
Accelerated Publications
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ABSTRACT: Incubation of photosystem II preparations with NO at-30 °C results in the slow formation
of a unique state of the water-oxidizing complex (WOC), which was recently identified as a Mn(II)-Mn-
(III) dimer [Sarrou, J., Ioannidis, N., Deligiannakis, Y., and Petrouleas, V. (1998)Biochemistry 37, 3581-
3587]. Evolution of the Mn(II)-Mn(III) EPR signal proceeds through one or more intermediates [Goussias,
C., Ioannidis, N., and Petrouleas, V. (1997)Biochemistry 36, 9261-9266]. In an effort to identify these
intermediates, we have examined the time course of the signal evolution in the presence and absence of
methanol. An early step of the interaction of NO with the WOC is the reduction of S1 to the S0 state,
characterized by the weak Mn-hyperfine structure recently reported for that state. At longer times S0 is
further reduced to a state which has the properties of the S-1 state, in that single-turnover illumination
restores the S0 signal. The Mn(II)-Mn(III) state forms after the S-1 state and is tentatively assigned to an
(iso)S-2 state, although lower states or a modified S-1 state cannot be excluded at present. Following
removal of NO 60-65% of the initial S2 multiline signal size or the O2-evolving activity can be restored.
The data provide for the first time EPR information on a state lower than S0. Furthermore, the low-
temperature NO treatment provides a simple means for the selective population of the S0, S-1 and the
Mn(II)-Mn(III) states.

Water splitting by the oxygen-evolving complex (OEC1)
of photosystem II (PSII) proceeds periodically during
sequential absorption of photons. The OEC undergoes four

one-electron oxidation-state transitions, S0-S1, ..., S3-S4.
O2 is released during the S4-S0 transition. After prolonged
dark adaptation the complex is found in the S1 state (see
refs1-5 for general reviews). The catalytic site of the OEC
is a tetra-nuclear Mn cluster.

The study of the Mn cluster has benefited greatly from
the application of EPR spectroscopy. Mn-centered EPR
signals have now been detected for all three lower S states.
The S2 state is characterized by the extensively studied
multiline signal atg ) 2 (6) and the alternative signal atg
) 4.1 (7, 8); both are half-integer spin signals. The S1 state
is characterized by a broad integer spin EPR signal atg )
4.8 (9, 10) and more recently by an alternative multiline
signal atg ) 12. The latter signal is detected inSynechocys-
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tis preparations and also, after removal of the 23 and 17 kDa
extrinsic proteins, in spinach preparations (11). A half
integer spin signal has been recently detected in the S0 state
produced either by chemical reduction (12) or after the 3d
flash in a flash sequence (13, 14). The presence of 0.5%-
3% methanol is required for the observation of the weak
hyperfine structure of the signal, but the signal is also
observed as a broad derivative in the absence of methanol
(14).

The observation of Mn-centered half-integer/integer/half-
integer spin signals for the three states S0/S1/S2 is consistent
with the XANES data, indicating Mn oxidation during the
one-electron S0-S1 and S1-S2 transitions (reviewed in ref
15). A major unknown in these studies is, however, the
oxidation-state composition of the Mn cluster in each of the
above states. EXAFS experiments support a [2Mn(III)-2Mn-
(IV)] composition of the dark stable state S1 (15-17), while
theoretical simulations of the S2 multiline EPR signal favor
a [3Mn(III)-1Mn(IV)] ( 18) or a [1Mn(III)-3Mn(IV)] (19)
composition. Other combinations are, however, possible and
cannot be strictly excluded at present.

An EPR signal with prominent hyperfine structure has
been detected in samples incubated with NO at-30 °C (20).
The signal has been accurately simulated assuming an
antiferromagnetically coupled Mn(II)-Mn(III) dimer (no
detectable contributions from NO) (21). The S state assign-
ment has not been made yet, but on the basis of its redox
composition, the signal was tentatively assigned to a state
lower than S1, possibly lower than S0, too (21). The position
of this new state on a redox scale in comparison with the
known S states is, however, a very important question, and
to this end we have examined the intermediates of the signal
formation. A study of the time course of the signal evolution
in the presence and absence of methanol has revealed that
the intermediates of the signal formation are the states S0

and S-1. Furthermore, it is shown that the conversion to
the Mn(II)-Mn(III) state can be reversed by a number of
illumination cycles and after removal of NO the WOC is
active in oxygen evolution.

