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ABSTRACT: In spinach photosystem II (PSII) membranes, the tetranuclear manganese cluster of the oxygen-
evolving complex (OEC) can be reduced by incubation with nitric oxide at-30 °C to a state which is
characterized by an Mn2(II, III) EPR multiline signal [Sarrou, J., Ioannidis, N., Deligiannakis, Y., and
Petrouleas, V. (1998)Biochemistry 37, 3581-3587]. This state was recently assigned to the S-2 state of
the OEC [Schansker, G., Goussias, C., Petrouleas, V., and Rutherford, A. W. (2002)Biochemistry 41,
3057-3064]. On the basis of EPR spectroscopy and flash-induced oxygen evolution patterns, we show
that a similar reduction process takes place in PSII samples of the thermophilic cyanobacterium
Synechococcus elongatusat both-30 and 0°C. An EPR multiline signal, very similar but not identical
to that of the S-2 state in spinach, was obtained with monomeric and dimeric PSII core complexes from
S. elongatusonly after incubation at-30 °C. The assignment of this EPR multiline signal to the S-2 state
is corroborated by measurements of flash-induced oxygen evolution patterns and detailed fits using extended
Kok models. The small reproducible shifts of several low-field peak positions of the S-2 EPR multiline
signal inS. elongatuscompared to spinach suggest that slight differences in the coordination geometry
and/or the ligands of the manganese cluster exist between thermophilic cyanobacteria and higher plants.

Photosynthetic water oxidation is catalyzed by the tetra-
nuclear manganese cluster (Mn4 cluster) of the oxygen-
evolving complex (OEC)1 in photosystem II (PSII) (for
reviews, see refs1-3). On the basis of the Kok model (4),
the OEC undergoes four one-electron oxidation state transi-
tions during the sequential absorption of photons by PSII:
S0 f S1, ..., S3 f S4. O2 is released during the S4 f S0

transition. After prolonged dark adaptation, the complex is
found in the S1 state. To explain the mixing of S states during
a flash train, which is evident from the damping of the period
four oscillation of flash-induced oxygen yields, Kok and co-
workers postulated that a miss (R) and a double-hit (â)

probability is coupled with each flash-induced S state
transition (4).

EPR spectroscopy has been instrumental in characterizing
the S states. At liquid helium temperatures, both the S2 and
S0 states give rise to a ground stateS ) 1/2 EPR multiline
signal centered atg ≈ 2 (5-8). From the S2 state also other
spectroscopic forms exist which are characterized by signals
at g ) 4.1 (9, 10) or g ) 6 andg ) 10 (11). The S1 state is
only EPR detectable using parallel mode microwave excita-
tion. A broadg ) 4.8 signal (12, 13) and ag ) 12 multiline
signal (14) have been reported. From the S3 state, low-field
EPR peaks atg ) 6.7 and 8-12 have been measured in
perpendicular and parallel mode EPR, respectively (15-17).
Together with information from other techniques, these EPR
results show that the Mn4 cluster is oxidized during the S0

f S1 and S1 f S2 transitions. Whether a Mn-centered or
ligand-centered oxidation takes place during the S2 f S3

transition is still under debate (18, 19).
In addition to the normal S states of the Kok cycle, the

OEC can attain redox states below S0. These states can be
obtained by incubation of PSII samples with small hydro-
philic reductants such as NH2OH, N2H4, or H2O2 (20-22)
or with redox-active gases such as H2S (23) or NO• (24-
26). A detailed analysis of flash-induced oxygen evolution
patterns has revealed that a rather stable and selective
population of S states down to the S-3 state is possible (27).
Recently, first indications for the S-4 and S-5 states have
been reported (28). The existence of these reduced states
and their stability down to the S-3 state are in line with the
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assignment of the dark-stable S1 state to Mn4(III 2, IV2) (19)
(see, however, ref29).

In spinach PSII membranes, the reduction of the Mn4

cluster with NO• at -30 °C leads to the formation of an
intense EPR multiline signal which was recently assigned
to the S-2 state (30). The S-2 EPR multiline signal can be
very well simulated by a magnetically isolatedS) 1/2 Mn2-
(II, III) dimer (25). For unknown reasons, the other two Mn
ions of the OEC do not contribute to this signal, but on the
basis of the above assignment for the S1 state, the redox states
of the whole cluster should be Mn4(II, III, III, III) in the S -2

