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ABSTRACT: Depletion of Ca2+ and/or Cl- ions from PSII membranes blocks the electron-transfer reactions
that precede O2 evolution on the oxidizing side of the enzyme. Illumination of these inhibited preparations
at 273 K generates a paramagnetic species that is detectable by low-temperature (T < 20 K) EPR as a
signal in theg ) 2 region, 90-230 G wide, depending on the treatment that PSII has undergone. This
signal has recently been assigned to YZ

• in magnetic interaction with the manganese cluster in its S2 state
[Gilchrist et al. (1995)Proc. Natl. Acad. Sci. U.S.A. 92, 9545-9549]. This view, however, is not universal,
owing, in part, to the fact that its spectroscopic properties depend on the preparation and the experimental
conditions used for its study and, in part, to uncertainties as to the room temperature behavior of YZ

• in
inhibited preparations. Here, we report time-resolved and conventional EPR data showing that, at room
temperature and at 273 K, YZ• can be accumulated in its 20 G form in high yields in both Ca2+-depleted
and acetate-inhibited preparations, and that the kinetics of its decay match the decay kinetics of the low-
temperature signal generated in corresponding samples. The properties of the YZ

• signal, however, are
shown to depend on the polypeptide content, the temperature, and the electron donors and acceptors
present in the sample under examination. Our results support assignment of the EPR signal in inhibited
preparations to S2 YZ

• and demonstrate a protective role of the 17 and 23 kDa extrinsic polypeptides for
the manganese cluster against externally added reductants.

Oxidation of water with concomitant production of mo-
lecular oxygen as a byproduct takes place in photosystem II
(PSII),1 a multipolypeptide enzyme in higher plants, algae,
and cyanobacteria (for reviews, see1-5). Two molecules
of substrate water bind to a cluster of four manganese ions
and, after accumulation of 4 oxidizing equiv (6), one
molecule of oxygen is released. The five distinct redox states
of the manganese cluster are known as the Sn states (n )
0-4). During each step of this cycle, P680+, the oxidized
form of the photoactive chlorophyll complex of PSII, is
rereduced by YZ, a tyrosyl residue located at the 161 position

of the D1 protein. The product of this electron-transfer
reaction, YZ•, is a neutral radical (7), which interacts with
the manganese cluster so that the transfer of an oxidizing
equivalent occurs, advancing the S-state of the cluster and
regenerating the YZ species. Recent data suggest that YZ is
part of the OEC and participates directly in electron/proton-
transfer reactions in oxidizing substrate water (4, 8-13).
There is an additional redox-active tyrosyl residue, known
as YD, located at the 160 position of D2 protein, with an
unclarified role (14, 15). The oxidized form of this radical,
YD

•, is responsible for a stable EPR signal that is almost
identical to that of the transient YZ• signal (14).
There is agreement that, during each of the first two steps

in the Kok cycle (S0 f S1 and S1 f S2), 1 oxidizing equiv
is stored on the manganese cluster in the OEC (for reviews,
see1, 4). For the S2 f S3 transition, opinion is divided
between accumulation of the third oxidizing equivalent on
the manganese cluster (11, 16-18) and the oxidation of a
different moiety, either a histidine (19-23) or a bridging
oxo, in the cluster (5; see also24, 25). For the final, S3 f
[S4] f S0 step, the reduction of YZ• occurs with the
appearance of O2, which implicates YZ• directly in the OdO
bond forming chemistry (11).
Besides the cofactors directly involved in the redox

reactions in the Kok cycle, two inorganic cofactors, Ca2+

and Cl-, are necessary for enzyme function (for reviews,
see1, 26, 27). In the absence of either of these cofactors,
PSII can advance no further than the S2 state (28-33).
Following formation of S2 in cofactor-depleted preparations,
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room temperature illumination is reported to cause oxidation
of YZ to produce YZ• in its 20 G EPR-detectable form (30,
31, 33-35). This conclusion, however, has been challenged,
and the situation with respect to the behavior of YZ at room
temperature in these preparations remains in dispute (23, 32,
36). Illumination also gives rise to a broad doublet EPR
signal, detected at cryogenic temperatures, with ag value
near 2 and a line width of 90-230 G. This signal was first
detected by Rutherford and co-workers (37, 38) and can be
generated in Ca2+- or Cl--depleted samples by illumination
at 273 K or after one or two saturating flashes. Similar
signals have been detected after treatment of PSII membranes
with ammonia (31), citrate (39), or acetate (40, 41). Britt
and co-workers provided strong evidence indicating that this
split signal arises from a magnetic interaction between YZ

