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ABSTRACT: The manganese cluster of the oxygen-evolving enzyme of photosystem II is chemically reduced
upon interaction with nitric oxide at-30 °C. The state formed gives rise to anS ) 1/2 multiline EPR
signal [Goussias, Ch., Ioannidis, N., and Petrouleas, V. (1997)Biochemistry 36, 9261] that is attributed
to a Mn(II)-Mn(III) dimer [Sarrou, J., Ioannidis, N., Deligiannakis, Y., and Petrouleas, V. (1998)
Biochemistry 37, 3581]. In this work, we sought to establish whether the state could be assigned to a
specific, reduced S state by using flash oxymetry, chlorophylla fluorescence, and electron paramagnetic
resonance spectroscopy. With the Joliot-type O2 electrode, the first maximum of oxygen evolution was
observed on the sixth or seventh flash. Three saturating preflashes were required to convert the flash
pattern characteristic of NO-reduced samples to that of the untreated control (i.e., O2 evolution maximum
on the third flash). Measurements of the S state-dependent level of chlorophyll fluorescence in NO-
treated PSII showed a three-flash downshift compared to untreated controls. In the EPR study, the maximum
S2 multiline EPR signal was observed after the fourth flash. The results from all three methods are consistent
with the Mn cluster being in a redox state corresponding to an S-2 state in a majority of centers after
treatment with NO. We were unable to generate the Mn(II)-Mn(III) multiline signal using hydrazine as
a reductant; it appears that the valence distribution and possibly the structure of the Mn cluster in the S-2

state are dependent on the nature of the reductant that is used.

PSII1 is a large, multisubunit protein, located in the
thylakoid membranes of higher-plant chloroplasts and in
cyanobacteria. It catalyzes the light-driven reduction of a
plastoquinone molecule, using water as the source of the
required electrons and releasing molecular oxygen. The
catalytic site of water oxidation is believed to contain a
tetranuclear Mn cluster (with one calcium cation and at least
one chloride anion), which undergoes a series of four one-
electron oxidation transitions, cycling through five distinct
oxidation states, designated S0-S4 (for reviews, see refs1
and2). This is necessary, since the oxidation of two water
molecules requires four oxidizing equivalents. Dark-adapted
material contains predominantly the S1 state. The S0-S1 and
S1-S2 transitions correspond to the oxidation of Mn ions,
while it is still under debate if the S2-S3 transition is
associated with an oxidation of the cluster or of a ligand to

the cluster (3, 4). The S4 state spontaneously decays to the
S0 state, with the simultaneous release of molecular oxygen.

EPR spectroscopy has been instrumental in characterizing
the S states. The S2 state exhibits two distinct signals, a
multiline signal, centered atg ) 2 (5) and an alternate signal
at g ) 4.1 (6-8). The multiline EPR signal is attributed to
a ground state with spinS ) 1/2, probably due to two
antiferromagnetically coupled Mn(III) and Mn(IV) ions
within the tetramer, while theg ) 4.1 signal has been
attributed to a spinS) 5/2 state of the tetrameric Mn cluster
(9, 10). The S0 signal, which was expected to give rise to a
half-integer spin state, remained undetected for years, until
it was discovered that a low concentration of methanol
rendered it detectable (11-13). Low-field EPR signals in
both perpendicular and parallel modes have been assigned
to the S3 state (14, 15).

The Mn cluster is assembled in apo-PSII by a light-driven,
stepwise reaction known as photoactivation, which involves
the binding of Mn2+ ions, and their oxidation. The assembly
is characterized by two distinct, light-driven steps, separated
by a dark interval. On the first light-dependent step, a Mn2+

ion binds to the PSII reaction center protein and is photo-
oxidized with a high quantum yield. The dark interval is
associated with the binding of a calcium ion, prior to a second
light-driven step, which involves the binding and photo-
oxidation of a second Mn2+ ion. The two remaining Mn2+

ions subsequently bind in a kinetically unresolved manner.
The second light-driven step occurs with a low quantum
yield, and subsequent redox intermediates have not been
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isolated and studied (16, 17). It is possible that chemical
reduction of the functional Mn cluster may produce states
that correspond to redox intermediates during the assembly
of the Mn cluster.

