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ABSTRACT: A carotenoid (Car), a chlorophyll (ChlZ), and cytochromeb559 (Cyt b559) are able to donate
electrons with a low quantum yield to the photooxidized chlorophyll, P680+, when photosystem II (PSII)
is illuminated at low temperatures. Three pathways for electron transfer from Cytb559 to P680+ are
considered: (a) the “linear pathway” in which Cytb559 donates via ChlZ to Car, (b) the “branched pathway”
in which Cyt b559 donates via Car and where ChlZ is also able to donate to Car, and (c) the “parallel
pathway” where Cytb559 donates to P680 without intermediate electron carriers and electron donation
from ChlZ and Car occurs by a competing pathway. Experiments were performed using EPR and
spectrophotometry in an attempt to distinguish among these pathways, and the following observations
were made. (1) Using PSII with an intact Mn cluster in which Cytb559 was preoxidized, Car oxidation
was dominant upon illumination ate20 K, while electron donation from Chl dominated at>120 K. (2)
When Cytb559 was prereduced, its light-induced oxidation occurred ate20 K in what appeared to be all
of the centers and without the formation of a detectable Car+ intermediate. The small and variable quantity
of Car+ photoinduced in these experiments can be attributed to the residual centers in which Cytb559

remained oxidized prior to illumination. (3) The relative rates for irreversible electron donation from Cyt
b559 and Car were determined indirectly at 20 K by monitoring the flash-induced loss of charge separation
(i.e., the accumulation of Cytb559

+QA
- or Car+QA

-). Similar yields per flash were observed (13% for
Cyt b559 and 8% for Car), indicating similar donation rates. The slightly lower yield with Car as a donor
is attributed at least in part to slow charge recombination occurring from the Car+QA

- radical pair in a
fraction of centers. (4) Light-induced oxidation of Cytb559 and Car at 20 K was monitored directly by
EPR, and the rates were found to be indistinguishable. The parallel pathway predicts that when both Cyt
b559 and Car are prereduced, the relative amounts of Cytb559

+ and Car+ produced upon illumination at 20
K should depend directly on their relative electron donation rates. The measured similarity in the donation
rates thus predicts comparable yields of oxidation for both donors. However, what is observed
experimentally is that Cytb559 oxidation occurs almost exclusively, and this argues strongly against the
parallel pathway. The lack of Car+ as a detectable intermediate is attributed to rapid electron transfer
from Cyt b559 to Car+. The trapping of Car+ at low temperature when Cytb559 is preoxidized but its
absence when Cytb559 is prereduced is taken as an argument against the simple linear pathway. Overall,
the data reported here and previously favor the branched pathway over the linear pathway, while the
parallel pathway is thought to be unlikely. Structural considerations provide further arguments in favor of
the branched model.

Photosystem II (PSII)1 is a transmembrane protein complex
that catalyzes the oxidation of water to oxygen and the

reduction of plastoquinone to plastoquinol. The absorption
of a photon by the chlorophyll(s) known as P680 gives rise
to a charge separation in the reaction center of PSII. The
electron is rapidly transferred through a series of electron
acceptors, a pheophytin, and two plastoquinones (QA and
QB) with a non-heme ferrous iron. The oxidized P680
(P680+) is rapidly reduced by the redox-active tyrosine
(TyrZ). This TyrZ is reduced by the Mn cluster, the supposed
site for water oxidation (1-3).

P680+ is the most oxidizing species in PSII, with an
estimatedEm of ∼1.1 V. If P680+ is not rapidly reduced, it
can cause oxidative damage to PSII (proteins and chro-
mophores). Indeed, the delivery of electrons from TyrZ to
the highly oxidizing state P680+ can be blocked or retarded
under conditions that are physiologically relevant: (1) during
normal functioning of the enzyme where the natural equi-
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libria allow P680+ to be relatively long-lived in a statistical
fraction of the centers (see ref4 for a review; see also ref
5), (2) in the apoenzyme and during the process whereby
the Mn cluster is assembled (e.g., ref6), and (3) under stress
conditions (reviewed in ref4).

If P680+ is not reduced by TyrZ, the recombination of the
P680+QA

- radical pair [t1/2 ∼ 900 µs (1)] is probably
dominant under most circumstances. Nevertheless, P680+

seems to be able to obtain electrons from a series of electron
donors other than TyrZ. Since these “side-path” donation
reactions are thought to compete poorly with the usual
forward reactions and with charge recombination at room
temperature (1, 5), they have more often been studied at low
temperatures where the TyrZ donation is blocked and the
side-path donors can be accumulated using continuous
illumination.

The electron donors functioning at low temperatures in
PSII have been studied for many years. Knaff and Arnon in
1969 (7) discovered that Cytb559 is able to donate electrons
at low temperatures. Visser et al. (8) showed that when the
Cyt b559 is preoxidized, illumination results in the oxidation
of chlorophyll, among other species. In this article, we refer
to this oxidizable chlorophyll as ChlZ. Later, Schenck et al.
(9) identified a carotenoid as a low-yield donor at cryogenic
temperatures. In isolated PSII reaction centers (D1, D2, and
Cyt b559), which lack QA and in which TyrZ is not redox-
competent, Telfer et al. (10) studied irreversible carotenoid
oxidation by P680+ after illumination in the presence of
electron acceptors at ambient temperature.