•

and the manganese cluster in its S2 YZ
• state (10, 42). Junge

and co-workers, however, disagree with this interpretation
and suggest instead that an oxidized histidine residue
accumulates in the final state produced by illumination in
Cl--depleted preparations (21, 23, 59). Thus, there are
considerable uncertainties as to species produced by room
temperature illumination of cofactor-depleted preparations,
and to species that are observed by low-temperature EPR in
illuminated, freeze-trapped samples.
The resolution of these discrepancies is essential, as they

have significant implications for models for the structure and
function of the oxidizing side of PSII, as well as for the
mechanism of water oxidation. Spectroscopic studies of
samples giving rise to the split signal revealed close
proximity of the Mn cluster and YZ• (4, 10, 43). These and
other results (8) led to the development of new models for
water oxidation that implicate YZ• in coupled electron/proton-
transfer reactions during the S-transitions cycle (4, 9-13,
43, 44). Other models invoke histidine residues in the
mechanism of water oxidation (19, 23, 45). The determi-
nation of the behavior of the YZ/YZ

• couple in Ca2+- and
Cl--depleted preparations is central to deciding whether and
which of these models is viable.
Here, we present data, at room temperature and 273 K, on

the formation and decay of YZ• and the split signals in PSII
membranes treated with NaCl or acetate. The effects of
extraction of the 17 and 23 kDa extrinsic polypeptides and
of different electron donors and acceptors on the kinetic
properties of YZ• are also presented. Our data demonstrate
that YZ• occurs as a 20 G radical at room temperature in
cofactor-depleted preparations, that the split signal observed
at cryogenic temperatures and the YZ

• EPR signal observed
at room temperature and 273 K correlate kinetically, and
that the extrinsic polypeptides provide a barrier to exogenous
reductants on the oxidizing side of PSII.

MATERIALS AND METHODS

Oxygen-eVolVing PSII membraneswere prepared from
fresh market spinach according to the BBY method (46) with
the modifications described in (47). Typical oxygen evolu-
tion rates of these preparations, measured by a Clark type
oxygen electrode with 600µM DCBQ as electron acceptor,
were 700-800 mmol of O2 (mg of Chl)-1 h-1.
Calcium depletionwas achieved by incubation of PSII

membranes (0.5 mg of Chl/ mL) in 1.2 M NaCl, 0.3 M
sucrose, 25 mM MES (pH 6.5) for 30 min in room light on

ice, as described in (48), or by two dialysis steps in high
and low NaCl concentrations, respectively, as described in
(37). In both cases, EGTA was added to the buffers for
chelating Ca2+ and other divalent cations potentially present.
These two methods resulted in Ca2+- and 17- and 23 kDa-
depleted PSII membranes (hereafter called sw-PSII) and
Ca2+-depleted protein-reconstituted PSII membranes (swpr-
PSII). Ca2+ depletion was carried out just before the EPR
experiments. Reconstitution of the extrinsic proteins was
checked by SDS-PAGE, by using the Laemmli system as
described in (49). The oxygen-evolution activity of the
calcium-depleted samples was 20-30% of the control,
whereas addition of 20 mM CaCl2 recovered the activity to
at least 80% of the control. For the above preparations,
reagents free from Ca2+ contaminations were used (Aristar,
BDH Laboratory Supplies; [Ca2+] <1 ppm, [Cl-] <0.5 ppm).
Tris-washed sampleswere prepared by 30 min incubation

of PSII membranes (0.5 mg of Chl/mL) in 1 M Tris (pH
8.0), 1.25 mM EDTA in room light on ice. The samples
were then washed twice by centrifugation (40000g, 15 min),
resuspended in 50 mM MES (pH 6.5), 0.4 M sucrose, 15
mM NaCl (SMN), and stored at-80 °C until used. Electron
acceptors were added to the samples just before EPR
experiments.
Acetate-treated sampleswere prepared as follows: PSII

membranes immediately after their preparation were washed
twice by centrifugation with 5 mM Ca(OH)2, 0.4 M sucrose,
50 mM MES (pH 5.5), resuspended in the same buffer at a
concentration of about 8 mg of Chl/mL, and stored at-80
°C until use. Just before the EPR experiments, samples were
thawed and 5 M acetate solution (pH 5.5) was added up to
a final acetate concentration of 500 mM. Then, 1 mM K3-
[Fe(CN)6] and 1 mM K4[Fe(CN)6] were added, and the
samples were transferred either to a flat cell or to EPR tubes
in the dark. The oxygen-evolution activity of the acetate-
treated samples was about 10% of the intact sample.
Addition of 20 mM CaCl2 to the assay solution reactivated
the inhibited sample to more than 90% of control rates.
EPR experimentswere carried out on a Bruker ESP300E

instrument equipped with an Oxford ESR900 continuous-
flow cryostat. For room temperature and 273 K experiments,
a TM cavity was used. Controlled nitrogen flow through
an ethanol/dry ice bath and a dewar in the TM cavity was
used to maintain 273 K. For low-temperature experiments,
a TE cavity was used. For illumination at room temperature,
either a 300 W projector lamp or a homemade xenon flash
lamp (17 ms fwhm) was used to illuminate samples in the
TM cavity. Light saturation of the samples was checked
with neutral density optical filters. For illumination at 273
K, a light setup comprising two 300 W projector lamps, an
ethanol/dry ice bath in a non-silvered dewar, and a temper-
ature-controlled nitrogen gas line were used. Samples in
calibrated EPR tubes containing 1 mM K3[Fe(CN)6] and 1
mM K4[Fe(CN)6] were illuminated for 10 s at 273 K and
then were incubated in the dark for specified times before
freezing in liquid nitrogen. Other conditions are described
in the figure legends. Double integration of the EPR spectra
was done by using the built-in software of the EPR
instrument. For the time-resolved experiments, the EPR
instrument and the flash lamp were triggered by a personal
computer. Analysis of the time-resolved EPR kinetic traces
was done with Origin v3.78 (Microcal Software, Inc.)
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RESULTS

