Biochemistry2005,44, 21292142 2129

Reduction-Induced Inhibition and Mn(ll) Release from the Photosystem I
Oxygen-Evolving Complex by Hydroquinone or MBIH Are Consistent with a
Mn(I1)/Mn(111)/Mn(IV)/Mn(IV) Oxidation State for the Dark-Adapted Enzynie

Thomas Kuntzleman and Charles F. Yocum*

Department of Molecular, Cellular and Delopmental Biology and Department of Chemistry, dénsity of Michigan,
Ann Arbor, Michigan 48109-1048

Receied July 19, 2004; Reésed Manuscript Receéd Naember 24, 2004

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
Il. These preparations were incubated in the dark for 24 h in the presence of increasing reductant/
photosystem Il ratios, and the loss of oxygen evolution activity and of Mn(ll) 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@Mn(IV) for the dark stable Sstate of the @evolving complex.
Activity and Mn(ll) loss data were best modeled by assuming arn-SS-; conversion of intermediate
probability, a S; — S_3 reaction of high probability, and subsequent step(s) of low probability. This
model predicts that photosystem Il 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-
(I release parameters used to model the data suggests that the photosystem Il 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 Il centers
reduced to S; 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 1l (PSIl), a membrane-bound pigment hv. hv. hv  hv
protein complex, uses light energy to catalyze water oxidation TSO >S8R 282 T4
1,2): 2H,0 — 4 H" + 4e + O,

Photons absorbed by PSII initiate a series of redox /\
reactions that culminate in the sequential oxidation of the 0, +4H" 2 H,0
oxygen-evolving complex (OEG)The OEC consists, in part,
of a cluster of inorganic ions (4Mn, €3 and CI') that cycle Once the $state is reached, Qs released and the cluster
through 5 oxidation states, as described by the Kok modelis reduced to the Sstate. It is generally agreed that one
(3, 4): oxidizing equivalent separates thg& and the §S; states
(2), and that these S-state transitions consist of oxidations
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quinone; EDTA, ethylenediamine tetraacetic acidthydroquinone; i — intrinsi
MES, 2-(\N-morpholino)ethanesulfonic acid; OEC,@©volving com- 17 kDa polypeptldeSE( 7, aqd perhaps also by intrinsic
plex; PS, photosystem; MC, buffer composed of 50 mM MES (pH 6) polypeptides of the PSII reaction cent8).(These polypep-

and 10 mM CaGt SMN, buffer composed of sucrose (0.4 M), MES  tides and ¥ are also components of the OEC. Itis generally
(50 mM, pH 6), 10 mM NaCl); SWPSII, photosystem Il preparation agreed that water binds directly to the Mn atoms and perhaps

treated wih 2 M NaCl to extract C& and the 23 and 17 kDa extrinsic + - i ;
polypeptides; XANES, X-ray absorption near edge spectroscogy, Y Ca&" in the OEC, but the S-state(s) to which water(s) bind

a dark-stable tyrosine radical (Y160 of the PsbD protein) of photosystem iS Still under investigation. In addition tozYthere is a second
Il. redox active tyrosine () that does not participate in oxygen
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evolution. It is present as a dark stable radicad;, Yn a the case of N©Q a multiline EPR spectrum assigned to the
large percentage of PSIl centers, and is detectable by EPRMn cluster in the S, state has been observed. Indirect
spectroscopy9). evidence from simulations of the flash oscillation patterns

Because it is relatively easy to achieve high concentrationsin these studies points to centers reduced as lowaargi
of PSII centers trapped i ®r S, there is a large body of S If thes_e assignments are correct and are due solely to
information on these two states of the enzyme. X-ray Mn reduction, this would favor a Mn(IBMn(IV)2 S
absorption near edge structure (XANES) and EPR spec-©Xidation state.
troscopies have provided useful information on the probable The extrinsic 23 and 17 kDa polypeptides must be

oxidation states of the Mn cluster i, @nd S (10-17). extracted in order for the bulkier reductani(ito access
Results of XANES experiments on @re interpreted to  and reduce the Mn cluste@, 31). After reconstitution with
support an oxidation state composed of MngMn(1V), (10, Ca&", H,Q reduction of these salt-washed PSII centers has