Figure 1 shows the arrangement of the cofactors in PSII
viewed from above the membrane plane based on the recently
determined crystal structure (11). The resolution was not high
enough to distinguish the carotenoids. The structure showed
only a single Cytb559, which is localized on the D2 side.
There are two chlorophylls, which are candidates to be the
oxidizable ChlZ symmetrically arranged; the one on the D1
side is called ChlZD1 while that on the D2 side ChlZD2.
Biochemical analyses suggested the presence of twoâ-caro-
tenes (12), perhaps symmetrically bound to D1 (CarD1) and

D2 (CarD2), as tentatively depicted in Figure 1. Since it is
not clear if electron donation can take place from the Car
and Chl components on both sides (D1 and D2) of the
reaction center (13-16), in the introductory section and
results section of this article, we refer to the oxidizable
â-carotene(s) and chlorophyll Car and ChlZ, respectively,
without specifying their localization in D1 or D2. This
question is adressed in the Discussion.

Thomson and Brudvig (17) investigated electron donation
to P680+ from ChlZ or Cyt b559 under conditions where
electron donation from TyrZ/Mn was progressively inhibited
by lowering the temperature. The result showed that ChlZ

and Cytb559 competed equally well with the TyrZ pathway,
and thus, the Cytb559 f ChlZ f P680 pathway was
suggested. Hillmann and Schlodder (18) studied electron
donation from Cyt b559, ChlZ, and Car in PSII from
Synechococcusat 77 K. When Cytb559 was preoxidized,
illumination at 77 K led to about 0.5 ChlZ

+ and 0.4 Car+

molecule per reaction center. The Car+ formation after a flash
was measured with at1/2 of 1.9 ms, which was clearly shorter
than thet1/2 of 3.4 ms for the charge recombination of the
P680+QA

- pair. This complex behavior was explained by
the ChlZ T Carf P680+ pathway. An equilibrium between
ChlZ and Car and a comparatively slow donation to P680+

were introduced to explain the near 1:1 accumulation after
illumination. Moreover, quantum yields of 8% Cytb559(ox)/
QA

- and 5% Car+/QA
- formation per flash were measured.

This suggests a faster donation rate to P680+ for Cyt b559

than for Car. Thus, a pathway where Cytb559 donates directly
to P680 was proposed (the “parallel pathway”, Scheme 1c).

Recently, prompted in part by indications of differential
temperature dependence for electron donation from carote-
noid and chlorophyll reported by Noguchi et al. (19), Hanley
et al. (20) demonstrated that a carotenoid is oxidized in close
to stoichiometric amounts by illumination at 20 K in Mn-
depleted PSII with preoxidized Cytb559. In contrast, at higher
temperatures (120-200 K), predominantly ChlZ oxidation
is observed. Moreover, after illumination at 20 K, when the
carotenoid radical is formed, increasing the temperature to
120 K led to a replacement of the carotenoid with the ChlZ

radical in the dark. This suggested that the carotenoid
functions as an electron carrier between ChlZ and P680. Thus,
the ChlZ f Car f P680 electron pathway seems to occur
when Cytb559 is preoxidized. It was also shown that in Mn-
depleted PSII, reduced Cytb559 donates electrons to P680+

under illumination ate20 K, i.e., at a temperature where

2 In light of the finding by Hanley et al. (20), who showed the
temperature dependence of the ChlZ to Car+ electron donation, the
equilibrium between ChlZ to Car, as suggested by Hillmann and
Schlodder (18), can be explained instead as arising from the incomplete
ChlZ to Car+ donation at 77 K.

FIGURE 1: Arrangement of the cofactors in PSII based on the crystal
structure (11) viewed from above the membrane plane (along the
C2 axis). Fe is a non-heme iron ion, Cyt559 cytochromeb559, and
Mn the manganese cluster, and TyrZ and D are redox-active tyrosine
residues where TyrZ is the kinetically competent one. Chl stands
for chlorophyll, and the subscripts are just a means of distinguishing
them from each other. P also indicates the chlorophylls, but the
two of them labeled in this way are the pigments that bear the cation
that can be detected by spectroscopy. The twoâ-carotenes, CarD1
and CarD1, were not resolved in ref11, and the figure shows their
suggested approximate position. D1 and D2 are the polypeptides
which bind the cofactors.

Scheme 1
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the ChlZ f Car donation is blocked. The Cytb559 f ChlZ
f Carf P680 linear electron pathway was thus disfavored
compared to the branched pathway where both Chl and Cyt
donate directly to Car (Scheme 1b). Therefore, the branched
pathway was favored over the simple linear pathway. At the
same time, Vrettos et al. (21) confirmed the earlier reports
of a substoichiometic oxidation of Car at 77 K and discussed
three pathways, including the Cytb559 f ChlZ f Car f
P680 linear pathway. Taken together, three pathways includ-
ing the ChlZ f Car step have been proposed as shown in
Scheme 1.

In our previous work on Mn-depleted PSII (20), we
favored the branched pathway over the linear pathway. We
did not consider the parallel pathway because we were not
aware of the important contribution of Hillmann and Schlod-
der (18). In the work presented here, we address the low-
temperature electron pathway to P680+ in oxygen-evolving
PSII. The experimental observations obtained previously in
Mn-depleted PSII (20) were obtained again for PSII with
an intact Mn cluster. These allow the linear pathway to be
disfavored over the branched pathway. Then a series of
experiments are reported which address directly the validity
of the parallel pathway.

MATERIALS AND METHODS

PSII-enriched membranes were prepared essentially by the
method described in ref22with the modifications described
in ref 23. Cyt b559 oxidation was achieved either by the
method used in Thomson and Brudvig (17) (essentially a
salt-washing step in the presence of 20 mM CaCl2) or by
addition of 5 mM K3Fe(CN)6. The oxygen evolution after
the salt-washing step was not less than 85% of that prior to
the treatment and exhibited a value of 400-500 µmol of
O2/mg of Chl measured with a Clark-type electrode (0.3 mM
PPBQ as the electron acceptor). Thylakoid membranes were
prepared according to the first steps in the PSII membrane
preparation and were washed twice in 50 mM HEPES (pH
7.0), 0.3 M sucrose, and 15 mM NaCl.

