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ABSTRACT Absorbance changes in untreated intact leaf
discs, produced upon excitation with high-intensity red light,
were shown to be due to the photooxidation of cytochrome
b-559. At low intensities (<100 W/m2), photooxidation was
almost undetectable. Photooxidation occurred with a half-time
of 4.3 sec and an extent of 0.64 mol of cytochrome per 320 mol
of chlorophyll. Upon transition to darkness, an additional
oxidation occurred that exhibited faster kinetics (t1/2 < 100
msec) and 0.32 mol of cytochrome was oxidized per 320 mol of
chlorophyll. Photooxidation was inhibited by 3-(3,4-
dichlorophenyl)-1,1-dimethylurea and was specifically induced
by red light since far-red light did not cause any absorbance
decrease. These results suggest that the redox changes of
cytochrome b-559 are driven by photosystem H. Photooxida-
tion was increased by 67% and its initial rate was doubled upon
incubation of the leaf in carbonylcyanide p-trifluoromethoxy-
phenylhydrazone. Exposure of the leaf to mild water stress or
mild heat stress resulted in an increase in the extent of
photooxidation and in a 6-fold decrease in the rate constant.
Mild heat stress also induced a large increase of the rate
constant for the dark reduction of the cytochrome. The depen-
dence of photooxidation on high-intensity red light, its inhibi-
tion criteria, the fast transient dark oxidation, and enhance-
ment of both photooxidation and dark transient oxidation by
treatments that affect Z, the primary donor to P680, indicate
that cytochrome b-559 in vivo is involved in cyclic electron flow
around photosystem II. Its primary role in photosynthesis is to
divert excess photons from a linear to a cyclic electron flow at
high light intensities for protection of the D1 and D2 proteins
against photodamage. Dark oxidation of the cytochrome is
suggested to reflect a second role, that of deactivation of the
powerful oxidant Z+ in the dark.

The discovery and characterization of the isolated reaction
center ofphotosystem II (PS11), which consists ofthe D-1 and
D-2 polypeptides and cytochrome b-559, advanced our un-
derstanding of the mechanism of primary charge separation
in photosynthesis (1). However, the role played by cy-
tochrome b-559, a central component of the PSII reaction
center (2), is still not known. The molecular structure of this
cytochrome was recently established to be an intermolecular
heme cross-linked dimer of 14 kDa (3), which could be either
a heterodimer or a homodimer (4). Uncertainty over its role
arose from the absence of light-induced redox changes at
room temperature in isolated untreated chloroplasts (5-7). At
room temperature, nonphysiological manipulations such as
treatment with Tris (which inactivates the oxygen evolving
complex) or with carbonylcyanide p-trifluoromethoxyphe-
nylhydrazone (FCCP), which acts as an ADRY (acceleration
of deactivation reactions of the water-splitting system) re-
agent resulted in light-induced absorbance changes of cy-
tochrome b-559 (6, 7). The ambiguity ofexperimental findings
concerning the role of cytochrome b-559 led researchers to
formulate three major hypotheses for its function: (i) an
electron transfer intermediate on the oxidizing side of PSII

(5), (ii) in a bypass or cyclic electron transfer route around
PSII (7, 8), (iii) in the noncyclic electron transfer linking the
two photosystems (9) (for a review, see refs. 3 and 10).

In the present work, we demonstrate light-induced redox
changes of cytochrome b-559 by direct observation of absor-
bance changes in untreated leaves of several species. These
changes were larger but of slower kinetics in leaves under-
going mild water or heat stress. The effects of the photosyn-
thetic inhibitors 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) and FCCP are analyzed. In view of the in vivo
light-induced changes in the oxidation state of the cy-
tochrome, a role in photosynthesis is presented.