Power Saturation of Tyrosyl Radicals in O2-EVolVing and
Inhibited PSII Membranes.The light-induced radicals, YZ•

and YD•, give similar EPR signals (7, 14). However, the
relaxation properties of these two radicals differ, owing to
differences in the distance between them and the manganese
cluster, which acts as a strong relaxer. As YZ

• is closer to
the manganese cluster, higher microwave power is required
for saturation (7, 50). Thus, power saturation measurements
can be employed to discriminate between the two radicals,
at least, for samples in which the manganese cluster is intact
(35, 51).
Figure 1 shows light-induced and dark EPR spectra at

room temperature in O2-evolving (a) and acetate-treated (b)
PSII membranes. In the O2-evolving sample, YD• is dark-
stable, and illumination does not produce a discernible
increase in tyrosyl radical concentration, as the lifetime of
YZ

• in O2-evolving material is too short to allow its
accumulation. In contrast, illumination of the acetate-treated
sample produces a marked increase in signal intensity.
Similar experiments were performed in sw- and swpr-PSII
membranes with the same results (see below). Illumination
of the samples with flashes at 2 Hz repetition rate, instead
of continuous light, resulted in the same increase in signal
intensity (data not shown).
The light-induced increase in tyrosyl radical intensity could

arise from the induction of YZ• in these inhibited samples
(31, 33, 34) or from YD• by modification of its power
saturation properties (32, 36). To resolve this issue, we
performed power saturation studies, as shown in Figure 2,
where the integrated areas of the dark- and light-induced
signals are plotted as functions of the square root of power.
The curve corresponding to intact PSII membranes in the
dark immediately after 10 s illumination (triangles) represents

the saturation behavior of YD• at a concentration of one spin
per reaction center. The saturation behavior of the tyrosyl
radicals in swpr-PSII membranes under continuous illumina-
tion and after 15 min dark-adaptation at room temperature
(squares and circles, respectively) is also shown in the Figure
2. The spectra observed in the 15 min dark-adapted samples
had an integrated area corresponding to one YD

• spin per
reaction center. The spectra of the illuminated samples
showed an increase of their integrated area at all the
microwave powers. The same sets of experiments were
repeated on sw-PSII membranes and on acetate-treated
membranes. Over the range of microwave powers examined,
illumination of the samples inhibited by these methods
resulted in an increase in spectral area analogous to that
shown in Figure 2 for swpr-PSII membranes (data not
shown).
In Figure 3, we show spectra of Ca2+-depleted samples

recorded at 200 mW, a microwave value which falls well
into the linear region of the saturation curves for dark and
illuminated samples in Figure 2. The dark spectra correspond
to one spin per PSII from YD•; illumination generates
additional spins relative to the dark-adapted sample. In the
case of sw-PSII, the light-induced increase was 0.69 spin;
for swpr-PSII, the light-induced increase was 0.72 spin.
The data in Figures 1-3 clearly establish that room

temperature illumination of salt-washed PSII samples, with
or without the extrinsic polypeptides, or of acetate-treated
PSII samples, results in an increase in the observed tyrosyl
EPR signal at microwave powers from 20 to 200 mW.
Because the transition probabilities of YD

• and YZ• are the
same (52), we can quantify the increase in the integrated
area of the signals obtained from inhibited PSII membranes
under illumination. The slopes of the plots in Figure 2 for
O2-evolving PSII and for swpr-PSII membranes in the dark
correspond to one YD• spin per PSII. The increase in slope
in the illuminated swpr-PSII sample indicates that an

FIGURE 1: EPR spectra of YZ• and YD• recorded at room
temperature. The spectra labeled (1) were recorded under continuous
illumination, whereas the spectra labeled (2) were recorded in the
dark after illumination. (a) Oxygen-evolving PSII membranes (6
mg of Chl/mL); (b) acetate-treated PSII membranes (6 mg of Chl/
mL). The spectrum in the dark was recorded after 12 min dark-
adaptation at room temperature. For all samples, 1 mM K3[Fe-
(CN)6]/1 mM K4[Fe(CN)6] was used as the electron acceptor/redox
buffer system. Other conditions: microwave power, 1 mW;
modulation amplitude, 2.85 Gpp; time constant, 82 ms; gain, 4×
105; sweep time, 336 s.