11). However, an alternate model proposes cluster oxidation been shown by XANES spectroscopy to yield a Mn cluster
states of Mn(lll), which would yield an $oxidation state ~ containing a putative .§ state (Mn(lI}Mn(1V),) that is

of Mn(l1l) sMn(IV). This predicted oxidation state provides distinct from the S, state formed by treatment with NH

an excellent basis for modeling the features of the multiline OH (Mn(lll) 4). Furthermore, EQ-treated salt-washed PSII
EPR signal 17) associated with S This signal, formed by centers retained high levels of activity and exhibited a Mn-
illumination of dark-adapted PSII centers at 195 K, is (Il) six-line EPR signal at 25°C whose intensity cor-
centered af ~ 2.0 and is characterized by multiple lines responded to about 50% of the total Mn populatidd)(
(>16) that span ca. 14601600 G (12). The multiline signal This signal was diminished significantly upon illumination
has been simulated by assigning theM oxidation states  (30). Both of these experiments suggest that the Mn oxidation
as either Mn(lI3Mn(1V) (13, 14) or Mn(IIMN(IV) 5 (15, states in $are Mn(lll):Mn(IV).. Taken together, the N

16). Since a single turnover of the OEC advances the S OH and HQ studies provide insight into the reactivity of
state to § only the latter oxidation state model is consistent the Mn cluster. For example, the different Mn oxidation states
with the S state XANES results. Additional data would help detected in the § state depended upon the reductant used,
to unambiguous|y assign oxidation states of the Mn cluster which |mp||es that the two reductants must react at different
in each step of the Kok cycle, and contribute to a better Sites in the cluster in order to generate the differentsates
understanding of the mechanism of water oxidation. 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 NBH and HQ

Reductants such as hydroxylamine (}HH) or hydro-
quinone (HQ) have proved to be useful probes of the
reactivity of the OEC Mn cluster and its oxidation states. e . .
Under c>c/)nditions of short-term exposure, and at lgvY) were rapidly |nact|vated3(0_), Wh'Ch. suggests that the two
concentrations, NFOH has been demonstrated to reversibly reductants react synergistically with the Mh c!uster.
reduce the OEC, producing states S.1, and Sz. XANES No experiments have addressed the stoichiometry of the
experiments have shown that the Mn cluster of PSII centers€action between the PSII Mn cluster and exogenous reduc-
incubated with low concentrations of NEIH has an oxida-  tants. In the experiments presented here, end-point titrations
tion state of Mn(lll) (11), which is consistent with the =~ Were performed on PSII p'reparatlons exposed to stoichio-
existence of a Mn(IIBMNn(IV)» S, oxidation state that has ~ Metric amounts of NbOH (intact) and HQ (salt-washed).
been reduced by two electrons. At high (mM) concentrations, The losses of activity and of Mn(ll) were analyzed in order

NH,OH inactivates the enzyme irreversibly, simultaneously 0 determine the number of oxidizing equivalents stored in
extracting 3-4 Mn(ll) from each PSII center1g, 19). the S state. This chemical information, in conjunction with

Incubation of thylakoid membranes with low NEH prior EPR and XANES datdl(, 15, 32-34), provides strong
concentrations delays the appearance b2 flashes; @ evidence for a Mn(IIIQMn(IV)_z _OX|dat|on state assignment
release occurs on the 5th, rather than the 3rd, flagh & of the Mn gluster ing In addltlon, these _data also suggest
two-step delay in the normal flash-induced proton release that reduction of the Mn cluster is most likely to occur by a
pattern was also detecte®l{ 22) in experiments on mecha}msm in which centers thqt have undergpne an |n|§|al
thylakoid membranes treated with MBH. Although NH- redugtlon step are more sensitive to succeeding reduction
OH is a one-electron reductant, these results suggest that it€actions. Furthermore, at least some reduced centers are
catalyzes a two-electron reduction of the Mn cluster, which Metastable with respect to Mn ligation; they are able to
produces the stable_§ state. A variety of experimental ~Photoactivate and evolve @pon illumination, but lose Mn-
reports support this conclusio2d-25). Formation of an (II) and activity upon exposure to high &aconcentrations

S, state and its associated multiline signal in JTi-treated 1" the dark.

samplesZ6, 27) would imply that this state is an intermediate
in the reduction of §to S_; as well as in the oxidation of

S110 S, Sample Preparationlsolated PSIl was prepared from
In addition to NHOH, other small molecules such as market spinach using the method of Berthold et2#) (vith
hydrazine (NH4) and NO have been used to produce high the modifications described in Ghanotakis et a81)(
concentrations of reduced PSII centers in non-native oxida- Extraction of the 17 and 23 kDa polypeptides was ac-
tion states 22, 28, 29). Flash-induced oscillatory patterns complished by incubating PSIl membranes foh in 2 M
of PSII centers treated with N@r N,H, exhibit a three or NaCl at 0°C. Salt-washed samples were washed twice in a
four flash delay in the onset of &&volution, indicating that ~ buffer containing 400 mM sucrose, 50 mM MES, and 10
S, and S states have been formed by these reductants. InmM NaCl at pH 6.0 (SMN buffer). Mn depleted PSII