Reduced forms of the Mn cluster corresponding to S states
more reduced than S0 have been reported. Reductants such
as hydrazine or hydroxylamine have been used to generate
the S-1, S-2, and S-3 states with good yields, although the
characterization of these states was limited to O2 electrode
studies (18). There are few EPR studies on the reduced S
states reported in the literature (19-22). One example is the
report of the appearance of a hexa-aquo manganese spectrum
in hydroquinone-reduced PSII (19), which could not be
removed by a chelator, but could be diminished by illumina-
tion at 4°C in the presence of Ca2+. This (apparently bound)
Mn2+ ion may correspond to a first photoactivation step, and
represent an over-reduced S state.

A multiline EPR signal arises from the very slow interac-
tion of NO with photosystem II at-30 °C (20). The state
exhibiting this signal seems to require a specific incubation
at this temperature. The EPR signal is lost after a brief
incubation at room temperature, but it reappears after a
relatively brief incubation (approximately 30 min) at-30
°C, even in the absence of NO. The EPR spectrum has been
assigned to the ground state of a magnetically isolated Mn-
(II)-Mn(III) dimer (21), a fact that implied that NO acts as
a reductant. The action of NO as a reductant was also
demonstrated in Mn catalase (23). The time course of the
reduction procedure in PSII indicated that the Mn(II)-
Mn(III) state forms after reduction to the S-1 state (22). The
state was tentatively assigned to the S-2 state, but lower states
or a modified S-1 state could not be ruled out. In the study
presented here, we attempt to assign this reduced form of
the Mn cluster to a specific S state using flash oxymetry,
chlorophyll fluorescence, and EPR spectroscopy.

EXPERIMENTAL PROCEDURES

PSII-enriched membranes were isolated from market
spinach using standard protocols (24, 25) and stored in liquid
nitrogen, in a buffer solution containing 0.4 M sucrose, 15
mM NaCl, and 40 mM MES (pH 6.5). The chlorophyll
concentration of samples was 3 mg/mL for the EPR samples.
In all EPR samples, 50µM EDTA was added before the
NO treatment. This concentration of EDTA was sufficient
to scavenge the small percentage of free Mn2+ (5-15% of
the total, as estimated from the hexa-aquo manganese EPR
spectrum), which was invariably released during the pumping
process, and resulted in a clean baseline. However, this
EDTA concentration is too low to scavenge the Mn2+ that
would be released from a higher proportion of centers. Thus,
such chemically damaged samples could still be identified.

P-p-BQ [dissolved in methanol, final methanol concentra-
tion of 1% (v/v)] was used as an exogenous electron acceptor
in EPR samples. It was added before the NO treatment, as
it was found that after the incubation and pumping, the
material becomes rather sensitive to manipulations (such as
stirring, dilution, centrifugation, and transfer under aerobic
conditions).

Nitric oxide (99.5%) was supplied by Messer-Griesheim
Co. Pure NO or a mixture of NO and nitrogen was added to
dark-adapted PSII membranes (0°C) anaerobically and

directly into the EPR tube, using a Hamilton gastight syringe
and Teflon tubing. Typical concentrations were 0.6 or 2 mM
NO. The EPR tube was subsequently sealed using a rubber
septum. Incubation at-30 °C was carried out in a freezer.
The maximum Mn(II)-Mn(III) multiline signal was obtained
after incubation for 18 h at-30 °C. For samples treated
with 2 mM NO, 80-90% of the signal could be observed
after only 4 h at-30°C. Removal of free NO after maximum
signal generation was performed by pumping, using a rotary
pump at 0°C. Care was taken so that the vacuum in the
vacuum manifold was never below 10-2 mbar.

All samples for the oxygen evolution or fluorescence
measurements were monitored by EPR for intactness, optimal
Mn(II)-Mn(III) multiline generation, and complete removal
of free NO. The material was taken from the EPR tube,
diluted, and transferred under anaerobic conditions to the
appropriate cuvette. All sample incubations and handling
were performed under a dim green light. It was found that
samples that were left overnight at-30 °C with 2 mM NO
were more sensitive to manipulation. Incubation with NO
was therefore limited to 4-6 h, at the cost of a somewhat
decreased (by 10-20%) Mn(II)-Mn(III) multiline signal
amplitude.