FIGURE 2: Power saturation curves of YD• in O2-evolving PSII
membranes in the dark immediately after illumination (triangles)
and of YZ• and YD• in swpr-PSII under continuous illumination
(squares) and after 15 min dark adaptation at room temperature
(circles). Each point is the average of three measurements. The
sample concentration was 2 mg of Chl/mL, and 1 mM K3[Fe(CN)6]/
1 mM K4[Fe(CN)6] was used as the electron acceptor/redox buffer
system. Experimental conditions: modulation amplitude, 2.5 Gpp;
time constant, 164 ms; gain, 1.6× 106; sweep time, 168 s.
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additional 0.75 spin is generated by light, and we attribute
this to the generation of YZ• in this preparation. In general,
we find that 0.7-0.8 YZ• spin/PSII in salt-washed samples
and 0.6 YZ• spin/PSII in acetate-treated membranes are
generated in the light. The lower accumulation of YZ

• in
acetate-treated samples may reflect incomplete removal of
calcium and chloride ions, since the treatment took place by
injection of acetate and not by washing the sample in acetate
buffer. We conclude that Ca2+ depletion and acetate
treatment generate states in which YZ

• can be photoaccu-
mulated at room temperature in high yield (60-80%). After
addition of CaCl2, the O2 evolution activity of the inhibited
system is recovered more than 80%, and light-induced
accumulation of YZ• is no longer possible (see also below).
This observation indicates that NaCl or acetate treatment of
PSII membranes does not cause, in our hands, irreversible
damage to the samples. Thus, we exclude the possibility
that the light-induced YZ• spins arise from Mn-depleted
centers (see also below).
YZ• Decay Depends on Experimental Conditions.Previous

studies on the properties of PSII after depletion of its
inorganic cofactors led to conflicting results (for example,
see32, 33). One of the controversies regards the decay
kinetics observed by different groups for the light-induced
tyrosyl radicals. We examined these kinetics in salt-washed
PSII membranes with or without the 17 and 23 kDa extrinsic
polypeptides and with various donors and acceptors. We
monitored the reduction of the YZ• radical by measuring the
amplitude decay at the low-field peak in its EPR spectrum.
During the optimization of the experimental conditions, we
realized, in agreement with previous studies (30, 33), that
the decay of the signal was slow and that several flashes
were needed to induce the maximum amount of spins. Thus,
we could not average the kinetic traces produced by single
flashes, as a very low repetition rate would be necessary.
To overcome this problem, a single kinetic trace was
recorded at high microwave power. Several flashes were
necessary to maximize the YZ• signal, which may indicate
that a higher number of misses for the S1 f S2 transition
occurs in the absence of the inorganic cofactors. Use of high
microwave power in order to increase the signal-to-noise ratio
is valid, given the results in Figures 1-3 above, and does
not affect the kinetic properties of the YZ• radical.

In Figure 4 we present kinetic data taken from sw-PSII
(a) and swpr-PSII membranes at room temperature (b) and
at 273 K (c). Equimolar ferri- and ferrocyanide was used
as the electron acceptor/redox buffer system. Kinetic trace
(a) was taken at lower modulation amplitude, lower gain,
and faster time constant so its amplitude is smaller and its
signal-to-noise is lower than that in traces (b) and (c). To
quantify the number of spins generated during the flash
sequence, the initial amplitude under nonsaturating EPR
conditions was compared with the amplitude of the fully
oxidized YD• signal under the same conditions (data not
shown). Kinetic traces obtained at lower microwave power
reproduced those shown in Figure 4; however, analysis of
them was made difficult by the poor signal-to-noise.
Figure 4 shows that the decay of YZ• in salt-washed PSII

membranes depends on both the polypeptide content of the
samples and the temperature. Analysis of the decays
produced the half-life times given in Table 1. All traces
showed biphasic behavior, in agreement with similar studies
reported earlier (30, 31, 33). From these results, we conclude
that the decay of the light-induced YZ• becomes faster when
the 17 and 23 kDa polypeptides have been removed and
slows down further when the temperature is lowered to 273
K. In light of these results, we attribute the differences in
decay kinetics reported by Andre´ason and co-workers (33)

FIGURE 3: YZ
• and YD• spectra from (a) sw-PSII and (b) swpr-

PSII under continuous illumination (1) and after 15 min dark-
adaptation at room temperature (2). Microwave power, 200 mW.
Other experimental conditions as in Figure 2.

FIGURE 4: Kinetic traces of flash-induced YZ• in (a) sw-PSII
membranes at room temperature, (b) swpr-PSII membranes at room
temperature, and (c) swpr-PSII membranes at 273 K. Experimental
conditions: (a) microwave power 200 mW, modulation amplitude
2.5 Gpp, time constant 10.2 ms, gain 2.5× 105, sweep time 336 s;
(b) microwave power 200 mW, modulation amplitude 4.0 Gpp,
time constant 82 ms, gain 1× 106, sweep time 670 s; (c) as in (b)
but sweep time 1342 s. 1 mM K3[Fe(CN)6]/1 mM K4[Fe(CN)6]
was used as the electron acceptor/redox buffer system.