state.
In light of the emerging details about the structure of PSII

in the thermophilic cyanobacteriumSynechococcus elongatus
based on X-ray crystallography (31, 32) and the lack of
crystallographic data about the otherwise better studied PSII
from higher plants (33-36), it is interesting to compare the
structure and function of the two systems in detail. In this
regard, EPR measurements can play an important role
because magnetic couplings are sensitive to changes in the
structure and ligands of the OEC. The S0, S2, and S3 state
EPR signals have been detected in samples from both
organisms and show only minor differences (17, 37, 38).
This is in agreement with structural information from EXAFS
measurements on the S1 and S2 states (37). Similarly, kinetic
studies on the temperature dependence of the individual S
state oxidations led to the conclusion that the reaction
coordinates are very similar in cyanobacteria and plants (39,
40). In terms of EPR spectroscopy, a notable exception is
the g ) 4.1 signal of the S2 state. Despite intense efforts,
this EPR signal has not been detected inS. elongatussamples
(41).

In this study, we analyze the reactivity of NO• with the
OEC in spinach andS. elongatussamples employing flash-
induced oxygen evolution measurements and CW EPR
spectroscopy. On the basis of the presented data and the
results from the literature, the close overall similarities of
the OEC in cyanobacteria and higher plants are discussed
together with possible structures of the Mn4 cluster in the
S-2 state.

MATERIALS AND METHODS

Sample Preparation.The thermophilic cyanobacteriumS.
elongatus was grown, and thylakoid membranes were
prepared as described in ref42 with some modifications.
PSII core complexes (PSIIcc) were extracted from the
membranes usingâ-dodecyl maltoside as a detergent and
purified by weak anion exchange chromatography as de-
scribed previously (43). Monomeric and dimeric PSIIcc were
separated chromatographically (details will be published
elsewhere). Both forms of the PSIIcc are fully active in water
oxidation and show the same subunit composition as tested
by MALDI-TOF mass spectrometry and SDS gel electro-
phoresis. The dimeric PSIIcc are similar to the material used
to grow single crystals that are suitable for X-ray structure
analysis (31). For comparison, PSII membranes were isolated
from market spinach by standard procedures (44, 45).

NO• Incubation.For NO• incubation, all samples were
transferred into buffer A [0.4 M sucrose, 15 mM NaCl, 5
mM MgCl2, and 40 mM MES (pH 6.5)]. The final chloro-
phyll concentrations were 4-5, 0.8, and 5-6 mg/mL forS.

elongatusPSIIcc,S. elongatusthylakoids, and spinach PSII
membranes, respectively. To test the effect of cryoprotectants
on the NO• reduction, the sucrose in buffer A was substituted
with either 25% glycerol or 400 mM mannitol. In the case
of D2O samples, buffer A was prepared with D2O (99.9%,
euriso-top) and the samples were washed twice with D2O
buffer, then incubated for 3 h on ice, and finally washed
once more in D2O buffer.

NO• treatment was carried out anaerobically in dim green
light at 0°C in 4 mm EPR quartz tubes by slowly bubbling
NO• through the samples. This procedure took∼1 min, and
the final NO• concentrations in the samples was estimated
on the basis of the known solubility of NO• in water (3 mM
at 0°C) to be 0.2 and 0.6 mM forS. elongatusand spinach,
respectively. The EPR tubes were then immediately sealed
and transferred into liquid nitrogen. This was followed by
an overnight incubation in a freezer at-30 ( 2 °C.

EPR. CW EPR spectra were recorded at liquid helium
temperatures on a Bruker ESP 300E instrument fitted with
a liquid helium cryostat (Oxford ESR 9) and a standard
Bruker TE102 cavity.

Flash-Induced Oxygen EVolution Patterns.Flash-induced
oxygen evolution patterns ofS. elongatusthylakoids and PSII
membranes were obtained in the absence of exogenous
electron acceptors with a home-built Joliot type (bare
platinum) electrode (46, 47) at 20°C. Saturating flashes at
a frequency of 2 Hz were provided through a fiber optic by
a xenon flash lamp (EG&G, model PS 302, light pack
FY-604). For the oxygen measurements, the NO•-treated
samples were transferred, in the dark, from liquid nitrogen
to ice temperatures. To reduce the NO• concentration in the
samples to levels that cannot be detected by EPR (data not
shown), the space in the EPR tubes above the samples was
carefully flushed with nitrogen while the sample was still
frozen. After thawing had been completed, the samples were
then slowly bubbled with 1 mL of nitrogen using a syringe
and finally transferred into Eppendorf reaction vials. They
were kept anaerobically on ice until shortly before the oxygen
measurements, for which they were diluted in buffer A to
chlorophyll concentrations of 0.2 and 1 mg/mL forS.
elongatusthylakoids and spinach PSII membranes, respec-
tively.