The flash oxygen measurements were carried out using
an O2 electrode built at the laboratory of I. Vass (Biological
Research Center, Szeged, Hungary). The electrode was
operated at a polarization voltage of 650 mV. The chlorophyll
concentration was 1 mg/mL, and the measurements were
performed in the presence of 50 mM KCl. Samples were
dark-adapted for 3 min on the oxygen electrode before the
measurement was started. The flash frequency for both the
preflashes and the flash series was 1 Hz. Saturating flashes
for the material measured on the O2 electrode were performed
with an EG&G FX-1248 xenon flash lamp at room temper-
ature (18-20 °C). Electron acceptors were not used, as they
interact with the polarized electrode. This is taken into
account by the instrument software as an extra fitting
parameter, which corrects for the number of PSII reaction
centers that are closed after each flash, as a consequence of
an empty QB site.

Fluorescence measurements were performed on a home-
built chlorophyll fluorescence apparatus based on the design
described in ref26. Saturating, single-turnover flashes were
produced by a xenon lamp (EG&G FX-1248) shielded by a
1 mm Schott KG5 filter. Photosynthetic material was flashed
at room temperature (18-20 °C). The time interval between
the flashes was 100 ms. Fluorescence levels were recorded
using low-intensity flash illumination by an array of eight
Hewlett-Packard HLMA-CH00 light-emitting diodes. The
fluorescence intensity was measured using a photodiode
(Hamamatsu S2744-08) shielded by a 1 mmSchott RG695
cutoff filter. The collected data were converted using a 16-
bit AD7885 analog-to-digital converter. The computer in-
terface card was also homemade. The measurements were
controlled by software written by L. Szass (Biological
Research Center). Samples were diluted to a concentration
of 10 µg of Chl/mL in a medium containing 0.4 M sucrose,
15 mM NaCl, and 40 mM MES (pH 6.5). To minimize
limitations on the acceptor side of PSII, all fluorescence
measurements were performed in the presence of 100µM
ferricyanide as an electron acceptor. Under our conditions,
the miss factor was around 8%. At a flash frequency of 10
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Hz, the added ferricyanide is not able to keep the plasto-
quinone pool in the oxidized state. Since oxidized plasto-
quinone is a strong fluorescence quencher in photosystem
II membranes (see ref27), reduction of the plastoquinone
pool causes an increase in the fluorescence level. As a
consequence, the period 4 oscillations can be seen on a
sigmoid background. The sigmoid over sequences of five
flashes was approximated by line segments.

Electron paramagnetic resonance spectroscopy was per-
formed using a Bruker ER-300 spectrometer, equipped with
an Oxford ESR 9 cryostat, a Hewlett-Packard 5350B
frequency counter, and a Bruker 035M NMR gaussmeter.
Flash illumination of the EPR samples was performed with
a Spectra Physics GCR-230-10 Nd:YAG laser (532 nm, 550
mJ, 8 ns pulse) at room temperature. The flashing frequency
was 1 Hz. Illumination at 200 K was performed in an ethanol/
solid CO2 bath in an unsilvered dewar flask, using a 300 W
projector lamp.

RESULTS

Flash Oxymetry.PSII-enriched membranes were treated
with 0.6 or 2 mM NO and were incubated at-30 °C, and
the Mn(II)-Mn(III) EPR signal was monitored. The material
was subsequently pumped to remove free NO and diluted
to a concentration of 1 mg of Chl/mL using a degassed
buffer. The material was then transferred in the dark (under
anaerobic conditions) to the O2 electrode. In Figure 1, a
sample treated with NO is compared with a control sample.
The raw data are presented as insets of the derived oxygen
patterns. The figure shows that PSII is still capable of oxygen
evolution when reduced after treatment with NO. The figure
also shows that in the NO-treated sample the first peak of

O2 evolution is shifted from flash 3 (i.e., in which the starting
state was mainly S1) to flash 6/7 (i.e., in which the starting
state was S-2 or S-3). Under the conditions of these
measurements, a miss factor of 15-20% was calculated. This
miss factor, which was obtained for control experiments
using the O2 electrode software, is larger than expected and
is presumably a characteristic of the setup that is used.

When one starts with an S-2 state, such a miss factor
predicts that O2 evolution should be observed on the sixth
and seventh flash, and the O2 evolution should be higher on
the seventh. Similarly, starting from S-3, one would expect
O2 evolution to appear on the seventh and eighth flashes. It
is clear from the data that the S-2 state is therefore more
likely to be the dominant state produced by the NO treatment.