MATERIALS AND METHODS

PSII-enriched thylakoid membranes were isolated from
market spinach by standard procedures (22, 23) with some
modifications. Samples for EPR measurements were sus-
pended in 0.4 M sucrose, 15 mM NaCl, and 40 mM MES,
pH 6.5, at 6-8 mg of chl/mL (4 mm EPR tubes). Illumina-
tion of the samples was performed with a 340 W projection
lamp filtered through a solution of CuSO4.

NO Treatment and the Effects of Methanol. The samples
were bubbled in darkness at 0-4 °C with either pure NO or
NO/N2 mixtures for about 1 min and subsequently incubated
at -30 °C for variable periods of time. The EPR NO peak
at g ) 2 served as an approximate measure of the free NO
concentration. The free NO peak declined during the
incubation at-30 °C. Although part of the observed
decrease could be attributed to the consumption of NO by
the interactions with the Mn cluster, the major part was
attributed to nonspecific interactions or to dimerization of
NO. The decline became increasingly pronounced in the
presence of increasing concentrations of methanol in the
range 0.5%-6% v/v, and this resulted in a severe delay in

the reach of the final state, as described in the Results section.
Addition of methanol after the NO treatment resulted in a
decrease of the Mn(II)-Mn(III) signal size. This latter effect,
which was more pronounced at 3% v/v methanol, is not
examined further in the present investigation (but see the
Discussion session).

EPR measurements were obtained with a Bruker ER-
200D-SRC spectrometer interfaced to a personal computer
and equipped with an Oxford ESR 900 cryostat, an Anritsu
MF76A frequency counter, and a Bruker 035M NMR
gaussmeter.

RESULTS

The original study of the interaction of NO with the S1

state (20) indicated that the first step of this interaction was
the loss of the ability to form the S2 multiline signal by low-
temperature illumination. This occurred much earlier than
the evolution of the NO-induced multiline signal at-30 °C.
At about 0.5-0.7 mM initial NO concentration the loss of
the ability to form the S2 multiline occurred with a halftime
of 40-60 min while the multiline developed with a halftime
of about 4-5 h. In the present study we have observed that
the above characteristic times become significantly shorter,
approximately halved, when the initial concentration of NO
is approximately doubled by the use of pure NO. The
assignment of the NO-induced signal to a Mn(II)-Mn(III)
dimer (21) implied that NO acts effectively as a reductant
of the S1 state. The intermediate state with at1/2 of 40-60
min could accordingly be assigned to an early reduction event
or to a modification of S1 caused, for example, by the binding
of NO. The recent discovery of an S0 EPR signal (12-14)
has offered a valuable experimental marker to test the two
alternatives. As the S0 signal is weak and the observation
of its characteristic hyperfine structure requires the presence
of methanol, the likely formation of the S0 state could not
have been detected in the earlier study, which was carried
out in the absence of methanol. We have accordingly
examined the intermediates of the NO treatment in the
presence of methanol. Methanol was added either prior to
or after the incubation with NO. Qualitatively similar results
were obtained in the two cases.

The First Step of the Interaction of NO with S1 Is Reduction
to the S0 State. Samples with 0.5%-3% methanol added
were treated with NO for 1 min at 0°C and subsequently
incubated at-30°C. Since methanol causes a rapid decrease
of the free NO concentration (see Materials and Methods)
pure NO was used in this experiment. EPR spectra were
recorded at intervals of 15-30 min or longer. Figure 1
shows the progressive changes in the EPR spectrum of a
sample pretreated with 3% methanol. The intense free NO
peak atg ) 2 was subtracted for clarity. Examination of
the spectra shows the early evolution of a hyperfine structure
with more intense lines on the low-field side and many weak
lines extending over a broad magnetic field region. The
hyperfine peaks reach a maximum in about 1 h and decline
slowly at longer incubation times approaching the noise limit
in about 8 h. On the other hand, no significant contributions
from the Mn(II)-Mn(III) multiline signal develop either. This
is mainly due to the relatively rapid decrease of the free NO
level in the presence of methanol (see Materials and
Methods). Addition of new NO results, indeed, in the

16446 Biochemistry, Vol. 37, No. 47, 1998 Accelerated Publications



relatively rapid (within 30-60 min at-30 °C) evolution of
the Mn(II)-Mn(III) signal, Figure 1.

In a different set of experiments, a number of samples
were incubated with the same initial concentration of NO at
-30 °C (typically 2:3 NO/N2 ratios) for different periods of
time, but shorter than those required for the formation of
the Mn(II)-Mn(III) multiline (20, 21). NO was subsequently
removed, and methanol was added. Results qualitatively
similar to those in Figure 1 were obtained (not shown).