MATERIALS AND METHODS

Light-induced absorbance changes of cytochrome b-559 and
cytochrome f were measured in an AMINCO-CHANCE
(Philadelphia) DW-2 dual-wavelength spectrophotometer at
20'C on intact leaf discs. Spectra in the a-band region of
cytochromes were obtained by measuring the absorbance
change every 2 nm with the reference wavelength at 540 nm
within the range 540-570 nm. The spectra for photooxidation
of cytochrome b-559 were corrected at each wavelength by
subtracting the contribution of cytochrome f. This contribu-
tion appeared as an initial fast phase (ti12 < 100 msec) and had
the spectrum of cytochrome f. The spectrum of dark oxida-
tion was not corrected. Leaf discs were exposed to water
stress as described (11). Heat stress was imposed by incu-
bating leaf discs in water at 470C as reported (12). DCMU (10
,4M) and FCCP (1 ,uM) were administered by incubating a leaf
disc in darkness for 2 hr 45 min and for 40 min, respectively.
DCMU-treated leaf discs were inserted in darkness in the
DW-2 apparatus and actinic plus measuring lights were
switched on simultaneously. The effective cytochrome b-559
concentration was estimated by using the assumptions in
refs. 13 and 14. To express the extents on a chlorophyll basis,
we measured the total chlorophyll density in the leaves as
described (15), which gave approximately 40, 44, and 49 jig
of chlorophyll per cm2 of bean, spinach, and tobacco leaf
area, respectively. The quantum yield of oxygen evolution
was measured by the photoacoustic technique as described
(11, 16). Fluorescence rise curves were monitored as de-
scribed (17). Changes in the status of thylakoid energization
were monitored by the relative changes of the maximum level
of chlorophyll fluorescence (18).

Abbreviations: PSII, photosystem II; DCMU, 3-(3,4-dichlorophe-
nyl)-1,1-dimethylurea; FCCP, carbonylcyanide p-trifluoromethoxy-
phenylhydrazone; CCCP, carbonylcyanide m-chlorophenylhydra-
zone; ADRY, accelerating of deactivation reactions of the water-
splitting system.
*To whom reprint requests should be addressed.
tPresent address: Lab de Bioenergetique, Station de Botanique,
University de Geneve, CH-1254 Geneva, Switzerland.
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RESULTS

Irradiation of dark-adapted untreated tobacco leaf disc with
high-intensity red light caused a decrease in the absorbance
of the leaf at 559 nm in reference to 540 nm (Fig. LA). The
kinetics ofthe decrease fitted a monoexponential over 75% of
its extent with a half-time (ti,2) of 4.3 ± 0.17 sec. A second
consecutive slower phase, with a til2 of 34.6 ± 3.2 sec,
accounted for the final 25% of the absorbance change. An
example of such a kinetic analysis is shown later in Fig. 2C.
When the red light was turned off, a fast decrease was
observed with a time constant of <100 msec (instrument
limited). It was followed by a monoexponential increase in

absorbance over 75% of its extent (til, = 4.6 + 0.02 sec) and
a slow increase accounting for 25% of the total extent, with
a ti,2 of 30.1 ± 2.2 sec. The spectrum for the absorbance
decrease induced by red light peaked at 559 nm and is shown
in Fig. lB. Similarly, the transition from red light to dark
conditions induced a very rapid initial phase (<100 msec),
with a spectrum indicating a 559-nm maximum (Fig. 1C),
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FIG. 1. (A) Photooxidation ofcytochrome b-559 induced by broad-
band red light (620-680 nm) with an intensity of 560 W/m2, measured
at 559 nm relative to 540 nm in untreated tobacco leaf. (B) Spectrum
of photooxidation induced by the same red light. (C) Spectrum of fast
dark oxidation phase (ti/2 < 100 msec). (D) Absorbance decrease
measured at 554 nm relative to 540 nm, induced by red light as
described in A. (E) Spectrum of the fast phase of photoinduced
absorbance decrease shown in D, indicating photooxidation of cy-
tochrome f. (F) Light-intensity dependence of the slow phase (ti/2 =
7.6 sec) reflecting the photooxidation of cytochrome b-559. (G)
Light-intensity dependence of the fast phase (t1/2 < 100 msec) reflect-
ing the photooxidation of cytochrome f shown in D and E.

which is clearly due to the dark oxidation of cytochrome
b-559. These results indicate that cytochrome b-559, which in
the dark is in a reduced state, becomes oxidized by light and
to a smaller extent in the transition from light to dark and is
then reduced in the dark. The extent of cytochrome b-559
oxidation is 0.10 nmol cm-2 (Table 1), which amounts to the
photooxidation of 2 mol of the cytochrome per 1000 mol of
chlorophyll.
The absorbance decrease monitored at 554 nm was bipha-

