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ABSTRACT: Hydroxylamine and hydroquinone were used to probe the oxidation states of Mn in the oxygen-
evolving complex of dark-adapted intact (hydroxylamine) and salt-washed (hydroquinone) photosystem
II. These preparations were incubated in the dark for 24 h in the presence of increasing reductant/
photosystem II ratios, and the loss of oxygen evolution activity and of Mn(II) was determined for each
incubation mixture. Monte Carlo simulations of these data yielded models that provide insight into the
structure, reactivity, and oxidation states of the manganese in the oxygen-evolving complex. Specifically,
the data support oxidation states of Mn(III)2/Mn(IV)2 for the dark stable S1 state of the O2-evolving complex.
Activity and Mn(II) loss data were best modeled by assuming an S1 f S-1 conversion of intermediate
probability, a S-1 f S-3 reaction of high probability, and subsequent step(s) of low probability. This
model predicts that photosystem II Mn clusters that have undergone an initial reduction step become
more reactive toward a second reduction, followed by a slower third reduction step. Analysis of the Mn-
(II) release parameters used to model the data suggests that the photosystem II manganese cluster consists
of three Mn atoms that exhibit a facile reactivity with both reductants, and a single Mn that is reducible
but sterically trapped at or near its binding site. Activity assays indicate that intact photosystem II centers
reduced to S-1 can evolve oxygen upon illumination, but that these centers are inactive in preparations
depleted of the extrinsic 23 and 17 kDa polypeptides. Finally, it was found that a substantial population
of the tyrosine D radical is reduced by hydroxylamine, but a smaller population reacts with hydroquinone
over the course of a 24 h exposure to the reductant.

Photosystem II (PSII), a membrane-bound pigment-
protein complex, uses light energy to catalyze water oxidation
(1, 2): 2H2O f 4 H+ + 4e- + O2

Photons absorbed by PSII initiate a series of redox
reactions that culminate in the sequential oxidation of the
oxygen-evolving complex (OEC).1 The OEC consists, in part,
of a cluster of inorganic ions (4Mn, Ca2+, and Cl-) that cycle
through 5 oxidation states, as described by the Kok model
(3, 4):

Once the S4 state is reached, O2 is released and the cluster
is reduced to the S0 state. It is generally agreed that one
oxidizing equivalent separates the S0/S1 and the S1/S2 states
(2), and that these S-state transitions consist of oxidations
of the Mn atoms in the cluster. However, generation of S3

has been postulated to occur by oxidation either of the Mn
cluster, of a substrate ligand, or of a redox-active tyrosine
residue (YZ) (2). Upon long-term (> 30 min) dark incubation,
all PSII centers relax to the S1 state (3, 4).

Calcium and chloride cofactors, as well as YZ, are required
for the redox reactions leading to water oxidation (1, 2).
Binding of these cofactors is regulated by extrinsic 23 and
17 kDa polypeptides (5-7), and perhaps also by intrinsic
polypeptides of the PSII reaction center (8). These polypep-
tides and YZ are also components of the OEC. It is generally
agreed that water binds directly to the Mn atoms and perhaps
Ca2+ in the OEC, but the S-state(s) to which water(s) bind
is still under investigation. In addition to YZ, there is a second
redox active tyrosine (YD) that does not participate in oxygen
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a dark-stable tyrosine radical (Y160 of the PsbD protein) of photosystem
II.
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evolution. It is present as a dark stable radical, YD
•, in a

large percentage of PSII centers, and is detectable by EPR
spectroscopy (9).

Because it is relatively easy to achieve high concentrations
of PSII centers trapped in S1 or S2, there is a large body of
information on these two states of the enzyme. X-ray
absorption near edge structure (XANES) and EPR spec-
troscopies have provided useful information on the probable
oxidation states of the Mn cluster in S1 and S2 (10-17).
Results of XANES experiments on S1 are interpreted to
support an oxidation state composed of Mn(III)2Mn(IV)2 (10,
11). However, an alternate model proposes cluster oxidation
states of Mn(III)4, which would yield an S2 oxidation state
of Mn(III) 3Mn(IV). This predicted oxidation state provides
an excellent basis for modeling the features of the multiline
EPR signal (17) associated with S2. This signal, formed by
illumination of dark-adapted PSII centers at 195 K, is
centered atg ≈ 2.0 and is characterized by multiple lines
(>16) that span ca. 1400-1600 G (12). The multiline signal
has been simulated by assigning the S2 Mn oxidation states
as either Mn(III)3Mn(IV) (13, 14) or Mn(III)Mn(IV) 3 (15,
16). Since a single turnover of the OEC advances the S1

state to S2, only the latter oxidation state model is consistent
with the S1 state XANES results. Additional data would help
to unambiguously assign oxidation states of the Mn cluster
in each step of the Kok cycle, and contribute to a better
understanding of the mechanism of water oxidation.

Reductants such as hydroxylamine (NH2OH) or hydro-
quinone (H2Q) have proved to be useful probes of the
reactivity of the OEC Mn cluster and its oxidation states.
Under conditions of short-term exposure, and at low (µM)
concentrations, NH2OH has been demonstrated to reversibly
reduce the OEC, producing states S0, S-1, and S-3. XANES
experiments have shown that the Mn cluster of PSII centers
incubated with low concentrations of NH2OH has an oxida-
tion state of Mn(III)4 (11), which is consistent with the
existence of a Mn(III)2Mn(IV)2 S1 oxidation state that has
been reduced by two electrons. At high (mM) concentrations,
NH2OH inactivates the enzyme irreversibly, simultaneously
extracting 3-4 Mn(II) from each PSII center (18, 19).
Incubation of thylakoid membranes with low NH2OH
concentrations delays the appearance of O2 by 2 flashes; O2
release occurs on the 5th, rather than the 3rd, flash (20). A
two-step delay in the normal flash-induced proton release
pattern was also detected (21, 22) in experiments on
thylakoid membranes treated with NH2OH. Although NH2-
OH is a one-electron reductant, these results suggest that it
catalyzes a two-electron reduction of the Mn cluster, which
produces the stable S-1 state. A variety of experimental
reports support this conclusion (20-25). Formation of an
S0 state and its associated multiline signal in NH2OH-treated
samples (26, 27) would imply that this state is an intermediate
in the reduction of S1 to S-1 as well as in the oxidation of
S-1 to S1.

In addition to NH2OH, other small molecules such as
hydrazine (N2H4) and NO• have been used to produce high
concentrations of reduced PSII centers in non-native oxida-
tion states (22, 28, 29). Flash-induced oscillatory patterns
of PSII centers treated with NO• or N2H4 exhibit a three or
four flash delay in the onset of O2 evolution, indicating that
S-2 and S-3 states have been formed by these reductants. In

the case of NO•, a multiline EPR spectrum assigned to the
Mn cluster in the S-2 state has been observed. Indirect
evidence from simulations of the flash oscillation patterns
in these studies points to centers reduced as low as S-4 and
S-5. If these assignments are correct and are due solely to
Mn reduction, this would favor a Mn(III)2Mn(IV)2 S1

oxidation state.
The extrinsic 23 and 17 kDa polypeptides must be

extracted in order for the bulkier reductant H2Q to access
and reduce the Mn cluster (30, 31). After reconstitution with
Ca2+, H2Q reduction of these salt-washed PSII centers has
been shown by XANES spectroscopy to yield a Mn cluster
containing a putative S-1 state (Mn(II)2Mn(IV)2) that is
distinct from the S-1 state formed by treatment with NH2-
OH (Mn(III) 4). Furthermore, H2Q-treated salt-washed PSII
centers retained high levels of activity and exhibited a Mn-
(II) six-line EPR signal at 25°C whose intensity cor-
responded to about 50% of the total Mn population (11).
This signal was diminished significantly upon illumination
(30). Both of these experiments suggest that the Mn oxidation
states in S1 are Mn(III)2Mn(IV)2. Taken together, the NH2-
OH and H2Q studies provide insight into the reactivity of
the Mn cluster. For example, the different Mn oxidation states
detected in the S-1 state depended upon the reductant used,
which implies that the two reductants must react at different
sites in the cluster in order to generate the different S-1 states
detected by XANES. Separate sites of reaction with these
reductants is in agreement with the observation that PSII
centers incubated simultaneously for short periods of time
with noninhibitory concentrations of both NH2OH and H2Q
were rapidly inactivated (30), which suggests that the two
reductants react synergistically with the Mn cluster.