Mn was depleted from PSII by incubating the membranes
(1 mg of Chl/mL) at 0°C for 15 min in room light in the
presence of 2 mM freshly made NH2OH, and then the sample
was transferred to complete darkness, the NH2OH concentra-
tion increased to 4 mM, and the sample incubated again for
30 min at 0 °C. The membranes were then pelleted by
centrifugation and washed five times in a buffer containing
5 mM MgCl2, 10 mM NaCl, 1 mM EDTA, and 50 mM MES
(pH 6.3) by successive resuspension and centrifugation steps
to remove NH2OH. The final pellet was suspended in 15
mM NaCl, 0.3 M sucrose, and 50 mM MES (pH 6.5). All
the washing steps described above were performed in total
darkness.

Samples for absorption spectroscopy were prepared ac-
cording to the method of Hanley et al. (20). PSII membranes
were solubilized for 30 min with 0.5%n-dodecyl â-D-
maltoside (DM) at 0°C and centrifuged to remove unsolu-
bilized material using a benchtop centrifuge. The supernatant
was mixed with K3Fe(CN)6 (to 5 mM) and glycerol (to 60%
v/v). Oxygen evolution measurements under saturating light
of the solubilized PSII showed an activity of>80%
compared to that of the unsolubilized membranes. The
samples for time-resolved absorption spectroscopy at low

temperatures were prepared with intact or Mn-depleted PSII.
For both PSII preparations, the time-resolved absorption
spectra were identical for solubilized and unsolubilized
material. Addition of K3Fe(CN)6 (5 mM) was performed
immediately before mixing with glycerol (to 60% v/v),
whereas addition of ascorbate (1 mM) was done 10 min
before mixing with glycerol.

Absorption spectra at low temperatures were collected in
an SMC-TBT flow cryostat (Air Liquide, Sassanage, France)
cooled with liquid helium, using a Varian Cary E5 double-
beam scanning spectrophotometer. Illumination with white
light was carried out in the cryostat using a Flexilux fiber
optic illuminator. The measuring beam was swept over the
spectrum from longer (1150 nm) to shorter wavelengths (750
nm) to minimize possible actinic effects of the measuring
beam.

X-Band EPR spectra were recorded with a Bruker ER 300
or 200 spectrometer in an Oxford Instruments cryostat cooled
with liquid helium. Illumination at 5 K was carried out in
the cavity using an 800 W tungsten lamp filtered through 5
cm water and three infrared cutoff filters. Warming of EPR
samples to 198 K and incubation at this temperature were
conducted in a solid CO2/ethanol bath.

To measure theg value and line width for the radical
signals, the signal of TyrD

• before generation of the radical
by illumination was subtracted. The number of spins per PSII
for Chl+ and Car+ was assessed relative to the TyrD

• signal
obtained in the same sample after illumination for 2 min at
273 K in the presence of 5 mM K3Fe(CN)6 followed by dark
adaptation for 2 min.

For time-resolved absorption at cryogenic temperatures,
the measuring light was provided by a 200 W tungsten-
halogen lamp and the wavelength was selected with interfer-
ence filters with a 35 nm bandwidth (fwhm) placed before
and after the cuvette (1 cm path length) containing the
sample. Absorption changes were detected with a germanium
photodiode with a 5 mmdiameter [type J16-85P-R05M-HS
from EG&G Judson (Montgomeryville, PA)]. Excitation was
provided by flashes (6 ns duration, 694.3 nm wavelength)
from a ruby laser (Quantel) which saturated the photochem-
istry of PSII under our experimental conditions.

RESULTS

To distinguish among the different models of the electron
pathway (Scheme 1) at low temperatures, first the basic ChlZ

f Carf P680+ sequence as suggested from the earlier work
in Mn-depleted PSII (20) was demonstrated for the oxygen-
evolving PSII with preoxidized Cytb559.

ChlZ f Car f P680 in Oxygen-EVolVing PSII with
Preoxidized Cyt b559. Panel A in Figure 2 shows the
absorption difference spectra of Mn-containing PSII in which
Cyt b559 was preoxidized. The sample was illuminated for
30 s at 5 K, then warmed to 120 K in darkness, incubated
for 30 min, and recooled to 20 K. The upper trace shows
the difference spectrum of the intact PSII membranes before
and after illumination at 5 K. The illumination induced a
large band at∼990 nm with a shoulder at∼860 nm. The
band at 990 nm is similar to those arising in carotenoid
cations in vitro (24, 25) which has been reported previously
for different PSII preparations (9, 18-21, 27). Accordingly,
the signal is attributed to a carotenoid cation radical. The
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lower trace exhibits the difference spectrum obtained from
the same sample after warming to 120 K and recooling to
20 K minus the spectrum taken before illumination. This
treatment results in a decrease in the intensity of the 990
nm band (to less than 15% of that before warming) and the
appearance of a band at∼850 nm with a shoulder at∼820
nm. These bands are attributed to ChlZ

+ on the basis of the
comparison with in vitro spectra (28) and in accordance with
earlier investigations on the Mn-depleted PSII membranes
(16, 20, 21).