sic. The first fast phase of decrease (til2 < 100 msec)
amounted to 50o of the total absorbance decrease (Fig. 1D).
The difference spectrum peaked at 554 nm, indicating that the
fast phase is due to cytochrome fphotooxidation (Fig. 1E).
The fast phase was followed by a slow phase (ti/2 = 7.6 sec).
The slow phase clearly displayed the spectrum ofcytochrome
b-559 (Fig. 1B). The photooxidation of cytochrome b-559
measured by the extent of the slow phase (Fig. 1D) was
monitored as a function of the intensity of the red light (Fig.
1F). At low light intensities (<100 W/m2), the absorbance
change due to cytochrome b-559 could hardly be detected.
The extent increased and was saturated at 600 W/m2, since
no further increase of photooxidation occurred at 1200
W/m2. On the other hand, the saturation curve of photoox-
idation of cytochrome f measured by the extent of the fast
phase (Fig. 1 D and E) as a function of red light intensity
shows that cytochrome f was completely oxidized at a
relatively low intensity of 10 W/m2 (Fig. 1G).
The effect of ADRY reagent FCCP (1 uM) on the photo-

oxidation of cytochrome b-559 is shown in Fig. 2. In an
untreated leaf disc (Fig. 2A), first-order dependence of the
photooxidation (up to 84%; Fig. 2C) allowed the calculation

Table 1. Effect of leaf treatment on extents of light-induced
absorbance changes of cytochrome b-559 oxidation

Red light Amount of oxidized cytochrome
intensity, mol per 1000

Treatment W/m2 nmol/cm2 mol of chlorophyll
Untreated
tobacco leaf 560 0.10 2.0 ± 0.2

Untreated
young*
tobacco leaf 320 0.06 1.20 ± 0.1

FCCP in
young
tobacco leaf 320 0.10 2.0 ± 0.2

Untreated
tobacco leaf 400 0.04 0.8 ± 0.08

Heat stress 400 0.10 2.0 ± 0.2
Untreated

spinach leaf 400 0.04 0.8 ± 0.08
Untreated
bean leaf 400 0.04 0.8 ± 0.08
Leaf discs were mounted between two glass slides and placed at

450 to the measuring beam, thus increasing the optical pathlength by
'72. Actinic illumination of PSI or PSII was obtained from a slide
projector. Light was passed through a 3-cm layer of water and either
a far-red filter (RG 715 Schott filter; A > 705 nm) or a red filter (RG
630 Schott filter; A > 620 nm) in combination with a long-pass filter
680 nm (Ditric Opticals, Hudson, MA; A < 680 -nm). In some ex-
periments, a low-intensity red light (A = 640 nm) was provided by
Ditric interference filter (10-nm band width). The cross-section of the
beam on the leaf disc was 1.4 x 0.3 cm. The amount of oxidized
cytochrome b-559 was calculated from the absorbance difference at
559 nm relative to 540 nm (Fig. 1) using the equation derived by
Heber et al. (13). The values obtained represent lower limits, since
the reduction of cytochrome b-563 by red light was neglected. Each
determination is the average of three different experiments and the
standard deviation was calculated.
*First leaf on the tobacco plant stem showed larger absorbance
decrease than the fourth (middle) leaf at the same red light intensity.
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FIG. 2. Effect of FCCP on the photooxidation of cytochrome
b-559 by broad-band red light (320 W/m2) measured at 559 nm
relative to 540 nm. (A) Untreated young tobacco leaf. (B) Same leaf
treated with FCCP (1 tiM). (C) Kinetic analysis of the decrease in
absorbance induced by red light in untreated and in FCCP-treated
leaves. (D) Effect of FCCP on the high-energy fluorescence quench-
ing calculated as (Fp-Fss)/Fp where Fp and Fss are the maximum
and steady-state fluorescence levels shown in E and F. (E) Fluores-
cence induction curve of a tobacco leaf disc incubated in water or in
1 /iM FCCP for 60 min. (F) Same as in E but incubation was in 20
/iM FCCP for 190 min. Measuring light was 10 W/m2.

ofa ti/2 of6.9 sec. However, second-order kinetics fits equally
well with the same apparent ti/2 and a rate constant of 1.1 x