MATERIALS AND METHODS
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membranes were prepared by incubating salt-washed PSliwhich might otherwise give misleading results in the
membranes in 1 mM N§DH for 1 h, centrifuging at 120@0 reductant studies reported here. The long-term stability of
for 20 min, and then washing and resuspending the resultingNH,OH in SMN at 4°C was tested by adding NBH from
pellets twice in SMN. All PSII samples were stored in SMN  a freshly prepared stock solution of 1 mM NBH/H,SO,
(2—3 mg chlorophyll/mL) at—70 °C. to SMN buffer. The final concentrations were-120 uM
Actizity Inhibition and Q Evolution AssaysSamples were ~ NH20H, and the samples were incubated &84C for 24
thawed and placed on ice in the dark. If EDTA orCavas h in darkness. After 24 h, a set of fresh MDH standards
present during incubation experiments, it was added from aWas prepared (1850 «M) from a stock solution of 1 mM
0.1 M stock solution of the chelator, or from a freshly NH20H/H;SQ, in SMN. Next, p-nitrobenzaldehyde was
prepared 0.1 M Ca(MES$}olution. Stoichiometric amounts ~@dded to each sample and they were analyzed as described
of NHOH or H,Q (0.25-12 mol of reductant/mol of PSII, by Johnson to determine NBH concentrations37). Using
250 ChI/PSII 81)) were added to 10@L aliquots of the this analytical method, the san_"nples incubated overnight
resulting PSII suspension (13 mg Chl/ml). The stock Showed no loss of NKDH relative to freshly prepared
concentrations of reductants were 1@ or 1 mM NH,- ;ample;. Thg stability of Ny¥OH upon mcubat.lon with PSII
OH/H,S0; or stock solutions of 10aM or 1 mM H,Q in is described m_“ResuIts". Tht_—} stab|l|ty of.B in SMN at 4
ethanol. The reaction mixtures were incubated in the dark ‘C was determined by preparing solutions of #5 1M H>Q
at 4-8 °C for 2024 h. Results from 48 h incubations gave N SMN using an ethanolic stock of 1 mM2g. These
essentially the same results as 24 h incubations, indicatingS@mples were incubated at@ for up to 5 days in darkness.
that the reactions were complete after 24 h. After incubation, After this time, the absorbance spectrum (2@00 nm) of
aliquots from incubation mixtures were diluted $0060- each sample was taken and compared to the absorbance
fold into a buffer containing 50 mM MES (pH 6) and 10 Spectrum of freshly prepared 3/ H,Q and 36uM H2Q
mM CaCh (MC buffer) and assayed for activity at 2& ox!dlz_ed with ammonium persulfgte (APS). No significant
using a Clark-type @electrode with 350:M DCBQ as the oxidation of HQ was detected in the absence of APS.
electron acceptor. Intact PSII preparations gave an activity Furthermore, PSIl samples depleted of manganese (1 h
of 600-700 umol of O, mg chiL h™%; salt-washed mem-  treatmentin 1 mM NHOH, foIIovx_/ed. by washm_g to remove
branes assayed in MC buffer had activities of 3@00xmol reductant, which leaves the extrinsic polypeptides intact) and
of O, mg ch: h™L, The control sample for these experiments then incubated with 4aM H:Q in darkness for 24 h at 4
was a sample that was incubated without reductant overnight’C showed no evidence of-R oxidation, which indicates
under the same conditions. These samples routinely showedhat apo-PSII prepared by NEH-catalyzed Ma" extraction
<10% loss in activity (and<10% loss in Mn content, see ~does not oxidize bQ.
below). The fraction of centers inactivated was assumed to Quantification of Mn Loss from PSIPSII membranes

fit the following equation: (300uL aliquots) were prepared as described above. After
incubation for 24 h under various conditions, the samples
Ac— Aq were centrifuged at 120@0or 20 min. The supernatant was
FF=—1— decanted, and any residual liquid was removed with an
Ac absorbant tissue; special care was taken to remove any traces