Evolution of the new signal does not require incubation
at -30 °C, as separate experiments have shown. We have
restricted, however, the presentation to the-30 °C data in
order to compare with the evolution of the Mn(II)-Mn(III)
multiline. The new signal is more clearly presented in Figure
2 where it is compared with the S2 and Mn(II)-Mn(III)
multiline spectra. The signal shows strong similarities to
the published S0 spectra (12-14), and the similarity is further
supported by the requirement of methanol for the observation
of the hyperfine structure. The present signal has no
discernible contribution of the broad∼2400 G derivative-
shaped signal (14). This may partially be due to the use of
relatively high concentrations of methanol, 3% v/v, in the
present study and to the baseline corrections (subtraction of
the free NO peak), which may have removed broad signals
underlying the weak hyperfine structure. The assignment
of the present signal to the S0 state is also supported by the
fact that the evolution of the signal coincides with the loss
of the ability of the complex to produce the S2 multiline by
single-turnover illumination. This follows from the earlier
experiments in the absence of methanol (20) and also from
experiments in the presence of methanol (not shown here
but see Figure 4). Accordingly, this early step of the
interaction of NO with the Mn complex is attributed to

reduction of S1 to the S0 state. The S0 multiline signal is
compared in Figure 2 with the Mn(II)-Mn(III) multiline.
Strong differences are observed. A notable difference is in
the width of the spectra. The overall width of the NO-
induced multiline is 1600 G (2500-4100 G) (21), while the
numerous lines of the S0 signal extend over a spectral breadth
of at least 2400 G (12-14). Certain low-field lines of the
S0 signal show an apparent coincidence with the low-field
part of the Mn(II)-Mn(III) multiline, but the differences in
the high-field part of the spectra are very pronounced. The
larger breadth of the S0 signal combined with a larger number
of lines explains the significant difference in the intensity
of the two signals. Another difference may be in the
population of the two states, but this cannot be accurately
determined at present.

A Subsequent Step Is the Reduction of S0. The S0 signal
decreases on the hour time scale in Figure 1. The new EPR
spectrum contains only minor contributions from the S0 or
the Mn(II)-Mn(III) multiline and therefore appears to rep-
resent a distinct state. We have examined whether this state
results from the reduction of S0. In a sample prepared in
this state NO was removed and atrazine was added, so as to
restrict light-induced oxidation to single-electron transfer. The
spectra before and after illumination at 0°C and subsequent
dark adaptation for 20 min at 15°C are shown in Figure 3,
parts b and c, respectively, and are compared with the
maximum S0 signal, Figure 3a, obtained during the initial
stages of incubation with NO. Clearly the spectrum fol-
lowing the illumination and dark adaptationsthis latter step
was included to allow for the decay of likely minor
contributions from the S2 statesis that of the S0 state.
Apparently, the new state that is produced concomitantly to
the decrease of the S0 signal shows the properties of the S-1

state. The spectrum in Figure 3c contains contributions from
the QA-Fe2+ signal atg ) 1.82 and 1.6. In untreated samples
the dominant contribution from this state is atg ) 1.9. It is
interesting to note that the QA--Fe2+ signals in Figure 3c do
not decay during the 20 min dark adaptation at 15°C. This
is an additional manifestation of the fact that the state
produced by the illumination is stable and therefore lower
than the S2.

FIGURE 1: Progressive changes in the EPR spectrum of a sample
incubated at-30 °C with pure NO in the presence of 3% MeOH.
The formation and disappearance of the weak S0 multiline signal
are clearly shown. New NO was added at the end of the 9 h
incubation period (see text for details), and this resulted in the
relatively rapid (within 45 min) development of the Mn(II)-Mn-
(III) signal (lowest spectrum). The central part of the spectra which
is distorted by the signal of free NO was removed for clarity: EPR
conditions,T ) 6.5 K; microwave frequency, 9.42 GHz; microwave
power, 31 mW; modulation amplitude, 25 Gpp.

FIGURE 2: Comparison of the S0 multiline with the spectra of the
S2 and the Mn(II)-Mn(III) states (note the different scaling factors
in the spectra). The S0 signal (average of four individual spectra)
was produced during about 1 h of incubation with NO at-30 °C
in the presence of 3% MeOH. EPR conditions are as in Figure 1.
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Qualitatively similar results were obtained in the absence
of methanol. In this case the incubation with NO was
interrupted at the point where a very small fraction of the
Mn(II)-Mn(III) signal had developed. Following removal
of NO, addition of methanol and atrazine, and illumination,
spectra similar to those in Figure 3, parts b and c, were
obtained (data not shown).