In some experiments, one to four preflashes were given
followed by a period of dark adaptation prior to the
assessment of the O2 evolution induced by the flash train. It
was found that each preflash resulted in a corresponding
decrease in the number of flashes required for the first
maximum in O2 evolution (not shown). After four preflashes,
however, no further reduction occurred in the number of
flashes required for the first maximum of O2 production. This
indicates that the states formed by the first three preflashes
are stable in the dark, while four preflashes generate a state
that decays back to its previous redox state. This observation
fits well with the majority of the centers being in the S-2

state after reduction with NO: the state generated by four
preflashes is expected to be S2 which decays back to S1 in
the dark, while the S-1, S0, and S1 states are all stable in the
dark.

In some samples, O2 evolution was detected after the first
flash (not shown). This oxygen production was eliminated
by addition of catalase. There seemed to be no relationship
between this first flash O2 burst and the subsequent pattern
of O2 evolution. Oxygen production on the first flash was
also sometimes observed in samples incubated for short times
with NO even though the final reduction state had not been
achieved and none of the Mn(II)-Mn(III) state had been
formed as determined by EPR. It is thus clear that this
phenomenon is not related to the state characterized by the
Mn(II)-Mn(III) EPR signal.

EPR Measurements. In the EPR measurements, the NO-
treated material was illuminated with a variable number of
saturating laser flashes and the appearance of the known EPR
signals of the S2 state was monitored. Electron transfer out
of the reaction center in PSII-enriched membrane prepara-
tions is usually less than optimal due to damage around QB,
and the small size of the plastoquinone pool. It is therefore
important that an exogenous quinone electron acceptor be
used to ensure that the turnover at each flash is optimal. The
solubility of P-p-BQ in water is too low to allow for a
convenient stock solution; therefore, an organic solvent has
to be used. As the presence of alcohols is known to affect
the manganese EPR signals from the water-oxidizing enzyme
(11, 12, 28), a study of the effect of solvents on the
Mn(II)-Mn(III) signal was carried out. In Figure 2, we show
the Mn(II)-Mn(III) spectra obtained after incubation for 18
h at-30°C and the removal of free NO, without the addition
of an organic solvent (Figure 2A), in the presence of 1%
methanol (Figure 2B; see also ref22), 1% DMSO (Figure
2C), or 1% ethanol (Figure 2D). As in the case of the S2

multiline EPR signal, one observes slight shifts of the peak

FIGURE 1: Oxygen oscillation patterns of PSII-enriched membranes
from (A) NO-treated material displaying the Mn(II)-Mn(III)
multiline EPR signal and (B) a control sample. The insets in both
cases show raw data.
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positions, especially in the methanol-treated sample, at the
low-field part of the spectrum. The solvents have a more
dramatic effect on the signal amplitude. Methanol has the
lowest-magnitude effect, decreasing the amplitude to∼60-
65% of the control, while the signal is almost completely
abolished by 1% ethanol. Addition of methanol after the
reduction by NO caused a decrease of 30-40% (a decrease
of 25% was reported in ref22). On the basis of this result,
methanol was used as the solvent of choice for the P-p-BQ
stock solution.

Figure 3 shows the EPR spectra recorded after flashing
different but equivalent [displaying the same magnitude for
the Mn(II)-Mn(III) signal] NO-reduced samples, containing
0.5 mM P-p-BQ and 1% methanol. The starting level of the
Mn(II)-Mn(III) dimer is shown in Figure 3A. This spectrum
was recorded following removal of NO and subsequent
incubation at-30 °C for 30 min (20). After each EPR
spectrum had been recorded, the illuminated samples were
incubated at-30 °C for 30 min, and the amount of
Mn(II)-Mn(III) signal was monitored (spectra not shown).
This was reduced by 85-90% by the first flash and totally
eliminated by subsequent flashes.

Inspection of the spectra in Figure 3 shows a pronounced
S2 multiline signal after the fourth flash (Figure 3E) (41%
of the control in Figure 3I), with a small signal (13%)
appearing after the second flash (Figure 3C). The S2 multiline
EPR signals observed after the fifth and sixth flashes (panels
F and G of Figure 3, respectively) are expected to occur
because of the photochemical miss factor. The level of the
fifth flash (24% of the control S2 and 59% of S2 on the fourth
flash) is consistent with a miss factor of∼12%. This miss
factor would in part explain the appearance of the S2 multiline
on the sixth flash, with the remainder arising from those
centers that displayed an S2 multiline signal on the second
flash.