] ] ) . . of supernatant while maintaining the integrity of the pellet.
where F is the fraction of centers |naCt|VateAc is the The pe”ets were then resuspended to their Originajllaoo
activity of a sample incubated overnight in the absence of y,glJume with 0.6 M HCI. Samples were placed in an agueous
reductant, andAg is the activity of a sample incubated flat cell, and Mn(ll) 6-line EPR signals were measured at
overnight in the presence of reductant. In separate experi-ropom temperature using a Bruker EMX spectrometer fitted
ments, samples were treated as above, except that, after thgith a TM cavity operated at X-band. Each sample was
20-24 h incubation, 50 mM Cé& (as CaCj) was added to  scanned once using the following instrument settings: power,
displace adventitiously bound Mn(IIL9). These samples 200 mw; modulation amplitude, 10 Gpp; and modulation
were incubated in the presence oPCtor an additional 36- frequency, 100 kHz. The sweep width was 900 G, the time
60 min before assaying Levolution as described above. constant was 10 ms, and center field was set at 3480 G. The
Because these incubations were carried out aerobically,mn(ll) concentration of each sample was determined by
catalase was included in incubation mixtures to determine comparing the signal amplitudes to a set of standard Mn(ll)
whether peroxide formation might occur as a side reaction gqg|ytions (5-100 M) in 0.6 M HCI. The fraction of Mn
during reduction of PSII Mn. Additions of Saturating amounts remaining in a pe”et was determined by Comparing the
of bovine liver catalase (Sigma, 1 mg/mL) to incubation ayverage signal amplitude of a reductant treated sample to a
mixtures had no effect on the reductant stoichiometries control sample incubated without reductant. Typically,
reported here, although it should be noted that:@8H is  samples with no added reductant incubated overnight&t 4
an inhibitor of the enzyme3). At the concentrations of  °C and then acidified showed a less than 10% loss of Mn
enzyme and NBDH used in these controls, we estimate that rejative to a sample that was acidified immediately after
catalase aCtiVity ranged between 90% and 10% in thesethawing_ In Separate experimentS, 50 mwtwas added
incubation controls, which would be sufficient to remove o reduced samples to release adventitiously bound Mn(ll)
small (M) amounts of HO;, if itis in fact produced by the a5 described above, prior to the centrifugation and acidifica-
reductants. tion steps.

Reductant StabilityPurification of the PSIl samples used Measurement of of EPR SignalsPSII membranes (300
in these experiments employs EDTA during thylakoid uL aliquots) were treated with reductants as described above.
isolation to sequester trace ions, including transition metals, After a 24 h incubation period, 1 mM EDTA was added
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from a 0.1 M EDTA stock solution to suppress Mn(ll) six- center was selected, a random number between 0 and 1 was
line signals. The ¥ signal amplitudes were determined at assigned to that center. If the random number was less than
room temperature as described above, by measuring the peakthe probability assigned to thth step, the PSII center would
to-baseline signal height of the low field peak at ca. 3475 be reduced to the next intermediate in the mechanism;
G. Each signal was scanned 4 times using the following otherwise the center was left undisturbed. For example, the
instrument settings: power, 20 mW; modulation amplitude, notationk; = 0.1,k, = 1, andk; = 0.011 is used to indicate
4 Gpp; and modulation frequency, 100 kHz. The sweep width that the probability of step 2 was 9 times more likely than
was 100 G, the time constant was 164 ms, and center fieldstep 1 and about 90 times more than step 3. For example, in
was 3480 G. the case of the reaction sequenge8S.;1 —~S ;— S5 a
Simulations.The G, Evolution and Mn extraction data PSIl center in S; is 9 times more likely to undergo a
were simulated using programs written in Mathcad 2001i, reduction reaction than a center i, @nd 90 times more
to generate models consistent with the experimental results.likely to react than a center in_& If a PSII center was
It was assumed that an irreversible reaction between PSllreduced to the next state in the mechanism, it was assumed
centers and the reducing agent occurred. The goal inthat the assigned number of reductant molecules had been
extracting data from the end-point titrations was to determine consumed. Fully reduced centers were excluded from react-
the relative populations of each PSII state that resulted froming with additional reductant molecules. Mn release simula-
the reaction of a particular reductant/PSlI ratio. In each case,tions were calculated in the same manner as described above,
a specified number of reductant molecules (either 1 or 2) with each PSII center assigned 4 Mn atoms. Release of Mn
were assumed to react with a PSII center starting out in theatoms was imposed after various reduced states had been
S, state. Therefore, given a single reductant molecule (or attained.
two reductant molecules, in the case of model 3 below) and  Although reasonable simulations could be obtained by
an ensemble of PSII centers in a variety of states, Ptk assuming different reaction probability parameters for each
probability that a PSII center in a particular PSII state, RSIl  individual data set under the same conditions, the same
will react with the reductant molecule is proportional to the assumptions were applied to fit data in all experiments that
number molecules in the state RSlI 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(ll) release and inactivation
constraints, but not reaction probabilities, were, at times,
varied between experiments that did or did not have additions
is a weighted factor, specific to the state RSthat takes of 50 mM Ca&" before assay (Figure 4B, open and closed
into account the likelihood that the state RSMill react symbols, for example). Models for Mn release were cor-
relative to other states. This factor, although not a rate related with the models for activity loss; Mn(ll) release was
constant, should be largely dependent upon the rate of theallowed to occur only in PSII centers that were assumed to