No experiments have addressed the stoichiometry of the
reaction between the PSII Mn cluster and exogenous reduc-
tants. In the experiments presented here, end-point titrations
were performed on PSII preparations exposed to stoichio-
metric amounts of NH2OH (intact) and H2Q (salt-washed).
The losses of activity and of Mn(II) were analyzed in order
to determine the number of oxidizing equivalents stored in
the S1 state. This chemical information, in conjunction with
prior EPR and XANES data (11, 15, 32-34), provides strong
evidence for a Mn(III)2Mn(IV)2 oxidation state assignment
of the Mn cluster in S1. In addition, these data also suggest
that reduction of the Mn cluster is most likely to occur by a
mechanism in which centers that have undergone an initial
reduction step are more sensitive to succeeding reduction
reactions. Furthermore, at least some reduced centers are
metastable with respect to Mn ligation; they are able to
photoactivate and evolve O2 upon illumination, but lose Mn-
(II) and activity upon exposure to high Ca2+ concentrations
in the dark.

MATERIALS AND METHODS

Sample Preparation.Isolated PSII was prepared from
market spinach using the method of Berthold et al. (35) with
the modifications described in Ghanotakis et al. (31).
Extraction of the 17 and 23 kDa polypeptides was ac-
complished by incubating PSII membranes for 1 h in 2 M
NaCl at 0°C. Salt-washed samples were washed twice in a
buffer containing 400 mM sucrose, 50 mM MES, and 10
mM NaCl at pH 6.0 (SMN buffer). Mn depleted PSII
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membranes were prepared by incubating salt-washed PSII
membranes in 1 mM NH2OH for 1 h, centrifuging at 12000g
for 20 min, and then washing and resuspending the resulting
pellets twice in SMN. All PSII samples were stored in SMN
(2-3 mg chlorophyll/mL) at-70 °C.

ActiVity Inhibition and O2 EVolution Assays.Samples were
thawed and placed on ice in the dark. If EDTA or Ca2+ was
present during incubation experiments, it was added from a
0.1 M stock solution of the chelator, or from a freshly
prepared 0.1 M Ca(MES)2 solution. Stoichiometric amounts
of NH2OH or H2Q (0.25-12 mol of reductant/mol of PSII,
250 Chl/PSII (31)) were added to 100µL aliquots of the
resulting PSII suspension (1.5-3 mg Chl/ml). The stock
concentrations of reductants were 100µM or 1 mM NH2-
OH/H2SO4 or stock solutions of 100µM or 1 mM H2Q in
ethanol. The reaction mixtures were incubated in the dark
at 4-8 °C for 20-24 h. Results from 48 h incubations gave
essentially the same results as 24 h incubations, indicating
that the reactions were complete after 24 h. After incubation,
aliquots from incubation mixtures were diluted 100-150-
fold into a buffer containing 50 mM MES (pH 6) and 10
mM CaCl2 (MC buffer) and assayed for activity at 25°C
using a Clark-type O2 electrode with 350µM DCBQ as the
electron acceptor. Intact PSII preparations gave an activity
of 600-700 µmol of O2 mg chl-1 h-1; salt-washed mem-
branes assayed in MC buffer had activities of 300-400µmol
of O2 mg chl-1 h-1. The control sample for these experiments
was a sample that was incubated without reductant overnight
under the same conditions. These samples routinely showed
<10% loss in activity (and<10% loss in Mn content, see
below). The fraction of centers inactivated was assumed to
fit the following equation:

where FI is the fraction of centers inactivated,AC is the
activity of a sample incubated overnight in the absence of
reductant, andAR is the activity of a sample incubated
overnight in the presence of reductant. In separate experi-
ments, samples were treated as above, except that, after the
20-24 h incubation, 50 mM Ca2+ (as CaCl2) was added to
displace adventitiously bound Mn(II) (19). These samples
were incubated in the presence of Ca2+ for an additional 30-
60 min before assaying O2 evolution as described above.
Because these incubations were carried out aerobically,
catalase was included in incubation mixtures to determine
whether peroxide formation might occur as a side reaction
during reduction of PSII Mn. Additions of saturating amounts
of bovine liver catalase (Sigma, 1 mg/mL) to incubation
mixtures had no effect on the reductant stoichiometries
reported here, although it should be noted that NH2OH is
an inhibitor of the enzyme (36). At the concentrations of
enzyme and NH2OH used in these controls, we estimate that
catalase activity ranged between 90% and 10% in these
incubation controls, which would be sufficient to remove
small (µM) amounts of H2O2, if it is in fact produced by the
reductants.

Reductant Stability.Purification of the PSII samples used
in these experiments employs EDTA during thylakoid
isolation to sequester trace ions, including transition metals,

which might otherwise give misleading results in the
reductant studies reported here. The long-term stability of
NH2OH in SMN at 4°C was tested by adding NH2OH from
a freshly prepared stock solution of 1 mM NH2OH/H2SO4

to SMN buffer. The final concentrations were 10-20 µM
NH2OH, and the samples were incubated at 4-8 °C for 24
h in darkness. After 24 h, a set of fresh NH2OH standards
was prepared (10-50 µM) from a stock solution of 1 mM
NH2OH/H2SO4 in SMN. Next, p-nitrobenzaldehyde was
added to each sample and they were analyzed as described
by Johnson to determine NH2OH concentrations (37). Using
this analytical method, the samples incubated overnight
showed no loss of NH2OH relative to freshly prepared
samples. The stability of NH2OH upon incubation with PSII
is described in “Results”. The stability of H2Q in SMN at 4
°C was determined by preparing solutions of 15-45µM H2Q
in SMN using an ethanolic stock of 1 mM H2Q. These
samples were incubated at 4°C for up to 5 days in darkness.
After this time, the absorbance spectrum (200-400 nm) of
each sample was taken and compared to the absorbance
spectrum of freshly prepared 36µM H2Q and 36µM H2Q
oxidized with ammonium persulfate (APS). No significant
oxidation of H2Q was detected in the absence of APS.
Furthermore, PSII samples depleted of manganese (1 h
treatment in 1 mM NH2OH, followed by washing to remove
reductant, which leaves the extrinsic polypeptides intact) and
then incubated with 45µM H2Q in darkness for 24 h at 4
°C showed no evidence of H2Q oxidation, which indicates
that apo-PSII prepared by NH2OH-catalyzed Mn2+ extraction
does not oxidize H2Q.