Extended Kok Model.The data were analyzed using a
spreadsheet program with a minimization routine. Our
extended Kok model assumes, like the original one (4), equal
miss and double-hit probabilities for all S state transitions.
This is an approximation, because these transition prob-
abilities depend on the redox equilibria between the different
cofactors of PSII, which are likely to be S state-dependent
(see ref 56). However, unequal misses cannot be used,
because no reliable information exists at present about the
magnitude of this S state dependence. It is also noteworthy
that in the past very reliable results have been obtained with
the equal misses approximation. The extended Kok model
used in this study also includes, in addition to the normal S
states that are populated during oxygen evolution (S0-S3),
the S-5-S-1 states. PSII can be found in these redox states
after reduction with exogenous electron donors or during
photoactivation (27, 48). We like to point out that the
inclusion of the S-4 and S-5 states (only used in fit NO5) is
speculative at this point and that further evidence is required
to prove their existence. Within this model, the S state
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populations ([Si], i ) -5 to 3) after thenth flash are given
by

whereγ is the single-hit probability (γ ) 1 - R - â) and
d an activity parameter that compensates for changes in the
number of active PSII centers during the flash train (27).
The oxygen yield of thenth flash,Yn

fit , is calculated by

The program is minimizing the expression

by varying the parameters indicated in the tables (negative
values were not permitted). In eq 3,Yn

exp is the relative
oxygen yield of thenth flash andF equals the number of
analyzed flashes (F ) 16 for this study). The normalization
criterion is given by

The fit quality is calculated according to eq 5

whereP is the number of free parameters in the fit.

RESULTS

EPR.Figure 1A shows an EPR difference spectrum (the
NO•-incubated state minus the initial dark-adapted S1 state)
obtained from monomeric PSIIcc ofS. elongatusafter
incubation with NO• at -30 °C overnight. Because of the
frailness of theS. elongatusPSII core samples in the presence
of NO•, the spectra that are shown were obtained prior to
NO• removal (see Materials and Methods). Therefore, they
also contain the free NO• EPR signal which is centered atg
) 2 (see ref49). For clarity of presentation, most of this
signal has been cut out, but the initial increase in the baseline
on the high-field side is still caused by NO•.

For comparison, the S-2 EPR signal from spinach PSII
membranes is shown in Figure 1B. This signal was obtained
under virtually identical conditions. The overall resemblance
of the two EPR signals, namely, a similar number of
hyperfine peaks and the same spectral width (see arrows),
suggests that the new NO•-induced EPR signal inS.
elongatusPSIIcc also originates from the S-2 state. This

assignment is further substantiated by flash-induced oxygen
evolution patterns presented below.

In our initial attempts, we used glycerol instead of sucrose
as a cryoprotectant in the buffer, because the PSIIcc are more
stable in such a buffer. In such samples, NO• incubation did
not generate a multiline signal, although parallel flash-
induced oxygen evolution measurements on thylakoids
showed that the samples were reduced also under these
conditions (data not shown, but similar to those presented
below). Similarly, our tests showed that the addition of
alcohols (methanol or ethanol) affects primarily the EPR
multiline signal amplitude and not S-2 state formation. In
contrast, when mannitol was used, neither an EPR multiline
signal nor a reduction was found.

Because of the excellent signal-to-noise ratio obtained for
the S-2 state samples in sucrose buffer, a detailed comparison
of the two EPR spectra is possible. Such an inspection
(Figure 2, traces A and B) reveals that the hyperfine
structures of the two S-2 state EPR signals are somewhat

FIGURE 1: Comparison of S-2 EPR multiline signals (after
subtraction of the S1 dark-stable spectrum) ofS. elongatusmono-
meric core complexes (A) and spinach PSII membranes (B). The
arrows indicate the spectral width of the complete spectrum which
is identical in both cases. The central part of the spectra, which is
distorted by the signal of free NO•, was removed for clarity. EPR
conditions: T ) 8.5 K, microwave frequency of 9.64 GHz,
microwave power of 31 mW, and modulation amplitude of 20 G.

FIGURE 2: Comparison of the low-field part of the S-2 EPR
multiline signal: (A)S. elongatusmonomeric core particles, (B)
spinach PSII membranes (H2O), and (C) spinach PSII membranes
(D2O). Experimental conditions were as described in the legend of
Figure 1.
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different on the low-field side. In contrast, most peaks on
the high-field side do line up. These differences have been
consistently observed with several different PSIIcc samples.
Thus, the spinach andS. elongatusS-2 EPR multiline spectra
are very similar, but not identical. For an accurate quantifica-
tion of the observed differences, measurements at other EPR
frequencies or Mn ENDOR spectroscopy is required. This
is beyond the scope of the current study.