The S-1 state obtained in the above experiments probably
contains contributions from adjacent states. Since illumina-
tion at 0 °C advances S0 to the S1 state, the S0 multiline
signal observed after the illumination is a measure of the
centers in the S-1 state at the end of the incubation with
NO.

The Mn(II)-Mn(III) State Forms after the Reduction to the
S-1 State. The preceding experiments indicated that, regard-
less of the order of addition of methanol, the S0 and S-1

states form prior to the formation of the Mn(II)-Mn(III)
complex. The time course of the evolution of the S0 and
the Mn(II)-Mn(III) multiline signals has been studied with
different methanol and NO concentrations. Qualitatively the
results in all cases agree with the gradual population of the
lower states as described above. With 3% methanol con-
centration the state obtained after prolonged incubation at
-30 °C is primarily the S-1 state. With decreasing methanol
concentrations (1.5%-0.5%), the terminal state contains
increasing contributions from the Mn(II)-Mn(III) multiline.
In the absence of methanol nearly the maximum Mn(II)-
Mn(III) signal level is reached within 3-5 h when using
pure NO. These differences are primarily attributed to the
observed rapid decay of the free NO concentration in the
presence of methanol (see Materials and Methods). Addition
of new NO to a sample (3% methanol) following the decay
of the S0 signal and stabilization in the S-1 state, Figure 1,
results in the relatively rapid evolution of a pronounced Mn-
(II)-Mn(III) multiline.

Figure 4 summarizes the evolution of the S0 and the Mn-
(II)-Mn(III) signals in parallel with the observed decay of
the free NO concentration in a sample pretreated with 1.5%
methanol. The 0 of the time scale is set at the beginning of
the incubation at-30 °C. The initial S0 level is due to the

preceding 1-2 min treatment with NO at 0-4 °C and to
some pre-existing population of this state. Figure 4 shows
in addition the approximate evolution of the population of
the S1 and S-1 states. To obtain the latter percentages a
number of similar samples were incubated with NO for
variable periods of time. NO was subsequently removed,
atrazine was added, and the samples were illuminated at 0
°C and frozen. The spectra comprised generally a mixture
of the S2 and S0 multiline signals, which could be discrimi-
nated by the fact that the S2 multiline decays in less than
one minute above 0°C, while the S0 signal remains stable
over prolonged periods of time. The amounts of the S2 and
S0 multiline signals were taken as a measure of the S1 and
S-1 state populations prior to the illumination. The popula-
tion of the various states in Figure 4 is approximately
normalized to the 100% level assuming that the size of the
S2 multiline signal, when compared to an untreated control,
is an absolute measure of centers in the S1 state. At the
early incubation times (1 h) the levels of the S-1 and Mn-
(II)-Mn(III) states are insignificant and the depopulation of
the S1 is attributed mainly to the population of the S0 state.
The population of the S-1 state is indirectly estimated by
comparing the S0 signal produced by illumination with the
normalized maximum signal of the S0 state. The Mn(II)-
Mn(III) signal is normalized by assuming that at long
incubation times the S-1 and the Mn(II)-Mn(III) are the main
states occupied. The self-consistency of these estimates is
in turn examined by a comparison of the integrated EPR
signal intensity of the Mn(II)-Mn(III) signal with that of the
S2 state. Due to the inherent very low intensity of the S0

signal and the fact that the Mn(II)-Mn(III) signal exists in
equilibrium with an EPR silent conformation, these estimates
cannot be accurate. The largest uncertainty exists in the
population of the S-1 and the Mn(II)-Mn(III) states at long
incubation times, particularly after the addition of new NO.
The presence of an EPR silent intermediate between the S-1

and the Mn(II)-Mn(III) states cannot, accordingly, be ex-
cluded at present.

FIGURE 3: The loss of the S0 signal during prolonged incubation
with NO is due to reduction to the S-1 state. (a) The S0 signal
developed after 1 h of incubation with NO at-30°C in the presence
of 3% v/v MeOH. (b) Same sample after 9 h of incubation at-30
°C followed by removal of NO and addition of 0.1 mM atrazine.
(c) Subsequent illumination at 0°C followed by 15 min of dark
adaptation at 15°C. EPR conditions are as in Figure 1.