Small, variable amounts of the S2 multiline EPR signal at
flashes 1-3 (panels B-D of Figure 3, respectively) were

consistently observed. This may be indicative of a mixture
of S states higher than the S-2 in the sample, at the point
where the Mn(II)-Mn(III) EPR signal has reached a
maximum. This may indicate that a non-negligible number
of centers exists in less reduced states. Furthermore, if the
decreased size of the Mn(II)-Mn(III) EPR signal in the
presence of methanol is partly due to incompletely reduced
centers, this would only enhance the effect. The S2 multiline
EPR signal in the two-flash samples appears to be bigger. It
is possible that under the present conditions the S0-to-S-1

reduction step is slow, compared to the S1-to-S0 or S-1-to-
S-2 step. This variation may be due to the decaying free
NO concentration during the course of the-30°C incubation
(22).

To assess the maximum amount of S2 signal that can be
formed after the NO treatment, the sample illuminated with
four flashes was further incubated for 5 h in thedark, at
10-15 °C, and then illuminated for 4 min at 200 K. This
resulted in the S2 multiline signal shown in Figure 3H. This
spectrum is approximately 85% of that of the untreated
control sample of Figure 3I, and it is somewhat bigger than
that reported (60%) earlier (22). Similar levels of S2 could
be generated with the samples of Figure 3 that were flashed
more than twice (i.e., those that were advanced to the S0

FIGURE 2: Effect of various solvents on the Mn(II)-Mn(III)
multiline EPR signal, obtained after incubation for 18 h with 0.8
mM NO: (A) control sample, without solvent addition; (B) 1%
methanol; (C) 1% DMSO; and (D) 1% ethanol. The contribution
of the TyrD• signal atg ) 2 has been removed for clarity. EPR
conditions: microwave frequency, 9.41 GHz; modulation amplitude,
25 Gpp; microwave power, 31 mW; temperature, 6 K.

FIGURE 3: EPR spectra of different PSII samples treated with 0.8
mM NO for 18 h at-30 °C, in the presence of 0.5 mM P-p-BQ
and 1% methanol: (A) level of the Mn(II)-Mn(III) multiline EPR
signal representative of all samples, (B) one flash, (C) two flashes,
(D) three flashes, (E) four flashes, (F) five flashes, (G) six flashes,
(H) 200 K illumination of the sample at (E), following its dark
adaptation for 5 h at 0°C, and (I) S2 multiline signal of an untreated
control sample, containing 1% methanol and 0.5 mM P-p-BQ.
Measurement temperature, 6 K for the Mn(II)-Mn(III) spectrum
and 10 K for the S2 signals. The contribution of the TyrD

• signal at
g ) 2 has been removed for clarity. Other EPR conditions are as
described in the legend of Figure 2.
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level or higher by the flashes). The 85% yield of the S2 signal
generated by 200 K illumination indicates that the majority
of centers function normally after the NO treatment, with a
small decrease in intensity, corresponding to a loss of Mn
from a small fraction of centers (see Experimental Proce-
dures).

TyrosineD
• (TyrD

•) was also monitored for each sample
and for each flash. Under the experimental protocol described
herein, the conversion of TyrD

• to the nitroso species
described in ref29 is not observed after the flash illumina-
tion. Given its redox relationship with the Mn cluster (30),
a change in the amplitude of TyrD

• as a function of flash
number would introduce a degree of uncertainty to the
assignment of an S state to the NO-reduced state. Although
the amount of TyrD• present varied from sample to sample,
no significant changes in the size of the TyrD

• EPR signal
were observed in any of the samples before and after the
train of flashes (not shown).

These EPR results are in agreement with the flash oxygen
studies and indicate that the NO-reduced state corresponds
to S-2. Despite the fact that methanol was used as a solvent
for the quinone, no S0 spectrum was observed after the
second flash. Given the small size of the S0 signal, this could
easily be hidden under the residual S2 multiline signal (Figure
3C).