To test the effect of proton hyperfine coupling on the
structure of the S-2 state EPR signal, this signal was
generated in a spinach sample suspended in D2O buffer. The
comparison of EPR traces B and C in Figure 2 shows that
the hyperfine structure in the D2O sample is better resolved
than in the H2O sample which results from line narrowing.
The hyperfine peak positions remain, however, unchanged.

The question of whether there is a magnetic interaction
between the two PSII units in a dimeric PSIIcc that influences
the EPR signals of the Mn4 cluster has been raised (38). To
test this interesting hypothesis for the case of the S-2 EPR
multiline signal, we have generated the S-2 state also in a
dimeric PSIIcc isolated fromS. elongatus.An S-2 EPR
multiline signal identical to that of the monomers was found
(data not shown). In the case of the S-2 state, this makes a
magnetic interaction of the two OECs or of cytochromec550

or b559 from monomera with the OEC in monomerb in a
dimeric PSIIcc unlikely. This result is in agreement with the
distances between these components that can be obtained
from the PSII crystal structure (Table 1). The distance
between cytochromec550 and the OEC within a monomer is
∼3 times shorter than that between the OEC and the
cytochromec550 of the attached monomer.

In addition to the reduction of the Mn4 cluster, which leads
to the S-2 state EPR multiline signal, NO• also binds to the
non-heme iron on the acceptor side of PSII. This reversible
binding of NO• to high-spin Fe2+ (S) 2) gives rise to anS
) 3/2 state (49). Following short NO• incubation, ag ) 4
EPR signal from the Fe(II)-NO complex is formed. Under
our experimental conditions, this signal is indistinguishable
in spinach andS. elongatus(data not shown).

Flash-Induced Oxygen EVolution. Flash-induced oxygen
evolution patterns can provide insight into the reaction
pathways of exogenous reductants of the OEC, since they
allow the analysis of the S state composition of the samples
after various incubation times and/or after treatment with
different reductant concentrations (see, for example, refs27
and48). To avoid side reactions, NO• was largely removed
from the samples prior to the polarographic measurements
presented below (see Materials and Methods for details).

The flash-induced oxygen oscillation pattern of Figure 3a
is typical for PSII membrane fragments in the absence of
exogenous electron donors (see, for example, ref57). The
first maximum of oxygen evolution occurs after the third

flash, which indicates a high S1 state population in the dark-
adapted sample prior to flash illumination. At higher flash
numbers, the oxygen yield decreases because the natural
plastoquinone acceptor pool becomes reduced and thereby
stable charge separation is prevented. Figure 3b shows that
NO• incubation leads to a clear shift of the first maximum
into the sixth flash. This measurement was obtained with an
aliquot of a spinach PSII membrane sample that displayed
an intense NO•-induced EPR multiline signal. The observed
shift shows that NO• has reduced a large number of PSII
centers into the S-2 state, which contains three additional
electrons compared to the dark-stable S1 state. For spinach
PSII membranes, this finding confirms similar results from
a recent study (30). The higher steady state oxygen yields
observed after NO• incubation of the PSII membranes (Figure
3b) are indicative of the inactivation of part of the PSII
complexes. The reason for this is that in the absence of
exogenous electron acceptors the loss of some centers
increases the number of available plastoquinone molecules
for the PSII complexes that remain capable of oxygen
evolution and share a common acceptor pool with the
inactivated center(s) within a thylakoid membrane fragment.
This effect has been previously observed using inhibitors
such as DCMU (58). Because (i) no free Mn is observed in
EPR measurements prior to the oxygen measurements and
(ii) the S-2 state EPR signal has a very high intensity, this
inactivation most likely occurs during the sample handling
required to remove NO• before the oxygen measurements
(see Materials and Methods for details).

Table 1: Approximate Center-to-Center Distances between Different
Cofactors of the Dimeric PSIIcc fromS. elongatusa

cofactors
approximate
distance (Å) cofactors

approximate
distance (Å)

Mn4(a)-Mn4(b) 80 Mn4(a)-cyt b559(a) 55
Mn4(a)-cyt c550(a) 30 Mn4(a)-cyt b559(b) 110
Mn4(a)-cyt c550(b) 105

a The numbers that are given are based on the 3.8 Å crystal structure
(31). Labels a and b refer to the two PSII monomers of a dimeric PSIIcc.

FIGURE 3: Flash-induced oxygen evolution patterns of spinach PSII
membranes (a and b) andS. elongatusthylakoids (c and d) at 20
°C and pH 6.5. Traces a and c were obtained with untreated control
samples, while traces b and d were obtained after incubation of
the PSII samples with NO• at -30 °C overnight. In the latter cases,
NO• was removed prior to the polarographic measurements (for
details, see Materials and Methods). The flash frequency was 2
Hz. No exogenous electron acceptors were added.