Quantification of Mn Loss from PSII.PSII membranes
(300 µL aliquots) were prepared as described above. After
incubation for 24 h under various conditions, the samples
were centrifuged at 12000g for 20 min. The supernatant was
decanted, and any residual liquid was removed with an
absorbant tissue; special care was taken to remove any traces
of supernatant while maintaining the integrity of the pellet.
The pellets were then resuspended to their original 300µL
volume with 0.6 M HCl. Samples were placed in an aqueous
flat cell, and Mn(II) 6-line EPR signals were measured at
room temperature using a Bruker EMX spectrometer fitted
with a TM cavity operated at X-band. Each sample was
scanned once using the following instrument settings: power,
200 mW; modulation amplitude, 10 Gpp; and modulation
frequency, 100 kHz. The sweep width was 900 G, the time
constant was 10 ms, and center field was set at 3480 G. The
Mn(II) concentration of each sample was determined by
comparing the signal amplitudes to a set of standard Mn(II)
solutions (5-100 µM) in 0.6 M HCl. The fraction of Mn
remaining in a pellet was determined by comparing the
average signal amplitude of a reductant treated sample to a
control sample incubated without reductant. Typically,
samples with no added reductant incubated overnight at 4-8
°C and then acidified showed a less than 10% loss of Mn
relative to a sample that was acidified immediately after
thawing. In separate experiments, 50 mM Ca2+ was added
to reduced samples to release adventitiously bound Mn(II)
as described above, prior to the centrifugation and acidifica-
tion steps.

Measurement of YD• EPR Signals.PSII membranes (300
µL aliquots) were treated with reductants as described above.
After a 24 h incubation period, 1 mM EDTA was added

FI )
AC - AR

AC
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from a 0.1 M EDTA stock solution to suppress Mn(II) six-
line signals. The YD• signal amplitudes were determined at
room temperature as described above, by measuring the peak-
to-baseline signal height of the low field peak at ca. 3475
G. Each signal was scanned 4 times using the following
instrument settings: power, 20 mW; modulation amplitude,
4 Gpp; and modulation frequency, 100 kHz. The sweep width
was 100 G, the time constant was 164 ms, and center field
was 3480 G.

Simulations.The O2 Evolution and Mn extraction data
were simulated using programs written in Mathcad 2001i,
to generate models consistent with the experimental results.
It was assumed that an irreversible reaction between PSII
centers and the reducing agent occurred. The goal in
extracting data from the end-point titrations was to determine
the relative populations of each PSII state that resulted from
the reaction of a particular reductant/PSII ratio. In each case,
a specified number of reductant molecules (either 1 or 2)
were assumed to react with a PSII center starting out in the
S1 state. Therefore, given a single reductant molecule (or
two reductant molecules, in the case of model 3 below) and
an ensemble of PSII centers in a variety of states, PSIIn, the
probability that a PSII center in a particular PSII state, PSIIn,
will react with the reductant molecule is proportional to the
number molecules in the state PSIIn:

Pn is the probability that a state PSIIn will react with
reductant, PSIItot is the total number of PSII centers, andkn

is a weighted factor, specific to the state PSIIn, that takes
into account the likelihood that the state PSIIn will react
relative to other states. This factor, although not a rate
constant, should be largely dependent upon the rate of the
reaction between the reductant and the state PSIIn, and should
reflect the reactivity of each state toward the reductant. For
these simulations,kn was set equal to 1 for the most likely
reaction in the sequence, and equal to fractions of 1 for
reactions that were less likely to occur. Therefore, on the
basis of these assumptions,

wherePn is the probability that a reaction between a PSII
center in a specific state and a reductant molecule will
occur.

On this basis, Monte Carlo simulations were run with the
following initial parameters: 10000 molecules of PSII in the
S1 state, 0 molecules in reduced states, and saturat-
ing amounts of reductant. Each cycle involved the addi-
tion of incremental (1 H2Q or 2 NH2OH) amounts of
reductant, and after the cycle, the number of PSII molecules
in each particular state, the fraction of centers inactivated,
and the fraction Mn bound were stored. Therefore, the
number of PSII centers in each particular state, the fraction
of centers inactivated, and the fraction of Mn bound was
stored for each incremental reductant/PSII ratio. In each
simulation, PSII centers were selected to react randomly.
Each step in the mechanism was assigned a reaction
probability, kn, as defined above, which was a number
between 0 and 1; the reaction step with the greatest
probability was always assigned a value of 1. Once a PSII

center was selected, a random number between 0 and 1 was
assigned to that center. If the random number was less than
the probability assigned to theith step, the PSII center would
be reduced to the next intermediate in the mechanism;
otherwise the center was left undisturbed. For example, the
notationk1 ) 0.1,k2 ) 1, andk3 ) 0.011 is used to indicate
that the probability of step 2 was 9 times more likely than
step 1 and about 90 times more than step 3. For example, in
the case of the reaction sequence S1 f S-1 f S-3 f S-5, a
PSII center in S-1 is 9 times more likely to undergo a
reduction reaction than a center in S1, and 90 times more
likely to react than a center in S-3. If a PSII center was
reduced to the next state in the mechanism, it was assumed
that the assigned number of reductant molecules had been
consumed. Fully reduced centers were excluded from react-
ing with additional reductant molecules. Mn release simula-
tions were calculated in the same manner as described above,
with each PSII center assigned 4 Mn atoms. Release of Mn
atoms was imposed after various reduced states had been
attained.

Although reasonable simulations could be obtained by
assuming different reaction probability parameters for each
individual data set under the same conditions, the same
assumptions were applied to fit data in all experiments that
were carried out under the same conditions in the 24 h
incubations. For example, the same reaction probabilities and
mechanism were used to model the data in Figures 4B, 5B,
and 5D. However, the Mn(II) release and inactivation
constraints, but not reaction probabilities, were, at times,
varied between experiments that did or did not have additions
of 50 mM Ca2+ before assay (Figure 4B, open and closed
symbols, for example). Models for Mn release were cor-
related with the models for activity loss; Mn(II) release was
allowed to occur only in PSII centers that were assumed to
be inactive with respect to O2 evolution.

After data were collected and plotted, a spline was fit
through the simulated data points, using Sigma Plot 2001,
to represent a particular simulation fit line. A large number
of models were tested, and the inhibition mechanisms that
were successfully used to fit the experimental data obtained
in the experiments, or otherwise described in Results, are
shown below:

(In this mechanism, S-3, S-4, S-5, and S-6 are inactive states,
and the S-5 f S-6 step refers to reduction of an unidentified
oxidant.)

Pn ∝ kn[number of PSIIn molecules]/PSIItot

Pn ) kn[number of PSIIn molecules]/PSIItot

Model 1

S198
1H2Q

k1
S-1 (inactive)98

1H2Q

k2

S-3 (inactive)98
1H2Q

k3
S-5 (inactive)

Model 2

YD
•S198

NH2OH

k1
YD

•S098
NH2OH

k2
YD

•S-198
NH2OH

k3

YD
•S-298

NH2OH

k4
YD

•S-398
NH2OH

k5
YD

•S-498
NH2OH

k6

YD
•S-598

NH2OH

k7
YDS-598

NH2OH

k8
YDS-6
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Most of the proposed reduced states (S-1, S-2, S-3, S-4,
S-5) in the above mechanisms have been either demonstrated
or hypothesized to exist (20-22, 28-30). Because NH2OH
reduces YD• (or because YD• can be reduced by the Mn cluster
in some circumstances (9, 28)), some of the states in models
2 and 3 are unlikely to represent reduced derivatives of only
the OEC Mn cluster, and should more appropriately be
viewed in terms of the number of NH2OH molecules
consumed by a PSII center (see Discussion). In model 1,
H2Q molecules react with each PSII center individually; a
total of 3 H2Q molecules react with each PSII center in a
polypeptide-depleted preparation. Reaction of the first H2Q
molecule inhibits the PSII center, but each PSII center
possesses a total of 6 oxidizing equivalents. Model 2 predicts
that 8 NH2OH molecules react with the OEC, but only 4 of
these reductant molecules are required to inactivate each PSII
center, and it was assumed that each NH2OH could react
individually. Model 3 represents a process where two NH2-
OH react cooperatively with the PSII OEC in two-electron
reduction steps. Populations of S-1 centers are capable of
evolving oxygen, centers reduced to S-3 (or further) are
inactive, but some centers (S-3 and S-5) still contain
oxidizing equivalents. In models 2 and 3, reduced intermedi-
ates in at least some PSII centers are capable of evolving
O2 upon illumination. This is in contrast with model 1, in
which all reduced states were assumed to be inactive. As
noted in the reactions, in all cases H2Q was treated as a two-
electron reducing agent, whereas each NH2OH was modeled
as a one-electron reductant, with the exception of the reaction
YD

•S-5 f YDS-5, which is discussed in Results.