106 M- sec', indicating a complex kinetics. The subsequent
phase ofphotooxidation (14%) was slow (ti,2 = 35 sec). Upon
cessation of illumination, a fast (<100 msec) additional
oxidation occurred in the dark. When the leaf disc was
treated with FCCP, the extent ofphotooxidation increased by
67% (Table 1). The kinetic analysis in the presence of FCCP
involved at least two phases (Fig. 2C). The initial phase
displayed a faster rate of til2 = 2.6 sec compared to the control
untreated leaf (Fig. 2C). The initial phase and the subsequent
slow phase (ti,2 = 15 sec) amounted to 73% and 20%,
respectively, of the total photooxidation. The extent of the
very fast (ti,2 < 100 msec) dark oxidation also increased by
20% due to the presence of FCCP. It was followed by only
partial dark reduction with a til2 of 2.5 sec. Our results are in
agreement with the extent of photooxidation in carbonylcy-
anide m-chlorophenylhydrazone (CCCP)-treated mutant pea
leaves (14). However, Hiller et al. (14) reported that no
absorption changes ofcytochrome b-559 could be detected in
these leaves when untreated because they used a low light
intensity of 15 W/m2. The effect of a low concentration of
FCCP (1 AtM) on intact leaf discs is primarily due to its ability
to act as an ADRY reagent, since much higher concentrations
of FCCP are required for its function as an uncoupler, as is
demonstrated in Fig. 2D. It is well established that the large
decrease in maximal fluorescence yield (Fp) to the steady-
state fluorescence yield (Fss) occurring within 50 sec of
illumination can be correlated to changes of the thylakoid pH

Table 2. Effects of water stress and heat shock on the relative
quantum yield of oxygen evolution and variable
chlorophyll fluorescence

Variable chlorophyll
Quantum yield of fluorescence
02 evolution, [(Fm- Fo)/Fo],

Stress time % of control % of control

Control 100 100
2 hr of water stress 80 90
5 hr of water stress 44 59
6 hr of water stress 21 40
Control 100
1 min at 470C +52
3 min at 470C -23
15 min at 470C 0

The quantum yield of oxygen evolution was determined by divid-
ing the photoacoustic oxygen signal by the photothermal signal.
Negative value indicates oxygen uptake. Fm and Fo are maximum
and minimum fluorescence yields, respectively (17). Fo did not
change during the stress periods shown.

gradient (18). Fig. 2D shows that a relatively high FCCP
concentration (20 ,uM) was required to abolish the high-
energy fluorescence quenching (Fp-Fss/Fp) in an intact leaf
(Fig. 2 E and F). However, at 1 ,uM FCCP did not act as an
uncoupler, since no change was detected in the high-energy
fluorescence quenching.
Rapid dehydration of leaf discs (11), resulted in inhibition

of both 02 evolution and variable fluorescence (Table 2). The
latter could be restored with water analog donors, indicating
a drought damage site in the oxidizing side of PSII (17).
Irradiation of untreated tobacco leaf disc with red light
caused photooxidation of both cytochrome f (fast compo-
nent; til2 < 100 msec) and cytochrome b-559 (slow compo-
nent; ti/2 = 7.6 sec). Upon switching from red to far-red light,
an apparent increase in absorbance was observed (Fig. 3A).
However, an even greater increase was observed on switch-
ing to darkness (Figs. 3A and 1D). Thus, the far-red light did
not cause an increased reduction but, on the contrary, kept
the cytochrome somewhat more oxidized in the steady state.
Furthermore, a leaf disc irradiated with far-red light exhibited
only the fast phase of photooxidation with a spectrum of
cytochromef (Fig. 3B). In a mildly water stressed leaf (2 hr
of dehydration), the extent of photooxidation of cytochrome
b-559 increased by a factor of 1.7 with no apparent change in
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the extent of photooxidation of cytochrome f (Fig. 3C). In
severe water stress (5-6 hr of dehydration), the extent of
photooxidation of cytochrome b-559 decreased substantially
(Fig. 3 D and E). Far-red light (Fig. 3D) or red light (Fig. 3E)
oflow intensity both caused an increase in absorbance. These
results indicate that water stress affects electron transfer
through cytochrome b-559.
Exposing an intact leaf disc to mild heat stress resulted in

a decrease in 02 evolution yield and was followed by an
uptake ofoxygen (ref. 12; Table 2). After mild heat stress, the
extent of cytochrome b-559 oxidation by red light increased
by 150% compared to the control, untreated leaf and the
kinetics of photooxidation dramatically decreased from til2 =
5.4 sec to til2 = 32 sec (Fig. 4A and B). The extent of the fast
oxidation phase (til2 < 100 msec) observed upon transition to
dark also increased by 100% (Fig. 4 A and B). A prolonged
heat stress resulted in abolishment (<12%) of photooxida-
tion, dark oxidation, and reduction (Fig. 4C). Surprisingly,
the dark reduction in heat-stressed leaf (ti/2 = 1.5 sec) was
faster than in untreated leaf (ti,/2 = 4.8 sec) (Fig. 4D). These
experiments indicate that although the photooxidation of
cytochrome b-559 due to mild heat stress is retarded, the
reduction in the dark is fast and the extent of the oxidation-
reduction changes is increased (Table 1).
The herbicide DCMU inhibits electron transfer from QA,