Flash Fluorescence Measurements. The S states modulate
the chlorophyll fluorescence level (theFo level). The S0 and
S1 states are stronger quenchers of theFo level than are the
S2 and S3 states. As a consequence, a dampened period 4
oscillation is observed when theFo is plotted as a function
of flash number. Several authors have speculated about the
cause of this S state-dependent quenching effect (31-33).
This phenomenon provides another probe of the S state cycle,
and we have used it to determine the S state generated by
NO reduction.

In Figure 4, the results are summarized in three panels. In
panel A, a control sample is compared with a NO-reduced
sample. They both exhibit period 4 oscillations, and the
fluorescence pattern of the NO-treated sample is shifted by
three flashes relative to the control sample. Panel B shows
that after one to three saturating preflashes (preflash fre-
quency of 1 Hz) the fluorescence pattern downshifted by 1
with each preflash. Finally, panel C shows that when the
time between the preflashes and the flash series is increased
to 5 min (long enough for the S2 state to decay back to S1)
there is very little difference between giving three and four
preflashes. All three sets of experiments indicate that the
samples were originally in the S-2 state.

Having samples that are largely in the S-2 state allows us
to determine to what extent the S-1 and S-2 states quench
the Fo level. However, on the first flash, an increase in the
fluorescence level is observed (anF jump), which is
unrelated to the modulating effect of the various S states. In
the inset of Figure 5, the decay kinetics of thisF jump are
plotted. This is a “pump-probe” experiment; i.e., the effect
of a saturating (pump) flash was determined at various times
using a second (probe) flash. The decay curve can be fitted
by two exponentials with decay times of 0.5 and 4.3 s,
respectively, the fastest phase representing∼75% of the total.
From this fit, the amplitude of theF jump can be calculated.
By subtraction of theF jump from the fluorescence data,
the quenching level of the S-2 state is made visible. The

data are normalized in such a way that the S0 and S1 levels
equal arbitrarily approximately-1. Figure 5 shows that the

FIGURE 4: Period 4 oscillations of NO-reduced PSII samples. (A)
Period 4 oscillations of a NO-treated sample compared with those
of a control sample, (B) the shift of the period 4 oscillations by
zero to three saturating preflashes at 1 Hz, and (C) comparison of
the period 4 oscillations of NO-treated samples after three or four
preflashes and a 5 min dark adaptation.

FIGURE 5: Chlorophyll a fluorescence period 4 oscillations of a
sample in the Mn(II)-Mn(III) multiline state, after correction for
theF jump on the first flash. The data were plotted on an arbitrary
scale so that the S0 and S1 states equal approximately-1 and the
S2 and S3 states equal approximately 0. The inset shows results of
a pump-probe experiment to determine the decay kinetics of the
F jump, on the basis of which the size of theF jump was calculated.
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quenching of theFo level by the S-2 state is approximately
equal to the quenching by the S0 and S1 states, whereas the
quenching by the S-1 state is significantly stronger.

DISCUSSION

We have used three different methods to determine the
dominant S state generated by reduction with NO. All of
these studies indicated that the NO-induced state was an S-2

state, i.e., a state that is six redox equivalents below the state
on which O2 is evolved and three redox equivalents below
the usual resting dark state (S1). The O2 electrode experiments
were hampered by a high miss factor, by the inability to use
an electron acceptor to make the comparison with the other
techniques under identical conditions, and sometimes by a
first-flash artifact that is probably caused by damaged centers.
The preflash studies, however, provided strong support for
the S-2 assignment. The fluorescence measurements suffered
from the “F jump”, the increase in fluorescence on the first
flash, which we attribute to nonfunctional centers (see
below). In addition, the influence of the reduced S states on
the F0 level remains unexplained. The oscillation patterns
in the fluorescence levels were, however, clear, and preflash
experiments again provided convincing support for the
assignment of the reduced state as an S-2. The EPR
measurements benefited from the laser illumination and
consequently the absence of a “double hit” factor. The EPR
study, however, was hampered by the fact that the solvent
used for the electron acceptor decreased the signal size and
may have influenced the completeness of the reaction with
NO. Despite these difficulties, the EPR study rather clearly
and directly showed that the dominant state formed by NO
reduction is four redox equivalents below the S2 state, i.e.,
an S-2 state. Importantly, the EPR study allowed the other
potential electron donors to be monitored, thereby eliminating
some of the more obvious origins of an overestimate of the
reduction level of the Mn cluster.