P, O k,[number of PS||molecules]/PS}J;

P, is the probability that a state Pglwill react with
reductant, PSY; is the total number of PSII centers, akd

reaction between the reductant and the state,R8Itl should
reflect the reactivity of each state toward the reductant. For
these simulations, was set equal to 1 for the most likely

be inactive with respect to £evolution.
After data were collected and plotted, a spline was fit
through the simulated data points, using Sigma Plot 2001,

reaction in the sequence, and equal to fractions of 1 for to represent a particular simulation fit line. A large number
reactions that were less likely to occur. Therefore, on the of models were tested, and the inhibition mechanisms that
basis of these assumptions, were successfully used to fit the experimental data obtained
in the experiments, or otherwise described in Results, are

P, = k,[number of PSI| molecules]/PS}}; shown below:
whereP, is the probability that a reaction between a PSII Model 1
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 PSll in the
S state, 0 molecules in reduced states, and saturat-
ing amounts of reductant. Each cycle involved the addi-
tion of incremental (1 KQ or 2 NHOH) amounts of
reductant, and after the cycle, the number of PSII molecules

2 . (1HQ
S S (lnactlve)TZ>

. . 1HQ : .
S, (|nact|ve)T> S_g (inactive)
3

Model 2

in each particular state, the fraction of centers inactivated,  +c 22" 'S, NHOR  og  MHOF

and the fraction Mn bound were stored. Therefore, the P k D ke DTk

number of PSII centers in each particular state, the fraction V.S NHZOH v NHZOH v NH,OH

of centers inactivated, and the fraction of Mn bound was D¥=2 D¥=3 K A S

stored for each incremental reductant/PSII ratio. In each . NH,OH NH,OH
simulation, PSII centers were selected to react randomly. Yp'Ss ks D=5 g pS-6

Each step in the mechanism was assigned a reaction

probability, k,, as defined above, which was a number (Inthis mechanism, S, S 4, S-s5, and S¢ are inactive states,
between O and 1; the reaction step with the greatestand the Ss— S ¢ step refers to reduction of an unidentified
probability was always assigned a value of 1. Once a PSII oxidant.)
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Model 3

2NH,OH
D

2NH,OH
ka

Yp'S, -1

. . . 2NH,OH
Yp'S 3 (inactive)—
3

2NH,OH
kg

Y 'S_; (inactive) Y rS_s (inactive)
Most of the proposed reduced states)(S-,, S-3, S-4,
S_s5) in the above mechanisms have been either demonstrate
or hypothesized to exis2(—22, 28-30). Because NLDH
reduces ¥’ (or because ¥ can be reduced by the Mn cluster
in some circumstance$,(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 NBH molecules
consumed by a PSII center (see Discussion). In model 1,
H.Q molecules react with each PSII center individually; a
total of 3 HLQ molecules react with each PSII center in a
polypeptide-depleted preparation. Reaction of the firgd H
molecule inhibits the PSII center, but each PSII center
possesses a total of 6 oxidizing equivalents. Model 2 predicts
that 8 NHOH molecules react with the OEC, but only 4 of
these reductant molecules are required to inactivate each PSI
center, and it was assumed that each,®H could react
individually. Model 3 represents a process where two,NH
OH react cooperatively with the PSII OEC in two-electron
reduction steps. Populations of;Scenters are capable of
evolving oxygen, centers reduced tozSor further) are
inactive, but some centers (Sand Ss) still contain
oxidizing equivalents. In models 2 and 3, reduced intermedi-
ates in at least some PSII centers are capable of evolving
O, 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 casesHwas treated as a two-
electron reducing agent, whereas each®H was modeled
as a one-electron reductant, with the exception of the reaction
Yp'S-s — YpS_s, Which is discussed in Results.

RESULTS

The extents of inhibition of @evolution and of Mn(Il)
release caused by, and NHOH reduction of PSII
were quantified. For experiments using pOH, intact PSII

centers were employed, while salt-washed PSII preparations

were exposed to the larger two-electron reducta:@ kB0,

31, 38. All incubations were carried out in darkness at&}

°C for 24 h to allow for complete reaction between a
reductant and the OEC. Figure 1 shows the effects of
increasing concentrations oL@ on inhibition of Q evolu-

tion activity in salt-washed PSII centetgaactivation of the
OEC appears to attain saturation between 2 and 3 mol of
H.Q/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 &ye= 0.11,k;

=1, andkz = 0.011 and 3 BQ molecules react with a PSII
center. Figures 1B and 1C show results from similar
experiments in which 10 mM Ca was added to the salt-
washed PSII membranes to replacé'dast during extrac-
tion of the extrinsic polypeptides (1B) or where 1 mM EDTA
was added to chelate Mn(ll) released from the OEC (1C).