RESULTS

The extents of inhibition of O2 evolution and of Mn(II)
release caused by H2Q and NH2OH reduction of PSII
were quantified. For experiments using NH2OH, intact PSII
centers were employed, while salt-washed PSII preparations
were exposed to the larger two-electron reductant H2Q (30,
31, 38). All incubations were carried out in darkness at 4-8
°C for 24 h to allow for complete reaction between a
reductant and the OEC. Figure 1 shows the effects of
increasing concentrations of H2Q on inhibition of O2 evolu-
tion activity in salt-washed PSII centers. Inactivation of the
OEC appears to attain saturation between 2 and 3 mol of
H2Q/mol of PSII. Figure 1A also shows the best simulated
fit to the data points (solid line), which was obtained using
the mechanism described by model 1 (see Materials and
Methods), where the reaction probabilities arek1 ) 0.11,k2

) 1, andk3 ) 0.011 and 3 H2Q molecules react with a PSII
center. Figures 1B and 1C show results from similar
experiments in which 10 mM Ca2+ was added to the salt-
washed PSII membranes to replace Ca2+ lost during extrac-
tion of the extrinsic polypeptides (1B) or where 1 mM EDTA
was added to chelate Mn(II) released from the OEC (1C).

Model 1 was used to fit these data, usingk1 ) 0.22,k2 ) 1,
andk3 ) 0.11 (Figure 1B) andk1 ) 0.011,k2 ) 1, andk3 )
0.011 (Figure 1C). Regardless of the quality of the fits of
the data from these experiments to the model (R2 > 0.94),
loss of O2 evolution in all cases saturates at a reductant

Model 3

YD
•S198

2NH2OH

k1
YD

•S-198
2NH2OH

k2

YD
•S-3 (inactive)98

2NH2OH

k3

YD
•S-5 (inactive)98

2NH2OH

k4
YDS-5 (inactive)

FIGURE 1: Effect of increasing H2Q/PSII ratios on inhibition of
O2 evolution in SWPSII as a result of a 24 h dark incubation at 4
°C. All samples were assayed for O2 evolution activity at the end
of the incubation period, as described in Materials and Methods.
The solid lines in the figures are simulated curves based on model
1 (see Materials and Methods and Table 1 for probability
parameters). The following additions were present during the H2Q
incubation period: (A) none,R2 ) 0.9792; (B) 10 mM Ca2+, R2 )
0.9408; (C) 1 mM EDTA,R2 ) 0.9658.
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concentration in excess of 2 mol of H2Q/mol of PSII, a
finding that suggests that each center reacts with more than
2 mol of the 2-electron reductant. This is most apparent in
the case of PSII centers incubated with reductant and 1 mM
EDTA; in the presence of the chelator, activity inhibition
clearly attained saturation at 3 mol of added reductant. The
results of all of these experiments are summarized in Table
1.

In a second set of reduction titrations with H2Q, 50 mM
CaCl2 was added to each sample after the 24 h incubation
period to displace any loosely bound Mn(II) generated by
the reductant. After incubation periods of 30-60 min, the
samples were assayed, and no additional losses of activity
were observed (data not shown). Because extraction of any
loosely bound Mn(II) by Ca2+ does not affect the residual
activity of these samples, this population of Mn(II) must be
associated with inhibited centers that are incapable of
undergoing photoactivation. Therefore, the products of
reduction of the Mn cluster must be unstable under the long-
term incubation conditions used here.

In addition to characterizing the relationship between loss
of O2 evolution activity and H2Q concentration, Mn(II)
release from salt-washed PSII was also quantified in order
to gain insight into the mechanism of H2Q reduction of OEC
Mn. Salt-washed PSII samples were incubated for 24 h in
darkness in the presence of increasing concentrations of H2Q,
after which 50 mM CaCl2 was added to displace any
adventitiously bound Mn(II). The samples were centrifuged,
the pellets were acidified in 0.6 M HCl, and the Mn(II)
contents of the pellets were determined by EPR, as described
in Materials and Methods. Control samples that were
incubated for 24 h in darkness and subjected to the same
treatment were found to retain 90% of bound Mn relative to
freshly thawed samples (data not shown).

Regardless of the treatment applied to the salt-washed PSII
membranes, Mn release appeared to saturate at more than 2
mol of H2Q/mol of PSII (Figure 2), and markedly so in the
sample reduced in the presence of 1 mM EDTA (Figure 2C).
For these samples, Mn release reached a maximum value at
about 3 H2Q/PSII. Model 1 was used to fit the data in all
three cases, although the assumptions needed to fit the Mn
release data differed for the various experimental conditions.
These are summarized in Table 1; identical reaction prob-
abilities were used to fit the data from all experiments
conducted under the same conditions (Figures 1 and 2). An

interesting outcome of the Mn(II) quantification experiments
is the finding that approximately 25% of the Mn remained
bound in all cases, corresponding to retention by PSII of
about 1 Mn per reaction center. Although this might, in
theory, be a redox inert Mn, the simulations used to model
Mn reduction in these samples indicate that it is more likely
that this remaining Mn is reduced by H2Q, but remains tightly
bound at a site where it is not easily displaced by addition
of 50 mM Ca2+. This is consistent with the goodness of fit
(R2 > 0.92) for the simulations of the Mn release data that
assume that PSII centers react with 3 H2Q molecules. If either
10 mM Ca2+ or 1 mM EDTA was present during reduction
of samples with H2Q, then no additional loss of Mn(II) was
observed upon addition of 50 mM Ca2+ prior to the
centrifugation and acidification steps. In contrast, salt-washed
PSII centers incubated in the absence of either Ca2+ or EDTA
during H2Q reduction retain approximately 50% of the Mn-
(II), or 2 Mn(II)/PSII, if 50 mM Ca2+ is not added to displace
adventitiously bound Mn(II) prior to centrifugation and
acidification of the resulting pellet (Figure 3). A similar
sample incubated in the presence of 4 equiv of H2Q for 24
h and then washed with SMN retains 25-35% of the Mn
(data not shown), indicating that one of the two residual Mn
atoms is adventitiously bound. The data in Figure 3 were fit
(R2 ) 0.8166) using the mechanism in model 1 and the same
probability parameters that were used in Figures 1A and 2A.
Clearly, these samples retained higher amounts of Mn than
can be accounted for by this model. A likely explanation
for the discrepancy is that the samples were not treated with
50 mM Ca2+ to displace heterogeneously bound Mn(II),
which might account for the nonstoichiometric Mn release
observed. A significantly improved fit (R2 ) 0.9141) was
achieved for the data in Figure 3 by assuming noninteger
release of Mn (1 Mn @ S-1, 0.75 Mn @ S-3, data not
shown). The simulations imply that salt-washed PSII centers
that are reduced to the S-1 state by H2Q are unstable over
24 h, lose Mn, and are incapable of evolving O2. Results of
these experiments would imply that individual PSII centers
react with three H2Q molecules and, because H2Q is a two-
electron reductant, this stoichiometry suggests that each OEC
contains six oxidizing equivalents that react with H2Q.