FIGURE 4: Gradual population/depopulation of the lower S states
during the incubation at-30 °C with NO in the presence of 1.5%
MeOH. The decline of the approximate concentration of NO is also
shown. New NO was added after 30 h of incubation. See text for
details on the estimation of the percentage population of the various
states.
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It is notable in Figure 4 that the level of NO between 8
and 30 h, although in excess of the PSII center concentration,
is not sufficient for the evolution of the Mn(II)-Mn(III)
signal. The requirement of significant levels of NO for the
evolution of the latter signal cannot be easily understood
without detailed knowledge of the interactions leading to the
Mn(II)-Mn(III) signal formation. However, since NO acts
as a reductant, it is possible that the addition of NO is
required for lowering the ambient redox potential which may
have been shifted upward by the accumulation of oxidation
products of NO due to its interaction with the Mn cluster
and other nonspecific interactions.

ReVersibility of the Effects of NO. Restoration of the S2
Multiline. The reduction of the cluster by NO leading to
the Mn(II)-Mn(III) multiline signal proceeds through a
number of steps, as it was illustrated above. An important
question is whether the initial state can be restored by
photochemical oxidation cycles. Perhaps the most stringent
requirement spectroscopically is the restoration of the ability
of the S1 state to produce the S2 multiline by low-temperature
illumination. The Mn(II)-Mn(III) signal shows partial
sensitivity to low-temperature illumination (-30 to-70 °C)
(20). The efficiency of the low-temperature illumination
appears to be higher (up to 70%) in samples incubated for
4-7 h with NO at-30 °C, compared to approximately 30%
in samples incubated overnight or longer. Likely explana-
tions are considered in the Discussion. The Mn(II)-Mn(III)
signal is fully eliminated by a few cycles of low-temperature
illumination followed by dark adaptation for several min at
4 °C, or more efficiently by continuous illumination at 0
°C. In the presence of ferricyanide as an exogenous electron
acceptor a significant percentage of the S2 multiline signal
builds up. A subsequent dark adaptation brings the majority
of the centers to the S1 state, which shows low-temperature
photochemistry identical to that of the untreated S1 state.
Figure 5 shows the evolution of the two signals during a
rather arbitrary sequence of illumination and dark-adaptation
cycles in the absence of methanol (similar results were
obtained in the presence of methanol). Figure 6 compares
the initial S2 multiline signal with the signal obtained at the
end of the illumination sequence. Approximately 60% of
the initial S2 multiline signal is restored. The only difference
between the two signals is in the position of the acceptor

side QA-Fe2+ signal, which following the NO treatment and
removal of NO shifts to higher fields (see also Figure 3).
This effect will be examined in a separate investigation.

O2-EVolVing ActiVity. Quantitatively similar results were
obtained with the O2-evolving activity. EPR samples were
treated with NO so as to develop the maximum Mn(II)-Mn-
(III) signal. NO was subsequently removed, and the samples
were diluted by about 800-fold. Compared to untreated
controls, 65% of the O2-evolving activity was measured
under continuous illumination. Typical values in the pres-
ence 0.5 mM K3Fe(CN)6 and 0.2 mM 2,5-dichloro-p-
benzoquinone as exogenous acceptors are 420 and 270µmol
of O2/mg of Chl/h for the untreated and NO-treated samples,
respectively.

DISCUSSION

The data provide evidence of an unprecedented gradual
reduction of the Mn cluster by NO, which can proceed even
at -30 °C. Furthermore the data present a rather simple
method of a controlled population of the S0, S-1, and Mn-
(II)-Mn(III) states.

Understanding the Initial ObserVations. On the basis of
the well-known affinity of NO for metal centers (mainly iron
centers), the intermediates of the interaction of NO with the
S1 state were initially assigned to different modes/sites of
binding of NO to the Mn cluster, although the possibility of
NO acting as a reductant was also considered (20). The
present results help to clarify most of the observations made
in the initial study (20). Accordingly, the early loss of the
ability to advance to the S2 state by low-temperature
illumination is due to the reduction of the S1 state to S0 and
subsequently to S-1. The Mn(II)-Mn(III) state appears to
form as a result of reduction or modification of the S-1 state.
It was observed that this latter step, unlike the early
interaction with the S1 state, is strongly retarded in the
presence of moderately high, 50 mM, NaCl concentrations
(20). This could be attributed to the attack by NO of two
different sites, a chloride-insensitive step (early step) and a
chloride-sensitive step (final step). A simpler explanation
is, however, the following. It has been noted that the Mn-
(II)-Mn(III) signal exists in temperature equilibrium with an

FIGURE 5: Light-induced decrease of the Mn(II)-Mn(III) signal and
restoration of the S2 multiline after a rather arbitrary sequence of
illumination/dark-adaptation cycles. K3(FeCN)6 (0.2 mM) was
added as an exogenous acceptor after the first illumination at-70
°C.