FriZetion of centers inactivated
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Ficure 1: Effect of increasing KQ/PSII ratios on inhibition of

O, evolution in SWPSII as a result of a 24 h dark incubation at 4
°C. All samples were assayed fop @volution 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 #t@ H
incubation period: (A) nonéR? = 0.9792; (B) 10 mM C&", R? =
0.9408; (C) 1 mM EDTAR? = 0.9658.

Model 1 was used to fit these data, uskag= 0.22,k, = 1,
andksz = 0.11 (Figure 1B) anét; = 0.011,k, = 1, andk; =
0.011 (Figure 1C). Regardless of the quality of the fits of
the data from these experiments to the mod&l¥ 0.94),
loss of Q evolution in all cases saturates at a reductant
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Table 1: Summary of the Probability, Mn Release, and Inactivation Parameters Used T&HXdath (Figures +3)?

50 mM C&*" added reaction Mn inactive
preparation after reductant incubation probabilities release states
SWPSII - k]_ = 0.11,k2 =1, 1 Mn @ 31 S—l, 3—3, S-5
ks =0.011 1Mn@ S3

SWPSII+ Ca&* - ki =0.22,k,=1, 2Mn @ S, S 1,S3Ss
ks=0.11 1Mn @ S3

SWPSII+ EDTA - kl = 0.011,k2 = 1, 2 Mn @ 51 &1, &3, &5
ks =0.011 1Mn @ S3

SWPSII + ke=0.11k =1, 2Mn @ S S1,S3 S5
ks =0.011 1Mn @ S3

SWPSII+ Ca* + ki =0.22,k,=1, 2Mn @ S S 1,S3Ss
ks=0.11 1Mn @ S3

SWPSII+ EDTA + ki1 =0.011,k, =1, 2Mn @ S, S 1,S3 S5
ks = 0.011 1Mn @ Ss

. k ks k ) . . . .
a Reaction 1, §—1- S,l—-S,3—3-S,5 was used to fit the data in all cases. When present during the reductant incubation step?'the Ca
concentration was 10 mM, and that of EDTA was 1 mM

concentration in excess of 2 mol of,@mol of PSII, a interesting outcome of the Mn(ll) quantification experiments
finding that suggests that each center reacts with more thanis the finding that approximately 25% of the Mn remained
2 mol of the 2-electron reductant. This is most apparent in bound in all cases, corresponding to retention by PSIl of
the case of PSII centers incubated with reductant and 1 mMabout 1 Mn per reaction center. Although this might, in
EDTA; in the presence of the chelator, activity inhibition theory, be a redox inert Mn, the simulations used to model
clearly attained saturation at 3 mol of added reductant. The Mn reduction in these samples indicate that it is more likely
results of all of these experiments are summarized in Tablethat this remaining Mn is reduced by®, but remains tightly
1. bound at a site where it is not easily displaced by addition
In a second set of reduction titrations with® 50 mM of 50 mM C&*". This is consistent with the goodness of fit
CaCl was added to each sample after the 24 h incubation (R? > 0.92) for the simulations of the Mn release data that
period to displace any loosely bound Mn(ll) generated by assume that PSII centers react with ZHnolecules. If either
the reductant. After incubation periods of-360 min, the 10 mM C&" or 1 mM EDTA was present during reduction
samples were assayed, and no additional losses of activityof samples with EQ, then no additional loss of Mn(ll) was
were observed (data not shown). Because extraction of anyobserved upon addition of 50 mM &aprior to the
loosely bound Mn(ll) by C# does not affect the residual centrifugation and acidification steps. In contrast, salt-washed
activity of these samples, this population of Mn(Il) must be PSII centers incubated in the absence of eithéf GaEDTA
associated with inhibited centers that are incapable of during HQ reduction retain approximately 50% of the Mn-
undergoing photoactivation. Therefore, the products of (Il), or 2 Mn(ll)/PSII, if 50 mM C&*" is not added to displace
reduction of the Mn cluster must be unstable under the long- adventitiously bound Mn(ll) prior to centrifugation and
term incubation conditions used here. acidification of the resulting pellet (Figure 3). A similar
In addition to characterizing the relationship between loss Sample incubated in the presence of 4 equiv gQHor 24
of O, evolution activity and HQ concentration, Mn(ll)  h and then washed with SMN retains-235% of the Mn
release from salt-washed PSII was also quantified in order (data not shown), indicating that one of the two residual Mn
to gain insight into the mechanism of@® reduction of OEC atoms is adventitiously bound. The data in Figure 3 were fit
Mn. Salt-washed PSIl samples were incubated for 24 h in (R = 0.8166) using the mechanism in model 1 and the same
darkness in the presence of increasing concentrationg@f H Probability parameters that were used in Figures 1A and 2A.
after which 50 mM CaGl was added to displace any Clearly, these samples retained higher amounts of Mn than
adventitiously bound Mn(Il). The samples were centrifuged, ¢an be accounted for by this model. A likely explanation
the pellets were acidified in 0.6 M HCI, and the Mn(ll) for the discrepancy is that the samples were not treated with