the primary stable acceptor ofPSII (19). DCMU did not affect
the fast phase of oxidation of cytochrome f by far-red light
(Fig. 5A). Irradiation with low intensity red light induced a
very small absorbance increase, which was followed by a
larger extent of dark reduction (Fig. SA). Irradiation of a
DCMU-treated leaf disc with high intensity red light induced
a very small absorbance decrease. Switching from red light to
far-red light caused an additional small fast oxidation (ti/2 <
100 msec). Upon turning off the far-red light, a slow dark
reduction took place (Fig. 5B). This experiment shows that
the photooxidation of cytochrome b-559 by red light was

ON 559-540 nm
A

OFF
B <

m

OFF LA=O.OOI -

2.0IT~ba 2OSHe~stesd
ONOF

0 ~~~D
2.- Tobacco (Heat stressed)

0 *

.5 gTobacco (untreated)

1.0 - FIG. 4. The effect of heat
stress on the photooxidation of
cytochrome b-559 induced by

J 0.5- broad-band red light (400 W/m2),
measured at 559 nm relative to
540 nm. (A) Untreated tobacco

0 e /° leaf. (B) Leaf heated for 2 min at
470C. (C) Leaf heated for 15 min
at 47°C. (D) Kinetics of the dark

8 16 24 32 reduction in intact leaf and in leaf
TIME (sec) heated for 2 min at 470C.

554-540nm
ON
> 705nm

A
ON

A Gt,640 nm

OFF

559- 540 nm AA=OOQON
>620nm ON

B i705 nm

20S OFF

LuI
Uz
m
0
co

z
Lu
(f)

LuJ

Lu
I0

FIG. 5. The effect of DCMU (10 ALM) on the photooxidation of
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relative to 540 nm and induced by either high-intensity (560 W/m2)
broad-band red light or by far red light (A > 705 nm; intensity, 56
W/m2).

abolished in the presence ofDCMU and only changes in the
oxidation of cytochrome f were observed (Fig. 3B).
The photooxidation and dark reduction changes of cy-

tochrome b-559 were also examined in other leaf species.
Spinach and bean leaf discs exhibited photooxidation half-
times of 12 sec and 7.5 sec, respectively (Fig. 6). However,
the extents of photooxidation were equal in bean and spinach
(Table 1). In spinach leaf disc, the extent of the fast (<100
msec) transient oxidation in the dark corresponded to 50% of
the total absorbance change, in contrast to tobacco and bean
(35%). The slow dark reduction was also faster in the bean (ti/2
= 7 sec) than in spinach leaf disc (til2 = 13 sec). This
experiment suggests that in different leaf species it is possible
to observe, under physiological conditions, a slow photoox-
idation of cytochrome b-559 in vivo followed by a fast dark
oxidation phase and a slow dark reduction phase.

DISCUSSION
In the present work, light-induced absorbance changes of
cytochrome b-559 are demonstrated in untreated intact leaf
discs. Our results show that high intensity (>100 W/m2) red
light-induced oxidation of this cytochrome (Fig. 1), which
could not be detected in far-red light, was abolished by
DCMU, indicating that it is driven by PSII. At saturating light
intensity (560 W/m2), we observed the photooxidation of0.64
mol of the cytochrome per 320 mol of chlorophyll (Table 1).
Another fraction of 0.32 mol of cytochrome per 320 mol of
chlorophyll was oxidized by fast kinetics upon transition
from red light to darkness. The oxidation of 1 mol of

ON 559-540nm
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FIG. 6. Photooxidation of cytochrome b-559 induced by broad-
band red light (400 W/m2) measured at 559 nm relative to 540 nm in
spinach leaf and bean leaf.
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cytochrome b-559 per 320 mol of chlorophyll points to the
possibility of a dimer of cytochrome b-559 in the PSII
reaction center. In isolated chloroplasts, chemical titration
resulted in a stoichiometry of 1 cytochrome b-559 per 320
chlorophylls (20).