The corresponding EPR spectra were also measured and
are shown in panel B of Figure 2. After illumination at 5 K,
the EPR signal induced is typical for an organic radical with
a g value of 2.0025( 0.0001 and a line width of 10.5( 1
G. The uncertainties in the width andg value derive from
sample to sample variation because of the subtraction of the
signal from TyrD• [TyrD

• was reduced by the NH2OH used
for Mn depletion (20)]. By comparison to the fully oxidized
TyrD

•, the signal represents 0.8 spin per reaction center (for
details, see Materials and Methods). After warming to 198
K and recooling in the dark (see ref20), a similar signal is
detected with similar parameters (dotted line in Figure 2B).
The intensity reflects 0.65 spin per reaction center. Warming
to 198 K in the EPR experiment was carried out to allow a
more complete conversion from Car+ to Chl+. The lower
temperature used in the optical measurements was chosen
to avoid the phase transition of the sample containing 60%
glycerol. The amount of spins obtained from the EPR
measurements approximately correspond to the absorption

measurements. When the extinction coefficients reported in
the literature for Car+ are considered (i.e., 130 000, 160 000,
and 218 000 from refs24, 30, and25 respectively), illumina-
tion at 5 K results in 1.2, 1.0, or 0.7 equiv per reaction center.
After incubation at higher temperatures, 0.09-0.16 equiv
of Car+ and 0.55 equiv of Chl+ are estimated by applying
an extinction coefficient of 6000 (28) for Chl+.

Illumination at 5 K results in the generation of Car+ in
near stoichiometric amounts. The shoulder at 860 nm induced
after illumination at 5 K in intact PSII was not reported in
ref 20. However, our more recent studies show it can often
be present in Mn-depleted PSII as well. Its origin and the
reason for its presence or absence are not clear, but when
present, the shoulder always arises and disappears in parallel
with the 990 nm band of the Car+. This indicates that the
shoulder at 860 nm is related to Car+ and not to ChlZ+. Due
to the shoulder at 860 nm, the presence of ChlZ

+ formed at
5 K cannot be directly excluded; however, the EPR measure-
ment shows less than one radical per PSII, so given the
estimate of the Car+ from its absorption (at least 0.7 per
reaction center), the contribution from Chl+ must be small
under these conditions. When heating to higher temperatures
is carried out (120-200 K), ChlZ+ is predominantly formed
as seen in the absorption spectrum. The quantification
indicates the EPR and absorption measurements correspond
well with similar amounts of the radicals (0.65 per reaction
center) being estimated. The absorption spectra allow the
assignment to∼0.55 ChlZ+ and 0.09-0.16 Car+ molecule.
Although less clear than the earlier work, these measurements

FIGURE 2: (A) Absorption difference spectra of oxygen-evolving PSII, where Cytb559 is in the low-potential form and thus oxidized, due
to the salt treatment (see Materials and Methods). Absorption difference spectra generated by illumination at 5 K (upper spectrum) and
after warming the same sample to 120 K for 30 min in the dark and then returning the temperature to 20 K (lower spectrum). The inset
shows the Chl cation radical absorption region of the spectrum amplified by 10. The chlorophyll concentration was 1 mg/mL and the path
length 1 mm, in 50 mM MES (pH 6.5), 15 mM NaCl, 0.3 M sucrose, and 60% glycerol. (B) EPR difference spectra corresponding to panel
A. The solid line represents the spectrum induced upon illumination at 5 K (illuminated minus dark spectrum). The dotted line is the
difference of the spectrum taken after illumination at 5 K, transfer to an EtOH/dry ice bath (198 K), incubation for 20 min, and returning
to 15 K minus the dark spectrum (before illumination). Instrument conditions were as follows: measuring temperature, 15 K; microwave
frequency, 9.4 GHz; modulation amplitude, 0.2 mT; power, 0.5µW; and modulation frequency, 100 kHz.
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taken in PSII with an intact Mn cluster are very similar to
those reported in Mn-depleted PSII (20). The data are
similarly interpreted as reflecting a sequential electron
transfer taking place with Car being the electron donor to
P680+ and ChlZ being the electron donor to Car+ (ChlZ f
Carf P680), and where the ChlZ f Car step has an energy
barrier which can be only overcome at temperatures of>20
K.

Cyt b559 Donation to P680+ in Oxygen-EVolVing PSII.
Hanley et al. (20) showed that in the Mn-depleted PSII,
prereduced Cytb559 is oxidized upon illumination at 20 K,
while at the same temperarure, the ChlZ f Car step was
found to be blocked in samples with preoxidized Cytb559.
The linear electron pathway (Cytb559 f ChlZ f Car f
P680) includes the ChlZ f Car step, and therefore, it was
considered to be the less likely of the two options that were
proposed to explain the data (i.e., the branched and linear
pathway) (20).

Here we have carried out the same experiment in oxygen-
evolving PSII. This is of interest because the oxygen-
evolving PSII contains predominantly Cytb559 in the high-
potential form (midpoint potential of 350 mV) (31), while
the Cyt b559 in Mn-depleted PSII is predominantly in the
low-potential form (midpoint potential of 0-80 mV) (31).
Thus, it is conceivable that the different Cytb559 forms
influence the electron pathways.

Figure 3 shows thegZ feature of EPR signals arising from
the S ) 1/2 ferric heme of oxidized Cytb559. Prior to
illumination, the majority (80-90%) of the Cytb559 was
reduced by incubation in darkness with sodium ascorbate.
The broken line shows thegZ peak from the remaining
fraction (10-20%) of oxidized Cytb559 heme prior to
illumination. ThegZ value of≈2.95 shows that this fraction
is Cyt b559 in the low-potential form (32; for a review, see
ref 33). The EPR spectra show that Cytb559 is oxidized upon

illumination at 20 K (solid line). The intensity was similar
to that of samples where Cytb559 was oxidized chemically
by K2IrCl6, suggesting that complete oxidation was achieved
by illumination at 20 K (not shown). Similar results were
obtained when illumination was carried out at 5 K. After
illumination, a small radical EPR signal was detected which
was attributed to Car+ generated in the small fraction of
centers lacking reduced Cytb559 prior to illumination (see
below).