The S1 oxidation states of OEC Mn in intact PSII samples
were probed using NH2OH. Because these preparations
contain the full complement of extrinsic polypeptides and
Ca2+, no experiments were conducted in which the metal

Table 1: Summary of the Probability, Mn Release, and Inactivation Parameters Used To Fit H2Q Data (Figures 1-3)a

preparation
50 mM Ca2+ added

after reductant incubation
reaction

probabilities
Mn

release
inactive
states

SWPSII - k1 ) 0.11,k2 ) 1, 1 Mn @ S-1 S-1, S-3, S-5

k3 ) 0.011 1 Mn @ S-3

SWPSII+ Ca2+ - k1 ) 0.22,k2 ) 1, 2 Mn @ S-1 S-1, S-3, S-5

k3 ) 0.11 1 Mn @ S-3

SWPSII+ EDTA - k1 ) 0.011,k2 ) 1, 2 Mn @ S-1 S-1, S-3, S-5

k3 ) 0.011 1 Mn @ S-3

SWPSII + k1 ) 0.11,k2 ) 1, 2 Mn @ S-1 S-1, S-3, S-5

k3 ) 0.011 1 Mn @ S-3

SWPSII+ Ca2+ + k1 ) 0.22,k2 ) 1, 2 Mn @ S-1 S-1, S-3, S-5

k3 ) 0.11 1 Mn @ S-3

SWPSII+ EDTA + k1 ) 0.011,k2 ) 1, 2 Mn @ S-1 S-1, S-3, S-5

k3 ) 0.011 1 Mn @ S-3

a Reaction 1, S1 98
k1

S-1 98
k2

S-398
k3

S-5 was used to fit the data in all cases. When present during the reductant incubation step, the Ca2+

concentration was 10 mM, and that of EDTA was 1 mM
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was added during reductant incubations. The representative
data shown in Figure 4A illustrate the results that were
obtained without addition of EDTA during the 24 h reductant
incubation. The solid line is a simulation based on model 3
that assumes that centers reduced to S-3 are inactive, and
thatk1 ) 1, k2 ) 1, k3 ) 1, andk4 ) 0.11 (R2 ) 0.9558). In

Figure 4B, the closed symbols show the results for samples
incubated with NH2OH in the presence of 1 mM EDTA.
The solid line is a simulation based on model 3 with inactive
S-3 centers that assumes thatk1 ) 0.33,k2 ) 1, k3 ) 0.33,
andk4 ) 0.33 (R2 ) 0.9928). The effect of exposing these
samples to 50 mM Ca2+ after NH2OH reduction is indicated
by the open symbols, and the dashed line is a simulation,
using model 3, that assumes that S-1 centers are inactive
(R2 ) 0.9870). If 50 mM Ca2+ is omitted prior to assay
(Figures 4A and 4B, closed circles), inactivation of the OEC
attains saturation at approximately 8 mol of reductant/mol
of PSII. This would indicate that PSII contains 8 oxidizing
equivalents that can react with NH2OH, assuming that it acts
as a 1-electron reductant. Samples reduced in the presence
of EDTA and then exposed to 50 mM Ca2+ prior to assay
showed a nearly complete loss of O2 evolving activity at
between 5 and 6 mol of NH2OH/PSII (Figure 4B, open
symbols), a lower reductant/PSII ratio than is obtained when
Ca2+ addition is omitted after equilibration of the sample
with NH2OH (Figure 4B, closed symbols). The best simula-
tion of these data is given by model 3 withk1 ) 0.33,k2 )
1, k3 ) 0.33, andk4 ) 0.33, in which states reduced to S-1

(or lower) were assumed to be inactive. Thus, in the presence
of EDTA, addition of 50 mM Ca2+ just prior to activity
assays causes a shift in the loss of O2 evolution activity to
lower NH2OH concentrations, in contrast to what was
observed with H2Q treated SWPSII. In either the absence or
presence of EDTA, a good fit to the data is obtained with
model 3 (Figures 4A and 4B, solid lines) using the reaction
probabilities shown in Table 2. The simulations of these
experiments indicated that intact PSII samples in S-1, if they
were not further perturbed, were capable of evolving O2, in
contrast to the studies done with salt-washed centers treated
with H2Q.

Figure 5A presents the results of quantifications of Mn
release from the OEC after exposure to NH2OH, carried out
without additions of Ca2+ or EDTA to remove adventitious
Mn(II). The results are in good agreement with the O2

evolution data; model 3, with appropriate parameters, was
used to fit the data (R2 ) 0.9319). As can be seen, Mn release
reached a maximum at 8 mol of NH2OH where about 50%

FIGURE 2: Effect of increasing H2Q/PSII ratios on Mn(II) release
from acidified SWPSII following a 24 h dark incubation with H2Q.
At the end of the incubation period, 50 mM Ca2+ was added to the
samples to release adventitiously bound Mn(II) prior to centrifuga-
tion and acidification of the resulting pellet. The solid line is a
simulation based on model 1, and probability parameters are given
in Table 1. The additions during H2Q incubation were as follows:
(A) none,R2 ) 0.9701; (B) 10 mM Ca2+, R2 ) 0.9618; (C) 1 mM
EDTA, R2 ) 0.9283.

FIGURE 3: Failure to add 50 mM Ca2+ to H2Q-reduced PSII
increases retention of Mn(II). SWPSII samples were incubated with
no additions, and the samples were centrifuged and acidified without
further treatment. The solid line is a simulation using model 1. The
Mn release parameters are given in Table 1,R2 ) 0.8166.
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of the Mn was extracted from the OEC. At least some of
the remaining Mn(II) in this sample is weakly bound. An
experiment in which intact PSII samples were incubated with
10 equiv of NH2OH and then washed with SMN lost
additional Mn (data not shown). Incubation of intact PSII
samples with NH2OH and 1 mM EDTA caused a nearly
complete release of Mn (Figure 5B). In this case, model 3
(using the same parameters as were used for the O2 evolution
data, see Table 2) again gave the best fit of the data in Figure
5B (solid line,R2 ) 0.9770); 3 Mn(II) were assumed to be
released from S-3, and 1 Mn(II) was assumed to be released
from YDS-5.

Release of Mn(II) occurred at lower molar ratios of NH2-
OH when 50 mM Ca2+ was added to samples after long-
term reductant incubation (Figures 5C and 5D). The best
model to explain these results used a simulation based on
model 3 (R2 ) 0.9689 for the fit of data in Figure 5C,R2 )

0.9271 for the fit of data in Figure 5D). In this case, it was
necessary to assume that Mn(II) is released from centers
reduced to S-1, or to lower S states. Because Ca2+ would
displace any loosely bound Mn(II), it is likely that active
reduced states (S-1 in model 3, for example) are metastable;
that is, they can evolve O2 upon illumination but are inhibited
by Mn(II) release upon addition of Ca2+ in the dark. This
hypothesis is consistent with the data shown in Figure 4B
(open symbols, dashed line), where Ca2+ addition after
reductant incubation shifts activity loss to lower NH2OH/
PSII ratios. A summary of these experiments and simulations
may be found in Table 2.

The fit to the data in Figure 5D is unsatisfactory in the
region of 3-5 mol of NH2OH/PSII. A less marked deviation
can be seen in the same NH2OH concentration range of the
O2 evolution data of Figure 4B (open symbols). In these
experiments, the actual Mn(II) and activity losses exceeded
what was reasonably predicted by any of the models tested.
Because high ionic strength coupled with NH2OH reduction
has been shown to remove the 17 kDa and 23 kDa
polypeptides and to destabilize MSP binding (39), a salt-
washed PSII preparation was exposed to NH2OH under the
same conditions as in Figure 5D and assayed for O2 evolution
activity and Mn content. Activity inhibition and Mn(II)
release saturated at 2-3 mol of NH2OH/mol of PSII in these
samples (data not shown). Therefore, the additional loss of
Mn observed in intact PSII preparations may be due to NH2-
OH-induced release of the extrinsic polypeptides and,
therefore, to loss of additional Mn when EDTA is present.