Biphasic chemical-induced oxidation kinetics was reported
in chloroplasts and it was suggested that the high potential
cytochrome exists in the thylakoid membrane in two different
environments (20). Our results indicate that in intact leaves,
photooxidation of only one major population of cytochrome
b-559 occurs, with a half-time of 6.9 sec (84% in extent). The
second slow (35 sec) kinetic phase was <14% in a tobacco
leafand was undetected in bean leaves. However, treatments
that affect PSII, such as water or heat stress, resulted in a
100% conversion of the fast phase (6.9 sec) into a slow phase
(35 sec). Therefore, we suggest that the slow phase most
likely resulted from some change in the cytochrome's envi-
ronment due to the various treatments.
A very interesting aspect of cytochrome b-559 electron

transfer properties is the extremely fast dark oxidation phase,
which peaks at 559 nm and occurs within <100 msec after
photooxidation. It was increased by treatments inhibitory to
the oxidizing side of PSII (FCCP, heat treatment; Figs. 2 and
4). It was absent in the absorbance change at 554 nm induced
by far-red light and elicited by cytochromef oxidation (Fig.
3B) and in a DCMU-treated leaf disc (Fig. 5). The mechanism
of ADRY destabilization of the oxidizing side of PSII is by
catalyzing cyclic electron flows around PSII (21). The pho-
tooxidation of an ADRY reagent (CCCP) and its subsequent
re-reduction by cytochrome b-559 has been reported in PSII
preparations, suggesting that the cytochrome is oxidized by
Z+ through an ADRY reagent acting as an intermediate (22).
In a FCCP-treated leaf disc, the initial rate constant of
photooxidation increased by a factor of 2 compared to an
untreated leaf (Fig. 2). It is possible that FCCP in the intact
leaf facilitates the oxidation of cytochrome b-559 by Z+ so
that the cytochrome can better compete with electron dona-
tion from water. Since FCCP and heat stress increased both
photooxidation and dark oxidation, it is suggested that Z+
oxidizes a large fraction (65%) of cytochrome b-559 in the
light in steady state (in an apparent kinetics of several
seconds), which occurs via a cyclic electron transfer around
PSII and a smaller fraction (35%) in a transient reaction upon
removal of the light, in a fast (<100 msec) reaction.

In the presence of DCMU, photooxidation is abolished
(Fig. 5), since the plastoquinone pool is oxidized and cannot
reduce the cytochrome. The reduction of cytochrome b-559
by plastohydroquinone has been suggested (23). In heat-
treated leaf discs, the half-time of the dark reduction de-
creased (Fig. 4), and the large oxygen uptake indicated an
inactivation of the Calvin cycle (12). Therefore, the plas-
toquinone pool is probably highly reduced, causing a faster
reduction of the cytochrome b-559 in the dark.
The apparent slow (6.9 sec) absorbance decrease of cy-

tochrome b-559 elicited by red light is kinetically complex,
probably reflecting a combination of k1 and k2, the rate
constants of photoreduction and photooxidation of the cy-
tochrome occurring simultaneously in a cyclic electron path-
way around PSII. Since the half-time of photoreduction of
oxidized cytochrome b-559 by a flash was reported to be 100
msec (23), the photooxidation must necessarily be faster than
100 msec if a net photooxidation at a steady state is to be
observed. Indeed, in the transition from light to dark, the true
oxidation rate in the millisecond range (or possibly even
faster) is detected because the cytochrome is rapidly oxidized
by Z+, as compared to its slow reduction in the dark.

We suggest the following scheme for the role of cy-
tochrome b-559 in vivo:

cytochrome b-559

I k2

H20 - OEC-- Z-PSII-> QA-QB-PQ-

cytf-- PSI -* -* -* NADP

where OEC is oxygen-evolving complex and PQ is plastoqui-
none.
At low light intensities, linear electron transport is fast (24)

and has a high quantum yield. Under high-intensity light, the
plastoquinone is highly reduced and will transfer electrons
with some efficiency to the cytochrome. The cytochrome is
then oxidized by ZV. A cyclic PSII-driven electron flow at
saturating light intensities involving 15% of total electron
flow has been claimed (25). At low temperature, it was
reported that cytochrome b-559 is oxidized through an inter-
mediate of oxidized chlorophyll (26). Proposals for the role of
cytochrome in the PSII cycle have been presented (7, 8, 10,
26, 27). However, it was difficult to corroborate them be-
cause conflicting results were obtained with regard to the
effects of light in chloroplasts treated in various ways.
We propose that the cytochrome plays two roles in photo-

synthesis. The first role is to protect PSII at high light
intensities by maintaining a cyclic pathway for diverting away
excess photons. The second role is to deactivate the powerful
oxidant Z' in the dark, which is reflected by the very fast dark
oxidation of cytochrome b-559 in transition from light to dark.
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