contents of the pellets were determined by EPR, as described®0 mM C&* to displace heterogeneously bound Mn(ll),
in Materials and Methods. Control samples that were Which might account for the nonstoichiometric Mn release
incubated for 24 h in darkness and subjected to the sameobserved. A significantly improved fitRf = 0.9141) was
treatment were found to retain 90% of bound Mn relative to achieved for the data in Figure 3 by assuming noninteger
freshly thawed samples (data not shown). release of Mn (1 Mn @ §, 0.75 Mn @ Ss, data not
Regardless of the treatment applied to the salt-washed psishown). The simulations imply that salt-washed PSII centers
membranes, Mn release appeared to saturate at more than Bt are reduced to the Sstate by HQ are unstable over
mol of H,Q/mol of PSII (Figure 2), and markedly so in the 24 h, lose Mn, and are incapable of evolving @esults of
sample reduced in the presence of 1 mM EDTA (Figure 2C). these experiments would imply that individual PSII centers
For these samples, Mn release reached a maximum value afeact with three 5 molecules and, because@is a two-
about 3 HQ/PSII. Model 1 was used to fit the data in all €lectron reductant, this stoichiometry suggests that each OEC
three cases, although the assumptions needed to fit the Mrfontains six oxidizing equivalents that react witakH
release data differed for the various experimental conditions. The S oxidation states of OEC Mn in intact PSIl samples
These are summarized in Table 1; identical reaction prob- were probed using N}OH. Because these preparations
abilities were used to fit the data from all experiments contain the full complement of extrinsic polypeptides and
conducted under the same conditions (Figures 1 and 2). AnC&", no experiments were conducted in which the metal
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further treatment. The solid line is a simulation using model 1. The
Mn release parameters are given in Tablé&d= 0.8166.
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Figure 4B, the closed symbols show the results for samples
081 incubated with NHOH in the presence of 1 mM EDTA.
The solid line is a simulation based on model 3 with inactive
041 S_; centers that assumes that= 0.33,k, = 1, ks = 0.33,
L . ° andk, = 0.33 R?2 = 0.9928). The effect of exposing these
021 g samples to 50 mM Ca after NH,OH reduction is indicated
by the open symbols, and the dashed line is a simulation,
0.0 T T T T using model 3, that assumes that; $enters are inactive

! (R? = 0.9870). If 50 mM Ca&" is omitted prior to assay

mol H,Q /mol PSII (Figures 4A and 4B, closed circles), inactivation of the OEC

1.2 attains saturation at approximately 8 mol of reductant/mol
of PSII. This would indicate that PSII contains 8 oxidizing
equivalents that can react with NBIH, assuming that it acts
as a 1-electron reductant. Samples reduced in the presence
of EDTA and then exposed to 50 mM &aprior to assay
showed a nearly complete loss of @&volving activity at
between 5 and 6 mol of NMDH/PSII (Figure 4B, open
symbols), a lower reductant/PSlI ratio than is obtained when
Ca* addition is omitted after equilibration of the sample
with NH,OH (Figure 4B, closed symbols). The best simula-
tion of these data is given by model 3 with= 0.33,k; =
1, ks = 0.33, andk, = 0.33, in which states reduced to;S
(or lower) were assumed to be inactive. Thus, in the presence
of EDTA, addition of 50 mM C&" just prior to activity
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o
N
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Fraction Mn remaining
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0 ! 2 8 4 s assays causes a shift in the loss efeéDolution activity to
mol H,Q / mol PSII lower NH,OH concentrations, in contrast to what was
Ficure 2: Effect of increasing bQ/PSII ratios on Mn(ll) release  observed with BQ treated SWPSII. In either the absence or
from acidified SWPSII following a 24 h dark incubation with®. presence of EDTA, a good fit to the data is obtained with

At the end of the incubation period, 50 mM Cavas added to the : T - -
samples to release adventitiously bound Mn(ll) prior to centrifuga- model 3 (Figures 4A and 4B, solid lines) using the reaction

tion and acidification of the resulting pellet. The solid line is a Probabilities shown in Table 2. The simulations of these
simulation based on model 1, and probability parameters are givenexperiments indicated that intact PSIl samples.ip $they
in Table 1. The additions during2® incubation were as follows:  were not further perturbed, were capable of evolvingi®
(A) none,R? = 0.9701; (B) 10 mM C&, R*=0.9618; (C) LmM  contrast to the studies done with salt-washed centers treated
EDTA, R2 = 0.9283. .

with H2Q.