FIGURE 6: Comparison of the S2 multiline recovered at the end of
the illumination sequence of Figure 5 (lower), with the same signal
in an untreated control sample (upper). EPR conditions are as in
Figure 1.
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EPR silent conformation (20, 21). It is possible that high
chloride concentrations favor the EPR silent conformation.
In support of this, addition, in a preliminary experiment, of
excess chloride (50 mM final) after creation of the Mn(II)-
Mn(III) signal and removal of NO resulted in a decrease of
the signal size by more than 60%. This effect is similar to
the effect of methanol mentioned in the Materials and
Methods section (see also ref21). Addition of 1.5% v/v
methanol after the formation of the Mn(II)-Mn(III) signal
resulted in an approximately 25% decrease in the signal
intensity. At present it is not clear whether these molecules
exert their effects by binding to the Mn cluster or more
globally by altering the protein conformation.

On the Assignment of the Mn(II)-Mn(III) to a Lower S
State. The OEC during its normal catalytic function cycles
through states S0 to S4. Although the redox composition of
the Mn cluster in any of the S states has not been
unambiguously determined yet, it is generally agreed that
high valence Mn exists even in the S0 state. Suggested redox
configurations for this state range from [Mn(II), 3Mn(III)]
to [Mn(III), 3Mn(IV)] (see ref 14 and references therein).
Therefore a number of oxidation states lower than S0 are
possible before all Mn is reduced to Mn(II). The study of
these states could potentially provide important information
on the Mn assembly process, the coordination changes that
may occur in the higher states, as well as independent
information on the electronic configuration of the cluster,
etc. The information about these states is rather limited (see
ref 24 and references therein) and probably confused by the
fact that, depending on the reductant used, different isoelec-
tronic configurations can be trapped (25) and also the cluster
becomes unstable following extensive reduction (25, 26). On
the basis of flash O2 studies coupled with reductive treat-
ments of the Mn with hydrazine, Messinger et al. (24)
reported the population of a S-3 state with almost 50% yield
and they even suggested the likely existence of a S-5 state.
No EPR spectra from any of the lower states have been
reported so far. In this respect the Mn(II)-Mn(III) signal is
the first EPR signal from a state lower than S0. The present
results show that the Mn(II)-Mn(III) state forms after the
S-1 state. The most likely assignment would be, accordingly,
to a state lower than S-1, although a modified S-1 state
cannot be excluded. A tentative assignment, which would
have the smallest number of assumptions, is to an (iso)S-2

state composed of two non- (or very weakly) interacting
dimers: a Mn(II)-Mn(III) dimer with a paramagnetic ground
state and a second dimer (e.g., Mn(III)-Mn(III) or Mn(II)-
Mn(IV) or even Mn(II)-Mn(II)) with a diamagnetic ground
state. These possibilities will be hopefully clarified in future
investigations.

Light SensitiVity and ActiVity Tests. The recovery of the
S2 multiline and the oxygen-evolving activity of the sample
indicates that the reduction of the WOC by NO can be
reversed in the largest fraction (60%-65%) of the centers.
The inactive fraction of centers is probably due to some Mn
loss during the reduction and after removal of NO and the
subsequent aerobic handling of the samples (addition of
exogenous acceptors and/or dilution for the O2 measure-
ments). The limited low-temperature light sensitivity of the
Mn(II)-Mn(III) signal could be due to the requirement of a
structural rearrangement of the cluster before advancement
to a higher state can be possible. Slight structural rearrange-

ments would not necessarily be rate-limiting to the O2

evolution measurements recorded under continuous illumina-
tion. It should be noted that formation of the nitroso-tyrosine
adduct (27), which could act as a competitive low-temper-
ature donor was very limited under the present experimental
conditions (20).

In conclusion, the present data have advanced significantly
our understanding of the mechanism of the NO effects on
the Mn cluster. Accordingly, the S0 and S-1 states are
intermediates of a reductive process leading to the unique
Mn(II)-Mn(III) signal evolution. The latter is tentatively
assigned to an (iso)S-2 state.
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