For all the fluorescence measurements, we observed an
apparent increase in theF value that decayed on a time scale
of seconds. Using a 10 Hz flash frequency, this jump of the
F level was essentially limited to the first flash. TheF jump
decay (Figure 5, inset) can attributed (a) to charge recom-
bination occurring in a small fraction of centers that have
lost the Mn cluster during the NO incubation and pumping
steps (as indicated by the presence of small amounts of free
Mn2+ seen by EPR) and (b) possibly to any centers that
remain unreduced by NO and that undergo S2QA

- recom-
bination (34).

As stated in the Results, the mechanistic basis for the
period 4-dependent quenching of theFo level is unknown.
The data in Figure 5 indicate that the S-1 state is the strongest
quencher ofFo. It has been observed (35-37) that during
the S-1-to-S0 transition, two protons are released. Given that
protonation of the antenna system causes quenching of the
S0 level (38 and references therein), and that the antenna
system seems to affect proton release into the medium under
some conditions (39), it may be worth considering whether
the proton release may influence the fluorescence level.
Clearly, a direct correlation between fluorescence and proton
release does not exist (e.g., release of two protons on the
S3-to-S0 step results in fluorescence quenching, while it
results in a large increase in fluorescence on the S-1-to-S0

step). Speculation concerning these phenomena is premature,
since the proton release measurements for the S-1-to-S0 step
were performed using hydroxylamine rather than NO; in this
work, we conclude that the two treatments appear to produce
chemically different forms of the over-reduced S states.
Proton measurements in NO-reduced PSII would be of
interest in this regard.

An important conclusion from the flash O2 measurements
is that they show that NO-treated PSII is still capable of O2

production and still follows a period 4 oscillation. The O2

that was sometimes released on the first flash is unrelated
to the NO-reduced state and is considered to be an artifact.
The fact that it is eliminated by catalase points toward some
kind of peroxide chemistry. A similar phenomenon has been
observed before (40 and references therein) and was related
to the harshness of the treatment of the samples, and the
possible presence of free manganese (40, 41). The oxygen
observed on the first flash may be related to damage to a
small fraction of the centers, occurring at the NO pumping
stage (EPR spectroscopy showed that a small amount of
Mn2+ was invariably released during this procedure). The
presence and size of this peak provided a means of evaluating
the intactness of the sample after the NO treatment.

One rather peculiar property of the Mn(II)-Mn(III) EPR
signal is that it is very sensitive to temperature. Above 0
°C, the signal very quickly disappears, only to be restored
by a brief incubation at-30°C (20). Under our experimental
protocol, both the flash oxygen experiment and the EPR
measurements had as the starting material PSII membranes
that were characterized by the EPR-silent form of the NO-
reduced state. The question then arises of whether the EPR-
silent form is in an S state identical to the one yielding the
Mn(II)-Mn(III) multiline signal. The change from the EPR-
active form to the EPR-silent form is clearly reversible and
is independent of the presence or absence of NO (20).
Furthermore, there is no change in the oxidation state of PSII
components that might react with the Mn cluster (TyrD

•,
cytochromeb559). These observations rule out the possibility
of a reversible oxidation-reduction process occurring during
the EPR-active-to-EPR-silent conversion.

The incubation temperature of-30 °C was initially
introduced in NO treatment protocols (42), because it slows
the reactions with NO and protects against the over-reduction
of the water-oxidizing enzyme. It was found that this
temperature is very specific. Above-25 °C, the yield
decreases dramatically. Lowering the temperature below-30
°C slows the reaction. A similar temperature dependence was
found for the recovery of the Mn(II)-Mn(III) signal after
the incubation at>0 °C. The recovery of the signal (in the
absence of NO) requires a minimum of 30 min of incubation
at -30 °C. This indicates some ordering process; the loss
of the signal at high temperatures may be due to disordering.
Alternatively, the loss of the signal could be due to a high-
temperature-induced magnetic contact of the EPR-active
dimer, the rest of the cluster forming a state with spread-
out, very weak EPR signals. Related to the EPR-active-to-
EPR-silent equilibrium are the effects of the various solvents
discussed below.