From these two experiments, it seems clear that the
electron transfer events occurring at low temperatures in
intact PSII are similar to those occurring in Mn-depleted PSII.
In both cases, the data argue against the simple linear
pathway.

Attempt To Detect the Transient Car+ Signal. In the linear
model (Cytb559 f ChlZ f Carf P680) and the carotenoid
branching model, Car acts as an intermediate donor between
Cyt b559 and P680. This is not the case in the parallel pathway
in which Cyt b559 donates directly to P680+. We have thus
attempted to detect a light-induced Car+ intermediate using
time-resolved absorption spectroscopy at 970 nm with Cyt
b559 being either preoxidized or prereduced. The experiments
were carried out at 20 K to exclude complications due to
electron donation from ChlZ, which is virtually absent at this
temperature. In Figure 4, the time courses of flash-induced
absorption changes are shown. In the presence of 5 mM K3-
[Fe(CN)6] when Cytb559 is oxidized, Car+ is formed with a
rise time (t1/2) of ∼2 ms with an amplitude corresponding to
a small yield (∼10% per flash; see below). On a longer time
scale (Figure 4B), the absorption decays very slowly. This
decay was too slow to be characterized completely with the
setup used in this study. Nevertheless, attempts to fit the
decay yielded at1/2 of several seconds and an amplitude of
∼30% of the maximal signal.

In the presence of 1 mM ascorbate, which reduces Cyt
b559 in the majority of centers, identical kinetics were
observed but with a lower intensity (∼30%), and this we
ascribe to a residual fraction of centers in which unreduced
Cyt b559 is still present (see below). No additional features
were detected. Thus, we were unable to detect a transient
Car+ signal under the conditions that were tested. Note that
under the condition used QA is not reduced and thus charge
separation is still possible (see below and Figure 5 inset).

RelatiVe Donation Rates of Cyt b559 and Car. The electron
donation rates of Cytb559 and Car were investigated using
time-resolved absorption and EPR spectroscopy. Since at 20
K the dominating event is the charge recombination between
P680+ and QA

- (t1/2 ∼ 2 ms) (see ref1), the apparent
oxidation kinetics of Car and Cytb559 are dominated by the
charge recombination reaction. This results in measured
oxidation kinetics of∼2 ms for Car (Figure 4) and Cytb559

oxidation (18; see also refs8 and34). However, the intrinsic
rates can be deduced from the quantum yield of Cytb559

and Car donation assuming that the electron donation
competes with the charge recombination (P680+QA

-). The
latter has been reported to be independent of the presence
of K3[Fe(CN)6] (34), and this is also the case in our
measurements (see the inset of Figure 5). Therefore, the
quantum yield of the Car and Cytb559 donation can be
compared directly.

These quantum yields were measured indirectly by esti-
mating the number of centers that are able to form the

FIGURE 3: EPR spectra of thegZ of oxidized Cyt b559 heme.
Untreated oxygen-evolving PSII (containing mostly high-potential
Cyt b559) was reduced with ascorbate and dark-adapted (dashed line)
and then illuminated (10 min) at 20 K (solid line). The EPR
instrument settings were as follows: power, 10 dB; modulation
amplitude, 2.5 mT; and temperature, 15 K.

Electron Transfer Pathway ofâ-Carotene in PSII Biochemistry, Vol. 40, No. 21, 20016435



P680+QA
- radical pair (monitoring P680+ at 820 nm) after

a series of saturating flashes. In this method, which was used
at 77 K by Hillmann and Schlodder (18), the decrease in
the level of P680+ induced by each flash is attributed to the
stable charge separation state Car+QA

- or Cyt b559(ox)QA
-.

A monoexponetial decay was fitted over the first 10 flashes
(Figure 5). The amplitudes of the fit in the presence of either
K3[Fe(CN)6] or ascorbate are very similar, i.e., 50%. The
quantum yields extracted from this fit were∼8.3% in the
presence of K3[Fe(CN)6] and ∼11.7% in the presence of
ascorbate. When it is considered that under reducing condi-
tions only∼70% Cytb559 is reduced, a corrected quantum
yield for the formation of Cytb559(ox)QA

- pair of ∼13.2%
is obtained. The values are higher than∼5% in the presence

of K3[Fe(CN)6] and ∼8% in the presence of ascorbate
reported forSynechococcus elongatus at 77 K, but the ratios
of values (5%/8% and 8%/13%) are similar (18).

From these quantum yields, the donation rates of Cytb559

and Car at 20 K can be calculated. Both donors are in
competition with the P680+QA

- recombination with at1/2 of
∼2 ms. A yield of 8% for the Car+QA

- pair and a yield of
13% for the Cytb559(ox)QA

- pair give t1/2 values of∼25
and∼15 ms, respectively. As described below, we consider
that the rate for electron donation may be underestimated
by this method since the apparent quantum yield may be
underestimated due to recombination of the Car+QA

- pair
occurring in some centers.