Table 1: Half-Times of the Biphasic Decay of Signal II in the
sw-PSII and swpr-PSII Membranes

sample t1/2 fast(s) t1/2 slow(s)

sw-BBYs, K3[Fe(CN)6]/K3[Fe(CN)6], RT 4 40
sw-BBYs, DCBQ, RT 1.5 35
sw-BBYs, PPBQ, RT 2 26
swpr-BBYs, RT 20 140
swpr-BBYs, 273 K 35 320
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and Boussac and Rutherford (32) to differences in the
experimental conditions used. Specifically, our study of YZ

•

decay in sw-PSII membranes gave results similar to those
of Andréasson et al. (33) in which extrinsic polypeptide-
depleted samples were used. The kinetics of YZ

• decay we
observed in swpr samples were, qualitatively, in agreement
with those reported by Boussac and Rutherford (1995) in
which PSII samples reconstituted with the 17 and 23 kDa
polypeptides were used.

To investigate the effects of different experimental condi-
tions on the decay of YZ• further, we repeated the experiments
in Figure 4 with different acceptors. These experiments are
presented in Figure 5. The kinetics of YZ• were monitored
in sw-PSII samples that contained (a) 1 mM K3[Fe(CN)6]
and 1 mM K4[Fe(CN)6], (b) 1 mM phenyl-p-benzoquinone
(PPBQ), and (c) 1 mM 2,6-dichloro-p-benzoquinone (DCBQ).
Effects of the electron acceptors on the decay of the YZ

•

radical are apparent, and analysis of the traces provided the
half-times summarized in Table 1. The hydrophobic accep-
tors DCBQ and PPBQ accelerated the reduction of the tyrosyl
radical by 2-3-fold. The amplitude of the fast decaying
phase after each flash was enhanced in the presence of these
acceptors.

We addressed the origin of this fast decaying phase in an
experiment in which the flash frequency was varied, being
either 0.5 or 0.125 Hz. We also used two different acceptor
systems, ferri-/ferrocyanide and PPBQ. The results for sw-
PSII membranes are shown in Figure 6. Similar results were
observed from swpr-PSII (data not shown). Kinetic analysis
of the decays of YZ• after each flash at 0.125 Hz (traces a
and b) showed monophasic behavior with lifetimes corre-
sponding to the fast phase of the decay of the full trace. The
amplitudes of the traces taken with longer flash intervals are
lower compared to the traces taken at higher flash frequency
(traces c and d). This can be rationalized by the fact that
between two flashes the number of YZ

• spins that decay is

much higher at lower flash frequencies (compare traces after
each flash in a and c and b and d).
An important conclusion from the data in Figure 6 and

Table 1 is that the fast decaying phase observed at shorter
flash intervals does not represent the decay of YZ

• from
irreversibly damaged centers. If that were the case, we would
expect to observe YZ• decay kinetics similar to Tris-washed
PSII membranes (20-40 ms under the conditions used,53).
Moreover, we examined the kinetic traces of swpr-PSII with
1 mM DCBQ as the electron acceptor with two different
time constants (10.2 and 82 ms) and found that the relative
amplitude of the fast phase was the same in both. In another
control experiment, we added 30 mM SrCl2 or 30 mM CaCl2
to sw-PSII membranes and examined the kinetics of the
decay of the light-induced YZ• radical under the same
conditions as in Figure 5. The results are shown in Figure
7. We see that addition of 30 mM SrCl2 resulted in a
decrease of the photoaccumulated signal to about 40%,
whereas addition of 30 mM CaCl2 accelerated the decay of
YZ

• so that it could not be detected with the 10.2 ms time
constant used. We also recorded the YZ

• kinetics in salt-
washed samples following addition of 30 mM SrCl2 or 30
mM CaCl2 under nonsaturating EPR conditions and obtained
the same results (data not shown). These results are in
agreement with the observation that addition of Ca2+ ions
to salt-washed samples resulted in restoration of about 80%
of the oxygen-evolution activity of the samples, and with
the results of the YD• spin count in active centers under
nonsaturating conditions (see above).
The conclusions from the data in Figures 4-7 can be

summarized. First, the decay rates of YZ
• depend on the

extrinsic polypeptide content of the sample, the temperature,
and the acceptor system. However, in all the cases, the decay
is biphasic with the fast phase on the seconds time scale
and the slow in minutes. This biphasic behavior may reflect

FIGURE 5: Kinetic traces of flash-induced YZ• in sw-PSII mem-
branes (2 mg of Chl/mL) at room temperature. Acceptors used:
(a) 1 mM K3[Fe(CN)6]/1 mM K4[Fe(CN)6]; (b) 1 mM DCBQ; (c)
1 mM PPBQ. Instrument conditions as in Figure 4a.