NO•-Induced S-2 State inS. elongatus Biochemistry, Vol. 42, No. 4, 20031019



Since we cannot use exogenous electron acceptors in our
Joliot type oxygen electrode setup and PSIIcc are largely
devoid of the natural quinones, we were not able to obtain
analogous data forS. elongatusPSIIcc. To prove that inS.
elongatussamples the S-2 state can also be populated by
NO• incubation, we provide data usingS. elongatusthyla-
koids (Figure 3c,d). Clearly, flash-induced oxygen oscillation
patterns very similar to those shown above for spinach PSII
membranes were obtained. The significantly higher steady
state oxygen yields inS. elongatusthylakoids, which are not
related to species but are due to the plastoquinone pool in
thylakoids being larger than that in PSII membranes, allow
a detailed analysis of these patterns in the framework of an
extended Kok model (see Materials and Methods). Fits C1-
C3 in Table 2 give normalized S state populations and the
miss (R) and double-hit (â) probabilities calculated for the
S. elongatesthylakoid control measurement (Figure 3c). If
a 100% S1 state population is assumed, a reasonable fit was
achieved with anR of 11.3% and aâ of 7.1%. A significant
improvement in fit quality is obtained when some S2, S0,
and S-1 state populations are also allowed (fit C2). The small
S2 state population is due to incomplete dark adaptation after
the preflash treatment employed to oxidize most of YD

through back reactions with the S2 state. No further improve-
ment in fit quality resulted when the S-2, S-3, S-4, and/or
S-5 states were also included as free parameters (fit C3).

On the basis of EPR spectroscopy, the lowest S state
reached by NO• incubation is the S-2 state. Therefore, we
attempted to fit the pattern in Figure 3d (see fit NO1) by
only varying the S1-S-2 state populations and keeping the
miss and double-hit probabilities fixed to the values found
for the control in fit C2. While this type of fit approach gives
excellent results with samples reduced by moderate concen-
trations of hydrazine or hydroxylamine (48), it obviously fails
to fit the data presented in Figure 3d. If, in addition, the
miss parameter is varied (fit NO2), a significantly better but
still insufficient fit quality can be achieved with a very high
miss factor of∼18%. It is therefore worthwhile to consider
the possibility that additional donors are formed during NO•

incubation.
It was found recently (24) that NO• can slowly (t1/2 ) 20

h at -30 °C) react with YD
ox and form the EPR silent

nitrosotyrosine (YD-NO). It is expected that YD-NO is a much
more efficient electron donor then YD itself (24). Therefore,
YD-NO formation might be able to explain the increased miss
parameter of fit NO2 by either direct electron donation to
P680+ or rapid back reactions of the S2 and S3 states during
the dark times between the flashes. To further analyze these
two possibilities, the Kok model described in Materials and
Methods was further extended to account for one additional
donor (YD-NO) that can be oxidized only once within a flash
train at the expense of the OEC. Fit NO3 shows that a fit
quality similar to that of fit NO2 can be achieved if the initial
YD-NO population is∼85% and the miss probabilityRYD-NO

is ∼75%. However, on the basis of the reported half-time
of ∼20 h at-30 °C for YD-NO formation (24), this value
for the initial YD-NO population is significantly higher than
one would expect to generate by an overnight incubation
with NO•. It is therefore worthwhile also to consider back
reactions of the S2 and S3 states with YD-NO during the dark
times (td) of 0.5 s between the flashes. Fit NO4 represents
the best fit achieved when in addition to the S1-S-2 states
only the fraction of YD-NO centers and the two rate constants
k32 for the S3YD-NO f S2YD-NOox reaction andk21 for the
S2YD-NO f S1YD-NOox reaction were varied (for details,
see the Supporting Information). The fit quality of this fit
(NO4) is worse by a factor of 2 compared to fits NO2 and
NO3. Therefore, fits NO2-NO4 show that YD-NO formation
alone is unable to fully explain the observed shifts in Figure
3d.