The Mn(II)-Mn(III) multiline EPR signal also exhibits
an organic solvent-dependent behavior, as is the case with
the S2 multiline EPR signal or the S0 multiline signal (which
appears only in the presence of methanol). The dramatic
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change for the Mn(II)-Mn(III) signal is mostly on its size:
from a decreased size (methanol and DMSO) to almost total
disappearance, in the case of ethanol. The small shift of the
multiline peaks is most pronounced on the low-field peaks
in the presence of 1% methanol. We were also surprised by
the fact that DMSO, probably the most benign of solvents
used in PSII studies (at low concentrations, approximately
1%, it interferes in no observable way with the EPR signals
of various PSII components), has such a pronounced effect
on the amplitude of the Mn(II)-Mn(III) signal (Figure 3C).
Although the possibility that this is in part due to incomplete
reduction cannot be ruled out, we consider it more likely
that these solvents are favoring the high-temperature (>0
°C) EPR-silent form of the cluster, as was discussed earlier
for the case of methanol (22). Related probably to the effects
of solvents is the observation that the Mn(II)-Mn(III)
multiline signal in partially dehydrated samples used in the
study of the orientation of the signal (43)2 required a higher
temperature of incubation with NO (-15 °C instead of-30
°C).

It has been reported that a relatively stable S-3 state can
be produced by reduction of thylakoid membranes with
hydrazine sulfate (18). The authors document the time
dependence of the various S states produced during the
reduction process. Since the reported levels of the S-2 state
are quite substantial, both as a reduction intermediate and
as a result of S-3 oxidation, we examined whether the S-2

multiline signal could be visible by hydrazine reduction. We
were unable to detect such a signal, even following the
seemingly necessary-30 °C incubation step. One important
difference in the hydrazine reduction protocol (18) is the use
of thylakoid membranes, rather than PSII-enriched mem-
branes (we noticed, for instance, that during the incubation
of PSII-enriched membranes with hydrazine, substantial
amounts of Mn2+ were released). It may be possible that
the hydrazine reduction is more unspecific, resulting in
an S-2 state, which is not characterized by an isolated
Mn(II)-Mn(III) dimer. A qualitative difference in the end
result of the Mn cluster reduction using different reductants
(hydroxylamine, hydrazine, and hydroquinone) has been
reported elsewhere, e.g., in ref19, where it is postulated that
there may be different valence distributions for the S-1 state,
and in ref44, where the S-3 state obtained by hydroxylamine
reduction is unstable.

It would be interesting to speculate about the valence
mixture of the four Mn ions in each of the S states, based
on the presence of a Mn(II)-Mn(III) dimer in the S-2 state,
which can be converted with a high quantum yield to higher
S states. For the S1 state, it has been proposed that the valence
distribution of the tetramer is Mn(III)Mn(III)Mn(IV)Mn(IV),
based on EXAFS (45, 46) or EPR data (47, 48), or Mn(III)-
Mn(III)Mn(III)Mn(III) ( 49), based on a simulation of the S2

multiline EPR signal (for a recent review, see ref50). This
would mean that the S-2 state is either Mn(II)Mn(III)-
Mn(III)Mn(III) or Mn(II)Mn(III)Mn(II)Mn(II), respectively.
If the latter case were true, then the S-2 state would probably
be the lowest stable S state that can be attained, before all

the Mn ions are reduced to Mn2+ and the cluster disintegrates.
However, an S-3 state, which is relatively stable, has been
described previously (18). A 2Mn(III)-2Mn(IV) distribution
is therefore more consistent for the S1 state (for a discussion,
see also ref51).

A specific, S-2 state is now assigned to the Mn(II)-
Mn(III) dimer. S-2 in our studies appears in two forms, which
are in temperature equilibrium: an EPR-active form (devel-
oping at-30 °C) and an EPR-silent form (brief incubation
of the EPR-active form at>0 °C). If Mn oxidation is
assumed during the S-2-to-S-1 and S-1-to-S0 steps, S-2 in
its EPR-silent form should be a half-integer. An interesting
goal would be to find the proper conditions for detection of
the EPR signature of the silent form. This would provide
important information about the “invisible” part of the Mn
cluster. If these ions could be detected, then this could be
important in resolving the long-standing question of the redox
states of the Mn ions in the Mn cluster during the S state
cycle. Future research will focus on this question. These
studies will potentially provide useful insights into not only
the progressive changes that occur as the cluster advances
to the higher oxidation states but also the assembly process
of the cluster.
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