FIGURE 6: Kinetic traces of flash-induced YZ• in sw-PSII mem-
branes (2 mg of Chl/mL) at room temperature. Samples (a) and (c)
contained 2 mM K3[Fe(CN)6]/2 mM K4[Fe(CN)6], whereas samples
(b) and (d) contained 1 mM PPBQ as electron acceptor. Flash
frequency: (a) and (b), 0.125 Hz; (c) and (d), 0.5 Hz. Instrument
conditions as in Figure 4a.

Calcium and Chloride Depletion Effects on PSII Biochemistry, Vol. 37, No. 18, 19986431



the reduction of YZ• via back-reactions from the acceptor
side and by the reduced forms of the acceptors used. Second,
regardless of the preparation or other conditions, YZ

• can be
accumulated in high yields at room temperature either by
continuous illumination or by flashes. Third, the blockage
of electron transfer caused by NaCl or by acetate treatment
is reversible upon addition of Ca2+ and/or Cl- ions. The
reactivated samples perform fast electron transfer upon
illumination, so detection of YZ• under the EPR conditions
used for the inhibited samples is not possible.
Effects of Benzidine on YZ• Decay. The effects of external

reductants on the reduction of YZ• were investigated in two
different samples, namely, sw-PSII and swpr-PSII. Benzi-
dine has been shown to be a very rapid and effective donor
to PSII (34, 54), and, accordingly, we used this reductant.
A range of benzidine concentrations was used, and the results
of these experiments are shown in Figure 8 A,B. For sw-
PSII, we cannot detect YZ• with a time constant of 10.2 ms,
indicating very fast YZ• reduction by this donor (Figure 8A).
However, with swpr-PSII, accumulation of YZ• was possible
even in the presence of 100 mM benzidine (Figure 8B). The
effect of benzidine on the decay of YZ• was characterized
by Ghanotakis et al. (34). In their study, they concluded
that benzidine rereduces a higher S-state of the manganese
cluster in the dark between flashes in a relatively slow
process, and that the manganese cluster then rereduces YZ

•

rapidly upon its photogeneration, as in the intact system. The
results in Figure 8A,B agree with this mechanism, with the
additional insight that the approach to the manganese cluster
by benzidine depends on the 17 and 23 kDa polypeptides.
Similar conclusions about the protective role of 17 and 23
kDa polypeptides have been made by Ghanotakis and co-
workers (55). In their absence, benzidine has fast access to
the manganese cluster and reduces it to S1 or S0 in the time
between flashes. The light-induced YZ

• is rereduced by the
manganese cluster with reaction lifetimes that correspond
to the low S-state transitions. In the presence of the extrinsic

polypeptides, access to the manganese cluster is hindered,
and a smaller number of centers in the samples are reduced
in the dark. Thus, accumulation of YZ• is possible. The
reduced amplitude of YZ• when higher concentrations of
benzidine are used supports that interpretation.
Relationship between YZ• and the Split EPR Signal.

Calcium and/or chloride depletion by NaCl and acetate
treatment of BBY membranes cause the accumulation of YZ

•

under illumination at room temperature, as shown above,
and the formation of a splitg ≈ 2 EPR signal when treated
membranes are illuminated at 273 K and then frozen to
cryogenic temperatures (19, 40, 41). We examined the decay
kinetics of both YZ• and the split signal induced by
illumination at 273 K of swpr-PSII membranes. We chose
the extrinsic polypeptide sufficient system because of its
slower YZ• decay relative to sw-PSII (Table 1). The results
are shown in Figure 9. In panel A, we present the split
signals recorded after light generation at 273 K and
subsequent dark incubation on ice for various times. Fol-
lowing the incubation period, the samples were frozen in
liquid nitrogen and transferred to the cavity for EPR
experiments at 15 K. We measured the signal amplitude at
the low-field peak and plotted the values on the decay trace
of YZ

• following flash illumination at 273 K (Figure 9, panel
B). The first point, corresponding to the signal amplitude
of the split signal with no dark-adaptation, was normalized
in both axes in order to coincide with the onset of the YZ

•

decay. The comparison, in panel B, clearly shows that the
kinetics of YZ• and split signal decay are the same. This
result is qualitatively in agreement with similar results
reported by Hallahan et al. (31) and by Brudvig and co-
workers (56). The results in Figure 9 provide additional
support for the interpretation of the split signal as originating
from YZ

• in magnetic interaction with the manganese cluster
in the S2 state (4, 10).

DISCUSSION

The properties of YZ• were investigated at room temper-
ature and 273 K in inhibited PSII membranes under a variety
of experimental conditions. The inhibition was achieved

FIGURE 7: Kinetic traces of flash-induced YZ• in sw-PSII mem-
branes (2 mg of Chl/mL) at room temperature. All samples
contained 1 mM K3[Fe(CN)6]/1 mM K4[Fe(CN)6]. (a) No additions,
(b) 30 mM SrCl2, and (c) 30 mM CaCl2 were added to the sample
just before the experiment. Instrument conditions as in Figure 4a.