Because maximum Mn(II) release and inhibition of O2

evolution activity appear to occur in most cases at 8 mol of
NH2OH (without Ca2+ addition) in intact PSII preparations,
attempts were made to identify other possible oxidants that
might react with NH2OH. Intact PSII membranes were
incubated in the presence of NH2OH for 24 h at 4°C in
darkness, and the EPR spectrum of the dark stable YD

•

species was monitored. As shown in Figure 6, the YD
• signal

was diminished in intensity by NH2OH, as compared to
control samples; loss of signal saturates at∼8 mol of NH2-
OH/mol of PSII (Figure 6, closed symbols). In addition,
significant reduction of the YD• signal occurs at low NH2-
OH concentrations, which may indicate that this reaction
occurs on the same time scale as the reaction between NH2-
OH and OEC Mn. Therefore, YD• is clearly a source of
additional oxidizing equivalents in PSII under the incubation
conditions used in these experiments. When H2Q was tested
in similar experiments, a diminished loss of YD

• intensity
was observed (Figure 6, open symbols), relative to the result
with NH2OH. If YD

• supplies a single oxidizing equivalent
per PSII center during the reaction with NH2OH, then the
stoichiometries shown in Figures 4 and 5 could be explained
by one of the following conditions:

(1) YD
• and an unassigned species supply two electron

equivalents to the OEC.
(2) YD

• supplies a single oxidizing equivalent to the OEC
in a reaction requiring 2 NH2OH.

Cytochrome b559 is also a potential oxidant in these
experiments, and this introduces a complication that cannot
be controlled. Salt washing and/or Mn loss from PSII shifts
the potential of b559 from high potential to low potential,
and in this form the cytochrome is oxidized (40, 41). Low-
potential b559 is not reduced by H2Q (42) or by NH2OH

FIGURE 4: Effect of increasing NH2OH/PSII ratios on inhibition
of O2 evolution activity. Samples were incubated for 24 h in
darkness. At the end of the incubation period, O2 evolution was
assayed in 10 mM CaCl2 and 50 mM MES (pH 6.0) as described
in Materials and Methods. (A) Samples incubated with no additions,
R2 ) 0.9558. The solid line is a simulation based on model 3 and
assumes that centers in S-3 are inactive. The probability parameters
are given in Table 2. (B) Samples incubated with NH2OH and 1
mM EDTA. At the end of the incubation period samples were
assayed for activity immediately (closed symbols) or after exposure
to 50 mM Ca2+ (open symbols). The simulations are as follows:
solid line, model 3, assuming that S-3 is inactive (see Materials
and Methods and Table 2 for probability parameters),R2 ) 0.9928;
dashed line, model 3 with the same parameters and assuming that
S-1 is inactive,R2 ) 0.9870.
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(data not shown), and is therefore unlikely to be a source of
the additional NH2OH reducing equivalents consumed in
reduction of the OEC.

DISCUSSION

Spectroscopic techniques (CW and pulsed EPR, XANES
spectroscopy) (11, 15, 16, 27, 43, 44) have been the principal

source of data used to estimate the oxidation states of Mn
atoms in the S1 state. These methods utilize the properties
of synthetic Mn compounds of known structure and oxidation
state as a basis of comparison with spectroscopic properties
of the OEC in order to generate models of the PSII Mn
cluster. XANES results are consistent with models in which
the S1 Mn oxidation states are 2 Mn(III) and 2 Mn(IV) (10,

Table 2: Summary of Probability, Mn Release, and Inactivation Parameters Used To Fit NH2OH Data (Figures 4 and 5)a

preparation
50 mM Ca2+ added

after reductant incubation
reaction

probabilities
Mn

release
inactive
states

intact - k1 ) 1, k2 ) 1, 2 Mn @ S-3 S-3, S-5, YDS-5

k3 ) 1, k4 ) 0.11
intact+ EDTA - k1 ) 0.33,k2 ) 1 3 Mn @ S-3 S-3, S-5, YDS-5

k3 ) 0.33,k4 ) 0.33 1 Mn @ YDS-5

intact + k1 ) 1, k2 ) 1, 3 Mn @ S-3 S-3, S-5, YDS-5

k3 ) 1, k4 ) 0.11
intact+ EDTA + k1 ) 0.33,k2 ) 1 1 Mn @ S-1 S-1, S-3, S-5, YDS-5

k3 ) 0.33,k4 ) 0.33 2 Mn @ S-3

1 Mn @ S-5

a Reaction 3, YD
•S1 98

k1
YD

•S-1 98
k2

YD
•S-3 98

k3
YD

•S-5 98
k4

YDS-5 (see Materials and Methods and figure legends) was used to fit the data. When it
was present during the reductant incubation step, the EDTA concentration was 1 mM.

FIGURE 5: (A) Mn(II) release from acidified intact PSII samples incubated with NH2OH for 24 h. The solid line is a simulation based on
model 3 (see Materials and Methods),R2 ) 0.9319. (B) Data from incubation experiments carried out in the presence of 1 mM EDTA. The
solid line is a simulation based on model 3. Probability and Mn release parameters are given in Table 2,R2 ) 0.9770. (C) Same as panel
A, but 50 mM Ca2+ was added to the samples before centrifugation and acidification of the resulting pellet. The solid line is a simulation
based on model 3; see Table 2,R2 ) 0.9689. (D) Same as panel B, but 50 mM Ca2+ was added to the samples before centrifugation and
acidification of the resulting pellet. The solid line is a simulation based on model 3. Probability and Mn release parameters are given in
Table 2,R2 ) 0.9271.
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11). In the case of EPR, there was early agreement that the
S2 multiline signal could be approximated by a similar signal
associated with a di-µ-oxo bridged Mn(III)-Mn(IV) dimer
(45-47). However, the failure of synthetic mixed valence
binuclear Mn clusters possessing these oxidation states to
produce exact matches to the S2 EPR multiline signal and
the observation of a modification by NH3 of the g ) 4.1
form of the S2 EPR signal (appearance of hyperfine structure)
have provided strong support for the proposal that couplings
among all four Mn atoms of the OEC are required to produce
satisfactory simulations of theg ) 2 multiline signal (48,
49). Although results from pulsed EPR and XANES experi-
ments are interpreted as supporting Mn oxidation states of
Mn(III)Mn(IV) 3 in S2 (15, 16, 43), attempts to simulate the
S2 multiline signal have also succeeded using Mn oxidation
states of Mn(III)3Mn(IV)(14).

The experiments reported here are the first to obtain the
reductant stoichiometries for O2 evolution inhibition and
Mn(II) release, and to use these results to estimate Mn
oxidation states in S1. In the case of both H2Q and NH2OH,
and in two different preparations, at least six electrons per
PSII reaction center appear to be necessary to inactivate the
OEC and to produce maximum release of Mn(II) from the
OEC. Control experiments to test the stability of the
reductants indicate that, under the experimental condi-
tions used here, NH2OH and H2Q are both resistant to
autoxidation, or to reactions with other components (buffers,
salts, sucrose) of the solvent system used to suspend PSII.
In addition, experiments that included EDTA to chelate
Mn(II), or trace metal contaminants that might oxidize the
reductants, produced little effect on the overall stoichiom-
etries of NH2OH and H2Q consumption in these long-term
incubations (Figures 2, 4, and 5). Therefore, the primary

cause of reductant oxidation in these experiments is due
predominantly to reduction of the OEC Mn cluster.