FIGURE 4: Kinetic traces of laser flash-induced absorption changes at 970 nm of untreated oxygen-evolving PSII (containing mostly high-
potential Cytb559) at 20 K under reducing (1 mM ascorbate) and oxidizing{5 mM K3[Fe(CN)6]} conditions. Panels A and B show the
same experiment but on different time scales. The chlorophyll concentration was 0.09 mg/mL and the path length 10 mm, in 50 mM MES
(pH 6.5), 15 mM NaCl, 0.3 M sucrose, and 60% glycerol.

FIGURE 5: Decay of the amplitude of the transient absorption at 820 nm for the first 10 flashes in intact PSII at 20 K (containing mostly
high-potential Cytb559): (b) PSII treated with 5 mM K3[Fe(CN)6] and (0) PSII treated with 1 mM ascorbate. Both are fitted with a
monoexponential decay curve, shown as a solid line. The inset shows the time-resolved absorption of the first flash in the presence of 5
mM K3[Fe(CN)6] and in the presence of 1 mM ascorbate. The chlorophyll concentration was 0.09 mg/mL and the path length 10 mm.
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Since the oxidation rate of Car or Cytb559 is determined
by competition between the rate of donation to P680+ and
the rate of recombination of the P680+QA

- pair, the
measurement of the oxidation rates of Car or Cytb559 upon
the onset of continuous illumination should represent valid
relative rates. Since the recombination rate of the P680+QA

-

pair is the same under reducing and oxidizing conditions,
the oxidation rates can be compared directly. For this
purpose, the oxidations of Cytb559 and Car under continuous
illumination at 20 K were directly followed by EPR. Figure
6 shows the time course of Cyt and Car oxidation under
continuous illumination. The kinetics match very well. The
oxidation kinetics of Cytb559 and Car were dependent on
PSII concentrations, light intensity, and transparency (the
presence of glycerol), but the match of the Cytb559 and Car
oxidation kinetics was unaffected by the different conditions.

P680+ exhibits an EPR signal at about the same magnetic
field as Car+ and can therefore contribute to the result.
Conditions were chosen to minimize the contribution of
P680+. It is known that P680+ is unstable (approximate
lifetime of 2 ms at the helium temperature), decaying rapidly
by charge recombination with QA- when the light is switched
off (e.g., refs8 and 35). The inset of Figure 6 shows that
after the light is switched off the signal remains stable,
suggesting that the signal is due to Car+ with a negligible
P680+ contribution. The light intensity that is used is assumed
to be too weak to accumulate more than trace amounts of
P680+.

Yield of Car Oxidation under Reducing Conditions. The
results reported in the previous section suggest similar
electron donation rates for Car and Cytb559. Therefore, under
reducing conditions (i.e., the addition of ascorbate) where
both Car and Cytb559 are capable of donating electrons to
P680+, the parallel electron donation pathway (Cytb559 f
P680 r Car) is expected to result in the oxidation of

approximately equal quantities of each of the terminal donors.
On the other hand, for the pathways in which Car is a high-
potential intermediate [Em of in vitro Car ≈ 1 V (36)]
functioning as an electron carrier between Cytb559 and P680,
illumination should result in the stable oxidation of only the
Cyt b559, it being the lowest-potential donor [Em ) 0-360
mV (31)].

In Figure 4, the yield of light-induced Car oxidation under
reducing conditions is∼30%, but this may be attributable
to the residual centers where Cytb559 is still oxidized prior
to illumination. Efforts were thus made to obtain samples
with a higher proportion of reduced Cytb559. It is known
that high concentrations of glycerol favor the oxidation of
Cyt b559 (8, 37). In thylakoid membranes, Cytb559 was
reported to be less susceptible to oxidation induced by
glycerol (9). Therefore, studies on thylakoids were conducted,
and the results of these are shown in Figure 7B. Under
reducing conditions (1 mM ascorbate) in this material, only
∼6% of Car+ is induced by illumination compared to that
formed in samples under oxidizing conditions{5 mM K3-
[Fe(CN)6]}.

FIGURE 6: Time-resolved EPR measurements at 20 K of intact PSII
(containing mostly high-potential Cytb559). Arrows pointing
downward indicate light on and arrows pointing upward light off.
The solid line and the inset depict data for PSII with prereduced
Cyt b559. The oxidation of Cytb559 was followed at 220 mT. EPR
conditions were as follows: microwave power, 25 mW; frequency,
9.4 GHz; and modulation amplitude, 2.5 mT. The dotted line depicts
data for PSII with preoxidized Cytb559. The oxidation of Car upon
illumination was followed at 335.5 mT. EPR conditions were as
follows: microwave power, 10µW; frequency, 9.4 GHz; and
modulation amplitude, 2.5 mT.

FIGURE 7: (A) Light minus dark difference EPR spectra of PSII
(containing mostly high-potential Cytb559). Car+ signal induced
(light minus dark) by illumination for 10 min at 20 K in the presence
of 3 mM ascorbate (dotted line) and 5 mM K3[Fe(CN)6] (solid line).
EPR conditions were as follows: microwave power, 0.5µW;
frequency, 9.4 GHz; and modulation amplitude, 0.2 mT. There were
four accumulations. (B) Absorption difference spectra of chloro-
plasts (containing mostly high-potential Cytb559) at 20 K induced
by a 30 min illumination at 5 K (illuminated minus dark). Either 5
mM K3[Fe(CN)6] or 3 mM ascorbate was added. The chlorophyll
concentration was≈0.03 mg/mL and the path length 10 mm, in
50 mM HEPES (pH 7), 15 mM NaCl, 0.3 M sucrose, and 60%
glycerol.
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To circumvent the oxidation of Cytb559 by glycerol,
analogous measurements were taken by EPR in the absence
of glycerol for PSII particles (Figure 7A). Under reducing
conditions (3 mM ascorbate), 15% of the Car+ is formed
after illumination at 20 K when compared to the amount of
Car+ formed in the presence of K3[Fe(CN)6].

