,

[f=086,g=1-047=053and n =4,

In these conditions, the relative amplitude of the slow
phase of cytochrome b, reduction is increased. This
suggests that a feak between fully and partially inhib-
ited domains occurs in the hundreds ms time-range.

Similar conclusions have been drawr previously from
the measurement of the time-course of PO reduction
under saturating illumination [4]. (1) Reduction of the
PQ pool displays two phases; a fraction of the pool
(about 2/3) is reduced in less than 100 ms (spinach
chloroplasts) and is very likely located in the grana
regions. The remaining fraction is reduced in more
than 2 s and corresponds to PQ located in the stroma
region; (2) on the basis of experiments performed with
partially inhibited centers, it has been concluded that
rapid diffusion of PQ occurs in domains including an
average of four PSII centers.

We have shown that an 80-ms light pulse, which
produces a large excess of PQH, as compared to the
amount of oxidized P700 and secondary PSI donors
induces the reduction of only 685 of cytochrome f
during the subsequent dark period (Fig. 3). Conversely,
when P700 and secondary PSI donors are reduced
{presence of sodium ascorbate, see Materials and
Methods), a continuous illumination induces a full
oxidation of cytochrome f. One can conclude that all
of cytochrome f is accessible to positive charges arising
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from PSI rcaction, but that only 2/3 of cytochrome f
(very likely located in the grana regions) is accessiblc to
clectrons arising irom PSII reaction. This uuplies that
plastocyanin is not aole to mediate a rapid equilibra-
tion betw :en cytochrome b /f complexes located in the
gran . .. stroma regions, respectively. If such were
the .+ . multipic turnovers of the cytochrome b/f
con.~+ »rs included in the grana regions would induce
the +~~.. 1y of cytochrome f present in the stroma
regivis. We + no. ~t have an interpretation which
could accu.. = tor this iack of equilibration.

Electron transfer reactions occurring at site Q-

The mechanism of electron transfer reactions occur-
ring at site Q. is a subject of controversy as no reliabie
information is available on the potential of the
PQ/PQ~ and PQ™/PQH, couples at this site. On the
basis of experiments performed with PSl-depleted mu-
tants of Chlorella sorokiniana [22}, we have been led to
a tentative estimate of the midpoint potentials of these
two couples. Hlumination of the mutant by a saturating
continuous light induced the reduction of 95% to 99%
of the PQ pool and ~ 20% of cytochrome b, by
electron transfer reactions occurring exclusively at site
Q. We then assume that the partial reduction of
cytochrome b,, at site Q. involves a one-electron pro-
cess

PQH ., +cytochrome by, &~ PQ~ +cytochrome b, +2H"

In agreement with this hypothesis, McGill et al. [23]
observed in the prescnce of reduced quinone the for-
mation of a weak free radical they ascribed to a
semiquinone at site Q.. To take into account that
about 20% of cytochrome b, is in its reduced state
[22], the midpoint potential of the PQ™/PQH, couple
must be close to — 10 mV. Consequently, the midpoint
of the couple PQ7"/PQH, is about 230 mV, which
implies that the oxidation of reduced cytochrome &), by
PQ is thermodynamically highly favorable. Then, under
the oxidizing conditions used in this present work, the
slow oxidation of cytochrome b, we observed (¢, ,, = 2.5
s) when the concentration of PQH, is much lower than
that of the cytochrome b/f complexes, suggests that
the affinity of PQ for site Q. is very low. If such is the
case, the cytochrome b/f complex will operate accord-
ing to a semiquinone cycle [24), as already proposed in
Ref. 22. It is worth pointing out that the values of the
potentials of the PQ/PQ~ and PQ~/PQH, couples
we assumed imply a very high affinity of PQ~ for site
Q. As the affinity of PQ™ for site Q, is low, the
transfer of a semiquinone from Q, to Q. sites should
be a highly favorable process.

An alternative hypothesis, not considered in Ref, 22,
is that the reduction of cytochrome b, by PQH, at site
Q¢ involves a two-electron process. In the case of

mitochondrial cytochrome b/c¢ complexes, Marres and
De Vries [25] assumed that these complexes are associ-
ated in functional dimers. Quinol induces at site Q¢
the concerted reduction of the two cytochrome b, of
the dimer, through a two-electron process. In our cx-
periments, reported in Ref. 22, the potential of the
couple PQ/PQH, was 50 to 70 mV. If cytochrome b /f
complexes were organized in functional dimer., one
would expect a reduction of no more than 2% of
cytochrome by, i.e., about 10 times lower than what we
measured. Another possibility is that the PSIl center
and a monomeric cytochrome b/f complex form a
supercomplex in which the PSII secondary acceptor Qg
and Q. sue share a common pocket. We then assume
that PQH, is able to redace both cytochrome by, and
Qg., according to a two-clectron process. As the mid-
point potential of the couple Qgz/Qpg is about 80 mV,
the concerted reduction of cytochrome b, and Qg will
lead to the reduction of 10 to 20% of cytochrome b,, a
value compatible with our experimental results. This
interpretation does not impose any constraint on the
value of the potential of the PQ/PQ™ and PQ~/PQH,
couples at site Q.. Then, the slow oxidation of cy-
tochrome b, observed in oxidizing conditions could be
explained if the potential of the PQ/PQ™ couple at
site Q. is lower than that of cytochrome b,. This
interpretation is compatible with a Q-cycle mechanism.
In this case, the reduction of PQ at site Q. could occur
through a two-electron process only when both cy-
tochrome b, and cytochrome b, are in their reduced
state.
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