As additional “unknown” donors, S states below the level
of the S-2 state may be considered. Recent studies using
hydrazine or hydroxylamine as the reductant have provided
clear evidence that reduced PSII samples can attain a fairly
stable S-3 state (27). In addition, first indications for the S-4

and S-5 states have been presented (28). The S-5 state would
represent the lowest possible oxidation state of the OEC [i.e.,
Mn(II 4)] if (i) the oxidation states of the S1 state are
Mn4(III, III, IV, IV) as commonly assumed (1-3, 19; see,
however, ref33) and (ii) only Mn-centered reductions take
place. Although at present no EPR-based evidence exists that
states below the S-2 state can be generated by NO• treatment
at -30 °C, we are not aware of any principle reasons why
NO• should not be able to act in a manner similar to that of

Table 2: Fits of Oxygen Oscillation Patterns Shown in Figure 3a

unknown donors

fit
S2

(%)
S1

(%)
S0

(%)
S-1

(%)
S-2

(%)
S-3

(%)
“S-4”
(%)

“S-5”
(%)

YD-NO
(%)

RYD-NO

(%)
k21

(s-1)
k32

(s-1)
R

(%)
â

(%) d fq (×10-6)

C1 - 100b - - - - - - - - - - 11.3 7.1 99.9 19
C2 7.2 77.8 9.2 5.8 - - - - - - - - 8.7 4.9 99.0 1.7
C3 7.4 75.0 9.5 5.7 0.0 0.0 0.0 2.4 - - - - 8.4 4.7 98.7 3

NO1 - 7.5 12.7 5.4 74.4 - - - - - - - 8.7b 4.9b 100b 248
NO2 - 1.0 0.2 15.3 83.6 - - - - - - - 18.1 4.9b 100b 34
NO3 - 0.4 0.0 26.0 73.7 - - - 87 76 - - 8.7b 4.9b 99.7 36
NO4 - 0.0 6.7 23.0 70.3 - - - 53 - 14 14 8.7b 4.9b 100 68
NO5 - 1.1 0.0 8.1 49.7 19.7 20.2 1.2 - - - - 8.7b 4.9b 99.2 8

a The extended Kok model described in Materials and Methods and the extensions outlined in the text and in the Supporting Information were
used to fit the oxygen oscillation patterns of dark-adaptedS. elongatuscontrol thylakoids (fits C1-C3 and Figure 3c) and NO•-reduced thylakoids
(fits NO1-NO5 and Figure 3d) under different conditions (see the text). The parameters are as follows: S2-S-5, normalized S state populations
of the OEC [currently only preliminary evidence for the S-4 and S-5 states exists (28)]; YD-NO, nitrosotyrosine D which may act as an additional
donor to P680+ or the S2 and S3 states;RYD-NO, miss factor for proposed P680+ reduction by YD-NO; k21 and k32, rate constants for possible
reductions of the S2 and S3 states, respectively, by YD-NO (in fit NO4, only the lower limit is given);R, miss probability;â, double-hit probability;
d, damping parameter; and fq, fit quality (see Materials and Methods). The first 16 flash-induced oxygen yields of each oscillation pattern have
been analyzed.b Parameters fixed to the value given in the table.-, parameters excluded from fit.
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other reductants and form small fractions of states below
S-2. In fact, the case of di-Mn-catalase fromThermus
thermophilusshows that NO• can reduce Mn ions down to
the Mn(II)Mn(II) level (50). This possibility has been
analyzed in fit NO5, in which the S1-S-5 state populations
were varied, but the miss and double-hit probabilities were
fixed to the control values. This fit approach gave an
excellent fit quality, which is comparable to that of fit C2
of the control.

Although EPR measurements on similar samples show no
indications for residual NO• after our NO• removal procedure,
we cannot fully exclude the possibility that a small fraction
of NO• is bound to the OEC in an EPR silent form.
Accordingly, at present the possibility that the unknown
donors in Table 2 may also represent bound NO•-donating
electrons during the flash train cannot be excluded. In
contrast, a direct contribution of NO• or its possible photo-
induced derivatives to the polarographic signals can be ruled
out on the basis of the absence of any flash-induced signals
during the first three flashes in Figure 3d.

It is intriguing that the S-2 EPR signal is only observed
when the NO• reduction is performed at approximately-30
°C. Furthermore, when a sample displaying the S-2 EPR
multiline signal is warmed to 0°C and is then quickly frozen
to liquid nitrogen temperatures without a short incubation
at -30 °C, then the S-2 EPR multiline signal is lost (24).
To test whether the incubation of the OEC with NO• at ice
temperatures nevertheless also leads to the formation of the
S-2 state and to learn more about the reduction mechanism,
we incubatedS. elongatusthylakoids with NO• for various
times on ice. Then the NO• was removed, and flash-induced
oxygen evolution patterns were measured. The data in Figure
4 reveal that also at ice temperatures a reduction of the Mn4

cluster in one-electron steps of the type S1 f S0 f S-1 f
S-2 (fS-3) takes place. This can be seen by the stepwise
shift of the first maximum of oxygen evolution from the third
through the fourth and fifth flashes to the sixth flash.
Interestingly, although the magnitude of the fourth flash
undoubtedly increases transiently at short incubation times
(Figure 4a), no circumstances were found where it was
clearly the maximum. This indicates that, like the reduction
of the OEC with hydroxylamine (48), the S0 state reacts
slightly faster with NO• than the S1 state (see also ref26).