DISCUSSION

In this work, we have attempted to distinguish between
the three-electron transfer pathways involving Cytb559, Car,
and ChlZ that have been proposed to occur in PSII at low
temperatures.

The absorption and EPR measurements suggest that
illumination at e20 K of oxygen-evolving PSII with pre-
oxidized Cytb559 induces almost stoichiometric amounts of
Car+. After PSII had been warmed to higher temperatures
(120-200 K), Car+ was mostly replaced with ChlZ

+. This
indicates a sequential electron pathway in which Car is the
electron donor to P680+ and ChlZ is the donor to Car+ (ChlZ
f Carf P680). In addition, it appears that the ChlZ f Car
step has an energy barrier which can be overcome only at
the higher temperatures. These features are very similar to
those reported earlier in the Mn-depleted PSII (20). Support
for this model also comes from studies using ESEEM (38),
high-field EPR (39), and pulse ENDOR (40) also using Mn-
depleted PSII, and in the case of ENDOR also Mn-containing
PSII (40), all of which indicate almost exclusive formation
of Car+ at e20 K and Chl+ formation at 198 K.

Studies with prereduced Cytb559 in PSII with an intact
Mn cluster showed that Cytb559 is able to donate electrons
to P680+ ate20 K. As with the earlier work on Mn-depleted
PSII (20), the same conclusion can be drawn; the linear
pathway (Cytb559 f ChlZ f Carf P680) is disfavored by
this result because in this model Cytb559 oxidation is
predicted to involve the ChlZ f Car step, and this step is
blocked at this temperature (see above).

However, as already suggested in ref20, these data can
be reconciled with the linear pathway if oxidized Cytb559

has an (electrostatic) effect on the adjacent ChlZ, increasing
its redox potential, thus making it a less efficient donor and
leading to the temperature-dependent electron transfer block
of the ChlZ f Car+ step. Since this is an ad hoc assumption,
we consider the linear model to be a less straightforward
explanation than the other pathways, although it remains a
possibility. In the subsequent discussion, we focus on trying
to discriminate between the parallel and branched pathways.

For PSII with reduced Cytb559, the branched model
predicts Car+ as an intermediate between P680+ and Cyt
b559. In contrast, the parallel pathway predicts that Cytb559

donates directly to P680+, and thus, no transient Car+ signal
should be detected. Indeed, no transient Car+ was detected.
However, the lack of an intermediate can also be reconciled
with the branched pathway if it is assumed that the electron
donation of Cytb559 to Car+ is much faster than the rate of
electron donation from Car to P680+. Under such circum-
stances, the Car+ that is formed is reduced so rapidly by
Cyt b559 that Car+ never builds up to a detectable level.
Below, we find in favor of the branched model, and thus,
we must adopt this explanation for the absence of a Car+

intermediate.
Since a direct proof (i.e., the presence of a transient Car+)

of the pathway seems not to be possible, another, indirect

attempt to discriminate between the branched and parallel
pathways was undertaken. In the branched pathway when
Cyt b559 and Car are both prereduced, low-temperature
illumination should result in the oxidation of only Cytb559,
whereas in the parallel pathway, the ratio of Cytb559(ox) to
Car+ should depend directly on the donation rates of each
of these electron donors (see Scheme 2). Thus, the deter-
mination of the rates of donation of Cytb559and Car to P680+

and the yield of oxidation of each donor under reducing
conditions should allow discrimination between the two
pathways.

The EPR studies using continuous illumination (Figure
6) suggest approximately similar electron donation rates for
Cyt b559 and Car to P680+. This is supported by the time-
resolved absorption studies (Figure 5) that provide an
estimate of the donation rates through a measurement of the
quantum yield for stable charge separation. This type of
measurement averaged over the first 10 flashes indicates that
the electron donation rates of Cytb559 and Car are ap-
proximately the same (Figure 5). However, as reported
previously (18), the quantum yield of Cytb559 oxidation is
∼1.6 times larger than for Car. Two factors could contribute
to the lower yield of Car oxidation. (1) The slow decay (t1/2

of several seconds) of Car+ attributable to recombination of
Car+ with QA

- is expected to lower the quantum yield of
stable Car oxidation compared to that of Cytb559. Hillmann
and Schlodder (18) reported a recombination of Car+ with
QA

- in a fraction of centers. They observed several types of
kinetics of charge recombination of Car+ and ChlZ+ with
QA

-, the fastest one with at1/2 of <10 s. Furthermore, Hanley
et al. (20) reported a fraction of centers in which Car+QA

-

recombination took place in competition with electron
donation from ChlZ. Also relevant to this point is the fact
that the driving force for electron donation from Car to P680+

may not be as great as was previously thought (20). Indeed,
it was pointed out recently that the redox potential of the
Car/Car+ couple in vitro is in fact close to 1 V (36). (2) In
the branched model, the oxidized Cytb559 might be expected
to interact electrostatically with Car, increasing its potential
and leading to a slightly slower Car donation to P680+.
Overall then, the electron donation rates of Cytb559 and Car
are about the same (within a factor of 2). This is in agreement
with other studies measuring the quantum yield of the two
donors (18; see also refs8 and34).