FIGURE 8: Effects of benzidine on the decay of YZ• at room
temperature in sw- (panel A) and swpr-PSII membranes (panel B).
All samples contained 1 mM K3[Fe(CN)6]/1 mM K4[Fe(CN)6].
Panel A: (a) no additions; (b) 50 mM benzidine. Panel B: (a) no
additions, (b) 50 mM benzidine, and (c) 100 mM benzidine were
added to the sample just before the experiment. Other experimental
conditions as in Figure 4a (panel A) or 4b,c (panel B).
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either by treatment with high concentrations of NaCl or by
addition of acetate. For all samples, we observed the
accumulation of a 20 G wide tyrosyl radical by EPR during
illumination at room temperature. Careful examination of
the saturation properties of this radical signal allowed spin
quantitation and showed that it arose from YZ

•. We
addressed the possibility that the YZ

• signal we observe in
these preparations originates from irreversibly damaged
centers that behave as Tris-washed material. Results from
oxygen-evolution measurements and the data presented in
Figures 6 and 7, however, ruled out that possibility.
These results agree with data published earlier on PSII

membranes inhibited by various treatments that perturb the
non-redox-active cofactors of PSII without extracting the
manganese cluster. Thus, Yocum and Babcock (35) detected
YZ

• in NH3-treated thylakoids, and the kinetics of YZ• decay
at room temperature in NaCl-treated samples have been
studied by Ghanotakis et al. (34). Studies by Deak et al.
(30), Hallahan et al. (31) and Andréasson et al. (33) also
concluded that room temperature accumulation of YZ

• is
possible in Ca2+- and/or Cl--perturbed samples. ESE-
ENDOR experiments, performed by Britt and co-workers,
showed the accumulation of YZ• in acetate-treated samples
of SynechocystisYD-less mutants (10).
In contrast, Boussac and Rutherford concluded that the

generation of YZ• in Ca2+- and Cl--depleted samples does
not occur (20, 32, 45). Their room-temperature kinetic EPR
study indicates that illumination of inhibited PSII membranes
by flashes of 0.25 Hz resulted in no accumulation of YZ

•

(20). However, the data in Figure 4 and Table 1 show that
the decay time of the light-induced YZ• in swpr-PSII
membranes at room temperature is considerably longer than
4 s. Hence, flashes at 0.25 Hz result in the accumulation of
YZ

•, but its detection as an averaged kinetic trace is not
apparent because the dark intervals are too short for the
radical to decay. As a consequence, its EPR signal is lost
in the base line. Later EPR studies (32) on swpr-PSII
membranes, in which the amount of spins generated under
illumination at nonsaturating EPR conditions was measured,
also indicated no light-induced accumulation of YZ

•. Low
microwave power (20 mW) was used to record a tyrosyl
signal induced by five flashes, and then a dark-adaptation
of 5 min was given before the YD• signal was recorded. With
the power used by these investigators, however, the signal-
to-noise is very poor and spin counting becomes difficult.
Figure 2 shows that saturation occurs at much higher power,
so we were able to determine the spins contributing to the
dark and light spectra (Figure 3) by using 10 times higher
power (200 mW). In addition, 5 min dark-adaptation is
probably not sufficient for complete relaxation of the light-
induced spins when the 17 and 23 kDa polypeptides are
present (Figure 4). For these reasons, we suggest that YZ

•

was accumulated, but that it escaped detection in the studies
reported in (20, 32). Under all conditions we have inves-
tigated, illumination of the inhibited samples resulted in about
0.7 spin per PSII. We conclude that the reason for the
discrepancies in the literature regarding these issues is the
dependence of the kinetic properties of YZ

• on the presence
of 17 and 23 kDa polypeptides and on the exogenous redox
system used experimentally.
The kinetic data presented in Figures 4-6 show biphasic

behavior for the YZ• decay. Both phases are sensitive to the
extrinsic polypeptide composition of the sample and to the
nature of the exogenous redox components added. It is
known that the lumenal side of PSII is negatively charged
(54), which explains the fact that, when ferri- and ferrocya-
nide are used as the electron acceptor/redox buffer system,
YZ

• reduction kinetics are slower (see Table 1 and Figures 4
and 5). The negatively charged [Fe(CN)6]4- ion, which is
the electron donor, is repelled by the negative charges on
the surface of the membranes, so that its active concentration
is much lower than in the bulk. Slow reduction kinetics
result. On the other hand, the reduced forms of the
hydrophobic and neutral DCBQ and PPBQ can reach YZ

•

more effectively, and the resulting reduction kinetics are
faster. We suspect that the biphasicity in YZ