In the case of H2Q, the best fits of the data on both Mn-
(II) release and inhibition of O2 evolution activity were
consistently obtained by assuming that SWPSII centers react
with 3 H2Q molecules (model 1 in Materials and Methods,
with appropriate probability modifications given in Table 1).
Addition of 50 mM Ca2+ to remove adventitiously bound
Mn(II) following a long-term incubation step, but prior to
assay, had no effect on activity inhibition, which suggests
that Mn(II) is released from H2Q incubated SWPSII samples
under conditions where the OEC is not completely reduced.
Hydroquinone has been shown to reduce Mn model com-
pounds by two electron reduction mechanisms (50, 51), in
agreement with EPR and XANES results showing that H2Q
reduces PSII centers preincubated with Ca2+ by two electrons
(11, 30), to yield a stable Mn(II)2Mn(IV)2 cluster. If each
H2Q reduces the OEC Mn by 2 equiv, then the stoichiom-
etries of inhibition of O2 evolution and of Mn release indicate
that the Mn cluster in S1 contains more than 4 oxidizing
equivalents. This is consistent with best fits of the data from
all titrations using H2Q, which require that the OEC Mn
cluster contains a total of 6 oxidizing equivalents. A reaction
between H2Q and YD

• was not accounted for in fitting the
data because oxidation of H2Q by other components of PSII
does not appear to be a significant factor in these experi-
ments; the reaction of H2Q with YD

• occurs in at most 25%
of PSII centers in 24 h at 3-4 mol of H2Q/mol of PSII,
when the dark decay of YD• in control SWPSII over the same
time period is accounted for (Figure 6). Thus, H2Q reacts
predominantly with the PSII Mn cluster, and the data from
this reaction provide chemical evidence that the oxidation
state of the OEC Mn cluster in the S1 state is most likely
Mn(III) 2Mn(IV)2.

The reaction probabilities needed to fit the data from the
H2Q experiments provide some insight into the structure and
reactivity of the OEC Mn cluster. Under any of the
experimental conditions used here, the S-1 f S-3 step
(modeled withk2) would fit the data only if it was assigned
the highest reactivity in the mechanism (model 1). In most
cases, the S-3 f S-5 step (modeled withk3) was required to
be the least reactive step, and the S1 f S-1 step (modeled
with k1) was usually between these two extremes. This
suggests that S-1 is more reactive toward H2Q reduction than
either S1 or S-3 and, surprisingly, that S-3 is quite stable
with respect to reduction by H2Q. This, in conjunction with
the modeling of Mn release that predicts a loss of 3 Mn in
S-3 in all cases (Table 1), could indicate that S-3 contains a
single Mn(IV) that reacts slowly with H2Q. Alternatively,
the stability of S-3 predicted by these fits could reflect the
presence of a kinetic impediment; for example, steric factors
may prevent facile access of H2Q molecules to one of the
Mn atoms of the cluster. If the reaction probabilities used to
model the data accurately reflect the mechanism of OEC Mn
reduction, it seems unlikely that the high population of S-1

PSII centers that were previously detected could have been
observed (30). However, those experiments were carried out
in the presence of Ca2+ under conditions (short (30 min)
incubation time, 20 mol of H2Q/mol of PSII) that are very
different from the 24 h incubation periods used here.

The best fits of Mn(II) release and loss of O2 evolu-
tion caused by reduction of the intact OEC with NH2OH,

FIGURE 6: Effect of 24 h dark incubations with NH2OH (closed
symbols, intact PSII) or H2Q (open symbols, SWPSII) on the YD

•

EPR signal amplitude. After 24 h, 1 mM EDTA was added to the
samples to suppress the EPR six-line Mn(II) signal. The signal
amplitude for a control (intact) PSII sample incubated under the
same conditions as the NH2OH sample was 75% of the amplitude
after the sample was illuminated for 1 min under room light. The
control SW PSII sample for H2Q experiments, incubated for 24 h
in darkness, had a signal amplitude that was 60% of the same
sample after 1 min of illumination under room light. The electron
stoichiometry was calculated assuming 1 electron per NH2OH and
2 electrons per H2Q. Spectrometer conditions are given in Materials
and Methods.
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when 50 mM Ca2+ was not added to displace adventitious
Mn(II), were obtained by assuming that 8 NH2OH react with
the OEC. Model 3 in Material and Methods, with modifica-
tions presented in Table 2, yields the best fit of the
experimental data. The reaction of NH2OH with YD

• was
included in the model mechanism because this reac-
tion occurs in at least 70% of PSII centers during 24 h
incubations at NH2OH/PSII ratios greater than 6 (Figure 6).
If Y D

• reduction is included, the overall stoichiometry is
composed of 6 oxidizing equivalents associated with the Mn
cluster, 1 oxidizing equivalent from YD•, and about 1
equivalent from an unknown oxidant. Thus, the activity
inhibitions observed with NH2OH as the reductant are also
consistent with a Mn(III)2Mn(IV)2 cluster in S1.

The mechanism of reduction of the PSII Mn cluster in
two-electron steps, proposed in model 3, although consis-
tent with the results in refs20-25, does appear to contra-
dict results that showed that both one and two flash de-
lays in O2 release occur in NH2OH treated intact thylakoid
membranes (52, 53). However, a number of important
differences exist between these studies and those reported
here. The present experiments were conducted entirely on
isolated PSII membranes, in darkness, under incuba-
tion conditions (24 h) that allowed for complete reaction of
NH2OH with the OEC. On the other hand, thylakoids that
were incubated for short periods (<20 min) with NH2OH
and subsequently flashed yielded one-electron reduced states,
some of which were transient in nature (52). Because one-
electron reduced intermediates can form, model 2, rather than
model 3, might better represent the mechanism of NH2OH
induced reduction of the PSII OEC. In fact, model 2 can be
used to simulate the data of Figures 4 and 5 (data not shown).
These simulations consistently required pairs of 1 electron
steps in the mechanism with alternating low and high reaction
probabilities, rather than single 2-electron steps as in model
3 (for example,k1 ) 0.03,k2 ) 0.33,k3 ) 0.1,k4 ) 1, k5 )
0.033,k6 ) 0.33,k7 ) 0.033,k8 ) 0.33 and S-3 inactive for
Figure 4B, closed symbols;k1 ) 0.1,k2 ) 1, k3 ) 0.1,k4 )
1, k5 ) 0.1,k6 ) 0.1,k7 ) 0.1,k8 ) 1 and S-3 inactive for
Figure 5B, closed symbols). Inspection of model 2 using
these parameters reveals that odd-electron reduced popula-
tions in model 2 would be very low. Furthermore, the
reduction of YD

• observed to occur at low molar ratios of
NH2OH/PSII may be caused by YD

• oxidation of the Mn
cluster. Therefore, the presence of intermediate, one-electron
reduced states previously observed in flash experiments may
be a function of reoxidation of the Mn cluster by YD

• after
NH2OH exposure, or may be due to oxidation of NH2OH
rather than Mn by YZ•. Because of these uncertainties, data
were analyzed using model 3 rather than model 2 for
simplicity of presentation, and because the simulations of
model 2 lead to the same conclusions. Consequently, the
simulations of inhibition and Mn(II) release data support a
mechanism for NH2OH inactivation of the OEC that creates
high populations of centers in S-1 and that is consistent with
earlier proposals (20-25). Although NH2OH is a one-
electron reducing agent, it is difficult to envision reactions
in which it is oxidized by 1 electron. Several NH2OH
oxidation reactions are shown below (54):

None of these reactions can provide a satisfactory explana-
tion for the reduction of S1 to S0 (26, 27); it is possible that
a single NH2OH could bind to an Mn and undergo oxidation
and deprotonation to form an intermediate Mnreduced-•ONH2

species. However, if two NH2O• are bound to adjacent Mn
in the same PSII OEC, N2 and 2 H2O would probably be
released in a reaction equivalent to reactions I. Either reaction
IV above or a trapped Mnreduced-•ONH2 intermediate could
account for the S0 multiline signal in PSII samples treated
with NH2OH, whereas oxidation mechanism I is much more
likely in long-term incubations and occurs in a large
percentage of centers according to the simulations reported
here.