The amount of photoinducible Car+ in intact PSII in the
presence of ascorbate (when Cytb559 is mostly in the high-
potential form and therefore reduced in most of the centers
and thus is able to donate an electron; see Figure 3) is

Scheme 2a

a ChlZ and QA are omitted for clarity, and because ChlZ donation is
blocked at 20 K.
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reduced to as little as 6% in our experiments, or is even
absent as reported by DePaula et al. (41). Thus, for the
parallel pathway, this would mean that Cytb559 would have
to donate approximately 20 times faster than Car, which
disagrees with the measured donation rates (maximum of
1.6 times faster). The exclusive oxidation of Cytb559 when
it is prereduced is expected in the branched pathway. In this
case, the fraction of centers where Car+ was formed is
assigned to incomplete reduction of Cytb559 by ascorbate,
due to the presence of the low-potential form in a fraction
of centers. This is in agreement with the EPR data (see, for
example, Figure 3), where after reduction with ascorbate, a
small peak is present at 2250 G (gZ ≈ 2.95) arising from
the low-potential form of Cytb559 (32, 33). This fits well
with reports showing that only 85% of the Cytb559 (the high-
potential form) is reduced with ascorbate, and for complete
reduction of the low-potential form, stronger reductants such
as dithionite or borohydride are needed (5). This reflects the
fact that the low-potential form of the cytochrome exhibits
anEm ranging from 0 to 80 mV (31), and it is thus difficult
to oxidize with ascorbate (Em ) 60 mV). Overall, we
conclude that the branched model fits best to the data
presented in this work.

Hillmann and Schlodder (18) proposed the parallel path-
way because it explains in a simple way why the quantum
yield of the Cytb559(ox)QA

- pair is higher than that for the
Car+QA

- pair in PSII in which Cytb559 is prereduced and
preoxidized, respectively. However, to explain the preference
of Cyt b559 oxidation under reducing conditions, an electro-
static interaction of Cytb559with Car+ or P680+ was invoked;
when Cyt b559 is reduced, the rate of donation of Car to
P680+ is slower, while when Cytb559 is oxidized, the
donation rate is faster. From our experiments, the oxidized
Cyt b559 would have to accelerate the electron donation from
Car to P680+ by a factor of 20 to accommodate the parallel
pathway. It seems more reasonable to explain the small
difference (up to 1.6) by factors other than a separate pathway
[i.e., recombination of the Car+QA

- radical pair and a small
electrostatic effect of Cytb559(ox) on the Car as discussed
above].

Very recently, the crystal structure of PSII was determined
with a resolution of 3.8 Å (11) (see Figure 1). Both ChlZ’s
(ChlZD1 and ChlZD2) are distant (>25 Å) from the central
chlorophylls (PD1 and PD2), on which P680+ is supposed to
be located (11; see also ref42). Cyt b559 is also distant from
the central chlorophylls (>25 Å) (11; see also refs43 and
44). These distances are very large for efficient electron
transfer in a single step. According to Page et al. (45), a 25
Å distance would correspond to a maximal rate of∼1 s-1.
This is∼2 orders of magnitude slower than the deduced Cyt
b559 donation rate. Thus, an intermediate, such as the Car, is
required. These distance considerations fit well with the
experimental evidence for Car functioning as an intermediate
for both ChlZ and Cytb559 oxidation (this work and ref20).
Moreover, the large separation between Cytb559 and ChlZ
(>25 Å) also argues against direct electron transfer between
these components and thus disfavors the linear model. These
structural considerations support the branched pathway and
put stringent limits on possible arrangements of the carote-
noid within the reaction center (see also Figure 1).

In the literature, there has been some debate concerning
which side of the reaction center (the D1 side or D2 side) is

involved in the side-path electron transfer. Stewart et al. (16)
investigatedSynechocystismutants of the proposed axial
ligands of ChlZD1 and ChlZD2 and found that only the mutation
on the D1 side affected the resonance Raman signal attributed
to ChlZ+ and concluded therefore that ChlZ

+ is located on
the D1 side (ref16, but see ref13). In contrast, Shigemori
et al. (15) deduced a distance of∼29 Å between TyrD° and
ChlZ+ in PSII from spinach. This conforms with localization
of ChlZ+ being on the D2 side (i.e., ChlZD2). A further
argument for the D2 side pathway came from pulsed EPR
studies which indicated that Car+ had a close association
with a nearby tryptophan (38). Tryptophan residues that were
potentially homologous to those making up the carotenoid
binding site of the purple bacterial reaction centers were
found on the D2 side. Recently, a third option has been
proposed; on the basis of the attribution of two features in
the ChlZ+ absorption spectrum to ChlZD1 and ChlZD2 in PSII
from spinach, it was suggested that the electron donation
pathway occurs on both sides of the reaction center in spinach
PSII (14).

The fact that the crystal structure shows a single Cytb559

localized on the D2 side shows that the electron transfer
pathway certainly involves D2. The work presented here
allows some conclusions to be drawn concerning the possible
existence of a symmetrical pathway involving ChlZ and Car
in D1. When Cytb559 is prereduced, illumination at different
temperatures leads predominantly to Cytb559 oxidation
(>90%) (see above and ref41). This indicates that under
these conditions ChlZD2 and CarD2 are the dominant electron
donors, since competing electron donation from the D1 side
should be manifest as the formation of ChlZD1 and CarD1

radicals. Given that the D2 side is the dominant route when
Cyt b559 is reduced, then it is also reasonable to assume that
this is the case when Cytb559 is oxidized. The suggestion
that ChlZ and Car from both sides of the reaction center in
spinach PSII undergo oxidation when Cytb559 is preoxidized
(14) remains conceivable if the oxidized heme has a marked
electrostatic influence on midpoint potentials of the D2
components. The simplest explanation is that a D2 pathway
is the predominant operation route in spinach PSII mem-
branes.
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