• decay arises
from the necessary coupling between protons and electrons
in reducing YZ•; experiments are currently underway to test
this idea. We consider the possibility that the reduced forms
of the acceptors provide electrons to the manganese cluster,
which then reduces YZ•, to be unlikely because, in that case,
we would expect very fast YZ• decay kinetics. This is the
case when benzidine is used (Figure 8). As originally
proposed in (34), in the dark between flashes, benzidine
reduces the manganese cluster to its lower S-states, which,
in turn, reduce the light-induced YZ• rapidly. The experi-
ments presented in Figure 8 reveal the protective role of the
17 and 23 kDa extrinsic polypeptides against reductants, in
agreement with the original work by Ghanotakis et al. (55).
In the absence of these polypeptides, detection of YZ

• with
the experimental conditions used was not possible. However,

FIGURE 9: Effect of dark-adaptation on the amplitude of the split
signal. Panel A: Light minus dark split signal spectra were recorded
on swpr-PSII samples illuminated for 10 s at 273 K and then dark-
adapted on ice for 0, 15, 30, 45, ..., 1200 s before freezing in liquid
nitrogen (see panel B). EPR conditions: microwave power, 8 mW;
modulation amplitude, 20 Gpp; time constant, 82 ms; gain, 8×
104 or 1.6× 105; temperature, 15 K. Panel B: The YZ• decay trace
of swpr-PSII membranes at 273 K (Figure 4c) is plotted along with
the amplitudes of the low-field peak in the spectra in panel A vs
the dark incubation time. See text for details.
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in the presence of 17 and 23 kDa polypeptides, we detected
YZ

• even at higher benzidine concentrations. The accumula-
tion of oxidizing equivalents as the OEC advances to higher
S-states is vital for the catalytic role of PSII in the oxidation
of water. Thus, easy access of reductants to OEC must be
avoided. We propose that the 17 and 23 kDa polypeptides
serve that role on the oxidizing side of PSII, in addition to
their well-established role in regulating the Ca2+ and Cl-

concentrations.
We examined the decay kinetics of the split signal in

samples dark-adapted at 273 K and found that they correlate
with the decay of YZ• under similar conditions (Figure 9).
We attribute the split signal to YZ• in a magnetic interaction
with S2, in agreement with proposals by Hallahan and co-
workers (31) and by Britt and co-workers (4, 10). At high
temperatures, the EPR signal from the YZ

• radical from the
inhibited samples is narrow and almost identical with the
YD

• signal, whereas, at low temperatures, the signal is
broadened by the interaction with the paramagnetic S2-state
of the manganese complex. Brudvig and co-workers have
attributed the temperature dependence of the YZ

• signal shape
to the spin-lattice relaxation time (T1) of the manganese
cluster. At ambient temperatures,T1 is rapid, and the
magnetic interaction between the cluster and YZ

• is averaged
to zero. As a result, the YZ• signal has a narrow line width.
At cryogenic temperatures,T1 is significantly longer, which
precludes effective averaging, and the YZ

• signal appears
broadened. The nature of the magnetic interaction between
YZ

• and S2, whether predominantly exchange or predomi-
nantly dipolar, is under active debate (4, 10, 43, 56). In
any case, however, the assignment of the split signal observed
at cryogenic temperatures to YZ•, which is also present at
room temperature, clarifies the nature of the state that
accumulates upon illumination of inhibited samples. We
found no experimental support for the existence of any
radical other than YZ• in magnetic interaction with S2 in the
inhibited PSII membranes. Thus, we suggest that the S2X
state proposed by Junge and co-workers (21-23 and refer-
ences cited therein) is the same S2 YZ

• state.
Treatment of O2-evolving PSII by various reagents (NaCl,

acetate, ammonia, citrate) blocks the oxidizing side of the
enzyme at the S2 YZ

• state. The common result of all these
treatments is the removal of one or both of the necessary
ionic cofactors, Ca2+ and Cl-. Thus, it is important to
understand the correlation between the absence of these
cofactors and the terminal state reached in these inhibited
systems. Recently, a model for water oxidation that postu-
lates hydrogen-atom abstraction from Mn-ligated substrate
water by YZ• on each S-state transition has been proposed
(9, 11-13, 44). In this model, during each of the first two
S-state transitions, YZ• abstracts a hydrogen atom from one
substrate water bound to one of the manganese ions of the
OEC. With the abstraction of the second H atom, substrate
hydrogens in the immediate vicinity of YZ are effectively
depleted, and some motion, either of protons from substrate
water ligated to one of the other manganese ions in the cluster
or of YZ to the second water substrate, is necessary for further
S-state advance. The suggestion was made recently that Cl-

migrates from its Ca2+ binding site in the lower S-state to a
manganese binding site in S2 to activate this motion (12).
This model requires that both Ca2+ and Cl- be present in
the active site for a full S-state cycle to occur and that Ca2+

must bind prior to Cl-, consistent with the ordered binding
of Ca2+ and Cl- observed earlier by Yocum and co-workers
(57). In the absence of either cofactor, the observed
inhibition at the S2 YZ

• state is predicted. Recent work by
Wincencjusz et al. (58) showing that Cl- is necessary only
for the S2 f S3 and S3 f [S4] f S0 transitions is in
agreement with this mechanism of action for the non-redox-
active cofactors in the OEC.
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