Since a number of experiments have shown that NH2OH
at low concentrations can form an S-1 state (20-25, 52, 53),
it is possible that other reactions (II, for example) might be
involved in the formation of this state; reaction II has, in
fact, been implicated in the reaction between NH2OH and a
binuclear Mn(IV) model compound (55). However, if reac-
tion II were the sole mechanism for reduction of S1 OEC
Mn, then the Mn cluster would have to contain a total of 12
to 16 oxidizing equivalents to account for the number of
NH2OH required to inactivate the OEC and produce release
of Mn(II), which exceeds the stoichiometries that are
obtained from H2Q titrations or that are predicted by any
existing models for the oxidation state of the Mn cluster.

The reaction probabilities used to fit data from the NH2-
OH experiments (Table 2) also suggest the presence of a
slower reaction in highly reduced S states. Because NH2OH
is much smaller than H2Q, steric factors should have less of
an effect on access of NH2OH to a Mn(III) or Mn(IV), and
this is reflected in the relative probability parameters (k2 )
1, k4 ) 0.33-0.1 for NH2OH; k2 ) 1, k3 ) 0.1-0.011 for
H2Q). The probability parameters used to fit the data
collected in the presence of EDTA suggest that the S-1 f
S-3 transition is somewhat faster than the other steps, which
is a further indication that S-1 is more reactive to reduction
by NH2OH than are the other S states. When combined with
the parameters used to fit the H2Q data, these results support
a model for OEC Mn in which 3 atoms of the metal are
readily accessed and reduced to form an S-3 state, but facile
reduction of the remaining Mn is slow, perhaps because of
steric factors.

(I) 2NH2OH f N2 + 2H2O + 2H+ + 2e-

1e- per NH2OH

(II) 2NH2OH f N2O + H2O + 4H+ + 4e-

2e- per NH2OH

(III) NH 2OH f NO + 3H+ + 3e-

3e- per NH2OH

(IV) 2NH2OH f NO• + NH3 + H2O + H+ + e-

0.5e- per NH2OH,

or 1e- per NH2OH

if NO• is a donor
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The results of these reductive titrations of the OEC are
consistent with reversible inhibition of O2 evolution in the
intact OEC at low reductant concentrations, and irreversible
activity inhibition at high concentrations. Inhibition is
complete and irreversible if the molar ratio of NH2OH/PSII
is sufficiently high (>8:1) to reduce all OEC Mn to Mn(II),
and YD

• to YD. At low concentrations and short incubation
times, reduction of the OEC Mn to 4 Mn(II) would proceed
slowly, allowing the formation of the intermediate, meta-
stable reduced states that can be oxidized by exposure of
PSII to illumination (20-25). At high NH2OH concentra-
tions, the reduction of each cluster would be more rapid,
causing a concurrent loss of Mn(II) and O2 evolution activity
by the enzyme. Because YD

• participates in the reactions
between NH2OH and PSII, the models proposed for reduction
of the OEC do not represent the actual populations of reduced
Mn in the samples; for example, the third reductive event in
model 1 may represent reduction of YD

• and not reduction
of the Mn cluster. Furthermore, YD

• may oxidize the partially
reduced Mn cluster (especially on the time scale of a 24 h
incubation) so it is more appropriate to view the simulations
in the context of NH2OH molecules, rather than electrons,
consumed by a PSII center. In the case of H2Q, on the other
hand, the simulations probably represent the actual reduced
Mn atoms present in these samples.

In contrast to the H2Q data, only NH2OH-treated PSII
centers incubated with 1 mM EDTA and subjected to
addition of 50 mM Ca2+ after the 24 h dark incubation could
be adequately modeled if it was assumed that Mn release
(Figure 5D) and activity inhibition (Figure 4B, open symbols)
occurred in S-1. Addition of high concentrations of Ca2+

can displace Mn(II) from native binding sites to cause an
inhibition of O2 evolution activity. In contrast to these results,
modeling of data from NH2OH-treated PSII centers incubated
in the absence of EDTA did not require an assumption of
inactive S-1 centers (Figure 5C, Figure 4B, closed symbols)
to fit the data. These findings indicate that substantial
concentrations of intact PSII centers may exist in a metastable
S-1 state after treatment with NH2OH, and these centers can
photoactivate rapidly to evolve oxygen. On the other hand,
modeling of these data required the assumption that centers
reduced to S-3 were inactive, in contrast to the observation
of O2 formation from this state that was observed in NH2-
NH2-treated intact thylakoid membranes (28). It is likely that
Mn(II) remains trapped in thylakoids where it can be
photoactivated, unlike the case in isolated PSII, where the
OEC is not sequestered in the thylakoid lumen. At the same
time, simulations of these data (Figure 5D and Figure 4B,
open symbols) do not adequately account for the excess loss
of O2 evolution activity and Mn(II) that occurs in the range
of 3-5 mol of NH2OH/mol of PSII. High ionic strength
causes loss of the 17 kDa and 23 kDa polypeptides from
NH2OH treated PSII samples (39), and binding of the
extrinsic 33 kDa manganese stabilizing protein has also been
proposed to be weakened in NH2OH-reduced PSII centers
(39). It is therefore possible that the combined effects of
polypeptide release and exposure of the Mn cluster to
elevated concentrations of Ca2+ are responsible for the
increased losses of activity and Mn(II) that are associated
with these samples. Support for this proposal comes from
the results of experiments in which SWPSII samples were
exposed to the conditions used for an intact PSII sample in

Figure 5C. Maximum inhibition of O2 evolution and com-
plete release of Mn(II) occurred in these samples at 2-3
mol of NH2OH/mol of PSII (data not shown), which would
also be consistent with the proposal that the extrinsic 17 and
23 kDa polypeptides stabilize the Mn cluster in PSII centers
undergoing photoactivation (56, 57).

A comparison of the data on Mn(II) release from PSII
after H2Q and NH2OH treatment reveals an interesting
contrast in the action of the two reductants. In the case of
H2Q, treatments with EDTA or Ca2+ during or after reductant
incubations of SWPSII produce, at most, the release of about
3 Mn(II) per PSII reaction center (Figures 2 and 3). For the
experiments with intact PSII using NH2OH as the reductant,
it is clear from the data in Figure 5 that exposure of these
samples to EDTA or Ca2+ can cause the release of nearly
100% of the Mn from these PSII centers. The major
difference between these reductants, revealed in the data of
Figure 6, is the greater extent of YD

• reduction by NH2OH
during long-term incubations. Redox reactions between YD

•

and the S0 Mn cluster have been demonstrated (9, 58), and
other research has provided evidence for a role of the tyrosine
radical in ligation of Mn(II) during assembly and photoac-
tivation of the Mn cluster (59). It is therefore possible that
that extensive reduction of YD• is responsible for the
additional Mn(II) loss detected in samples reduced by NH2-
OH.

In conclusion, the reductant/PSII stoichiometries reported
here are consistent with proposals that the S1 state of the
PSII Mn cluster contains 6 oxidizing equivalents. This
assignment is consistent with a Mn(III)2Mn(IV)2 oxidation
state, and is in agreement with the oxidation state assignments
obtained from XANES data, and from a number of simula-
tions of the S2 EPR multiline signal. The data also provide
evidence in addition to the results in refs20, 28, and 30
that, in intact PSII, reduced states of the Mn cluster can be
reactivated by illumination to evolve molecular oxygen.
These reduced S states may contain Mn(II) that can be
displaced by Ca2+ at high concentrations of the latter metal
atom, thus eliminating the possibility of reactivation of the
OEC by illumination. Finally, the results presented here
reveal an additional effect of the extrinsic 23 and 17 kDa
polypeptides, which is to promote retention of Mn(II) atoms
that would otherwise dissociate from their binding sites in
the OEC.
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