DISCUSSION

Flash-Induced Oxygen EVolution.A qualitative inspection
of the flash-induced oxygen evolution patterns obtained in
this study reveals that the OEC is reduced by NO• at -30
°C (Figure 3a,b) to states below S0. The occurrence of the
first maximum of oxygen evolution in the sixth flash suggests
that most centers are in the S-2 state. In the case of spinach
PSII membranes, the measurement of flash-induced oxygen
yields could be performed on a sample that was first
measured by EPR and displayed an intense NO•-induced
multiline signal. These results confirm therefore the earlier
assignment of the NO•-induced multiline signal from spinach
samples to the S-2 state (30).

Because no exogenous electron acceptors can be used in
our polarographic measurements, such a direct comparison
between EPR and polarographic measurements proved to be
impossible for the case of PSIIcc fromS. elongatus.
However, the new NO•-induced EPR signal in theseS.
elongatussamples can also be assigned to the S-2 state on
the basis of (i) the great similarity of the S-2 EPR spectrum
of the spinach sample (Figures 1 and 2; see below) and (ii)
the shift of the first maximum to the sixth flash in flash-
induced oxygen yield patterns obtained fromS. elongatus
thylakoids after NO• incubation under similar conditions
(Figure 3d).

The large plastoquinone pool of thylakoids allows a
detailed analysis of the NO-induced flash patterns within
extended Kok models (see Table 2). Since many different
effects may contribute to the observed shifts of the flash-
induced oxygen yields to higher flash numbers, different fit
approaches have been applied. These consider effects such
as (i) a direct electron donation from YD-NO to P680+, (ii)
electron donation from YD-NO to the S2 and S3 states, and
(iii) the population of S states below the level of the S-2

state. With the current data, it is impossible to decide which
of the fits (NO3, NO4, or NO5) is closest to reality. Probably
all three effects contribute to the observed patterns. Never-
theless, the fits clearly show that 50-75% of the PSII centers
are in the S-2 state after NO incubation at-30 °C overnight.
This demonstrates that NO• can also convert the OEC ofS.
elongatus into the S-2 state and supports thereby the
assignment of the new EPR signal to this state. However,
clearly a mixture of states is present in our samples with
additional contributions from the S-1 state and, possibly, also
from states below S-2. Further studies are required to support
the latter result.

EPR. Like the S2 state of the “normal” Kok cycle, the
reduced S-2 state gives rise to a strong EPR signal which
provides valuable information about the electronic structure
of the manganese cluster. The conditions for obtaining the
S-2 EPR multiline signal are more critical than those required
to observe the S2 state EPR multiline signal. Incubation
temperatures different from-30 °C (under our conditions
approximately(5 °C), the use of different cryoprotectants
(vide supra), and the addition of alcohols (24, 26, 30) all
prevent the observation of this signal, although in many cases
the formation of the S-2 state takes place as deduced from
flash-induced oxygen yield measurements (ref30 and this
study). For example, reduction at 0°C (Figure 4) does not
lead to the EPR “active” S-2 state (data not shown). The
reasons for this specific temperature dependence of the

FIGURE 4: Flash-induced oxygen evolution patterns ofS. elongatus
thylakoids at 20°C and pH 6.5 after incubation of PSII samples
with NO• on ice for various times: (a) 20 min, (b) 1 h, and (c) 4
h. The flash frequency was 2 Hz. NO• was removed before the
polarographic measurements. No exogenous electron donors were
added.
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magnetic properties of the Mn4 cluster are not yet under-
stood.

The fact that the delicate S-2 state EPR signal can be
generated inS. elongatusunder virtually identical conditions
as in spinach samples provides further evidence for the
overall similarity of the OEC in plants and cyanobacteria
(17, 37-40). The small but reproducible differences observed
in the hyperfine structure between the S-2 EPR multiline
signal from spinach andS. elongatusPSIIcc are, however,
indicative of minor structural differences in the coordination
geometry and/or the ligands of the Mn4 clusters.

Although the OEC contains four Mn ions, spectral
simulations of the S-2 state EPR multiline signal from
spinach PSII membranes showed that this signal can be
ascribed to a magnetically isolated Mn2(II, III) dimer (25).
This result for the S-2 state may be rationalized within an
Mn4 cluster by a magnetic coupling of the four Mn ions to
the limit of two uncoupled dimers (33). The reasons why
the four Mn ions do not interact magnetically in a similar
way as for example in the S2 state, where a coupling between
all four Mn ions is assumed (for a review, see ref34), are
not understood. Protonation and loss ofµ-oxo bridges during
the reduction of the Mn4 cluster are possible explanations
(see also refs25 and51).

To better understand how incubation at-30 °C leads to
a magnetic isolation of the NO•-induced Mn2(II, III) dimer
within the tetranuclear OEC, it would be very helpful to
identify the two of the four Mn ions that give rise to the
observed EPR multiline signal. On the basis of the overall
spectral similarity, it can be concluded that the same
Mn2(II, III) dimer gives rise to the S-2 EPR multiline signal
in both spinach andS. elongatussamples. In the following,
we can therefore combine structural information obtained
by EXAFS and EPR spectroscopy with spinach PSII and
those gathered from crystallography onS. elongatussamples.

Interestingly, the simulation parameters of the S-2 EPR
multiline signals are very similar to those of the EPR signal
of dimanganese catalase in the Mn2(II, III) form ( 25, 52).
This may indicate a structural resemblance of the active
center of Mn catalase in redox state Mn2(II, III) and the
dimeric building block of the OEC that gives rise to the S-2

EPR signal. The crystal structure of Mn catalase inT.
thermophilusshows that the Mn-Mn distances are 3.18 Å
in the Mn2(II, II) form and 3.14 Å in the Mn2(III, III) form
and that in the fully reduced form the two Mn ions are
bridged by one hydroxide, one water, and one carboxylate
(53). This bridging motif of the Mn2(II, II) dimer is similar
to suggested bridging ligands of the 3.3 Å Mn-Mn distance
in the OEC (3).

Additional information about the two Mn ions of the Mn4

cluster that give rise to the S-2 EPR multiline signal comes
from the orientation dependence of this signal. A study with
partially oriented spinach samples suggested that the Mn-
(µ-oxo)-Mn plane makes an angle of∼20 with the
membrane plane (51). This can be compared to Mn-Mn
vectors determined by EXAFS spectroscopy. On the basis
of new data for the Mn-Ca(Sr) vector (54), the orientation
dependence of the 3.3 Å peak in Mn EXAFS could be
deconvoluted into the Mn-Ca and Mn-Mn vectors at 3.4
and 3.3 Å, respectively (36). This deconvolution results in
an angle of∼28° for the 3.3 Å Mn-Mn vector relative to
the membrane plane. On the basis of these results, we

propose that the Mn2(II, III) dimer of the S-2 state might be
assigned to the two Mn ions which form the 3.3 Å vector
determined by EXAFS spectroscopy of PSII in the physi-
ological S states.

From the 3.8 Å PSII crystal structure (31), the four shortest
Mn-Mn vectors can be estimated to lie approximately 0,
25, 25, and 60° off the membrane plane. At 3.8 Å resolution,
it is impossible to discern exact Mn-Mn distances from the
X-ray structure, but the four distances are all around 3 Å.
Therefore, they probably correspond to the three 2.7 Å Mn-
Mn distances and the one 3.3 Å Mn-Mn distance deduced
from EXAFS spectroscopy in the S0 state (55). The crystal-
lographic data show that there are two Mn-Mn vectors in
the OEC with an angle similar to that determined by EPR
for the Mn-Mn pair giving rise to the S-2 state multiline
signal and to that obtained from EXAFS for the 3.3 Å
Mn-Mn vector. Therefore, a definitive assignment of the
3.3 Å Mn-Mn vector and, thereby, a possible identification
of the two Mn ions forming the S-2 multiline cannot be
achieved at present. Alternatively, as suggested previously
(51), the one 2.7 Å Mn-Mn distance of the OEC that has
an appropriate angle for the S-2 state EPR signal might
become elongated to∼3.0-3.3 Å during the reduction
process. A further discussion has to await a higher-resolution
crystal structure of PSII, EXAFS studies of the S-2 state,
and detailed EPR studies on synthetic Mn2(II, III) complexes
with different bridging motifs.

In conclusion, we were able to show that the S-2 state
EPR signal can be generated in cyanobacteria in a manner
similar to that in plants. Its signal magnitude and simple
hyperfine structure make it ideal for a comparison between
different oxygen-evolving species and may allow the ap-
plication of advanced EPR techniques in the future.
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SUPPORTING INFORMATION AVAILABLE

Extensions to the Kok model to account for a possible
direct electron donation from YD-NO to P680+ or the S2
and S3 states. This material is available free of charge via
the Internet at http://pubs.acs.org.
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