Figure 5A presents the results of quantifications of Mn
was added during reductant incubations. The representativarelease from the OEC after exposure to 0, carried out
data shown in Figure 4A illustrate the results that were without additions of C& or EDTA to remove adventitious
obtained without addition of EDTA during the 24 h reductant Mn(ll). The results are in good agreement with thg O
incubation. The solid line is a simulation based on model 3 evolution data; model 3, with appropriate parameters, was
that assumes that centers reduced te &e inactive, and  used to fit the dataR? = 0.9319). As can be seen, Mn release
thatk; = 1, ko= 1,ks = 1, andk, = 0.11 % = 0.9558). In reached a maximum at 8 mol of NEIH where about 50%
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Ficure 4: Effect of increasing NEDH/PSII ratios on inhibition

of O, evolution activity. Samples were incubated for 24 h in
darkness. At the end of the incubation periog, &olution was
assayed in 10 mM Caghnd 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 ing3re inactive. The probability parameters
are given in Table 2. (B) Samples incubated with JH and 1
mM EDTA. At the end of the incubation period samples were

Kuntzleman et al.

0.9271 for the fit of data in Figure 5D). In this case, it was
necessary to assume that Mn(ll) is released from centers
reduced to Sy, or to lower S states. Because?Cavould
displace any loosely bound Mn(ll), it is likely that active
reduced states ($in model 3, for example) are metastable;
that is, they can evolve Qupon illumination but are inhibited

by Mn(ll) release upon addition of €ain the dark. This
hypothesis is consistent with the data shown in Figure 4B
(open symbols, dashed line), where?Caddition after
reductant incubation shifts activity loss to lower pBH/
PSiII 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 NH,OH/PSII. A less marked deviation
can be seen in the same MPH concentration range of the
O, evolution data of Figure 4B (open symbols). In these
experiments, the actual Mn(ll) and activity losses exceeded
what was reasonably predicted by any of the models tested.
Because high ionic strength coupled with pHH reduction
has been shown to remove the 17 kDa and 23 kDa
polypeptides and to destabilize MSP bindirgP) a salt-
washed PSII preparation was exposed to,8H under the
same conditions as in Figure 5D and assayed f@\®lution
activity and Mn content. Activity inhibition and Mn(ll)
release saturated at-3 mol of NH,OH/mol of PSII in these
samples (data not shown). Therefore, the additional loss of
Mn observed in intact PSII preparations may be due te-NH
OH-induced release of the extrinsic polypeptides and,
therefore, to loss of additional Mn when EDTA is present.

Because maximum Mn(ll) release and inhibition of O
evolution activity appear to occur in most cases at 8 mol of
NH,OH (without C&* addition) in intact PSII preparations,
attempts were made to identify other possible oxidants that
might react with NHOH. Intact PSII membranes were
incubated in the presence of MBIH for 24 h at 4°C in
darkness, and the EPR spectrum of the dark stabfe Y
species was monitored. As shown in Figure 6, thestgnal
was diminished in intensity by N¥DH, as compared to
control samples; loss of signal saturates-&mol of NH,-

assayed for activity immediately (closed symbols) or after exposure OH/mol of PSII (Figure 6, closed symbols). In addition,

to 50 mM C&" (open symbols). The simulations are as follows:
solid line, model 3, assuming that $is inactive (see Materials
and Methods and Table 2 for probability paramete®3)= 0.9928;

significant reduction of the ¥ signal occurs at low Nh
OH concentrations, which may indicate that this reaction

dashed line, model 3 with the same parameters and assuming thaPCcurs on the same time scale as the reaction between NH

S_, is inactive,R2 = 0.9870.

of the Mn was extracted from the OEC. At least some of
the remaining Mn(ll) in this sample is weakly bound. An
experiment in which intact PSII samples were incubated with
10 equiv of NHOH and then washed with SMN lost
additional Mn (data not shown). Incubation of intact PSII
samples with NEHOH 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 tley@ution

OH and OEC Mn. Therefore, of is clearly a source of
additional oxidizing equivalents in PSIl under the incubation
conditions used in these experiments. Whe@ kas tested
in similar experiments, a diminished loss of°Yintensity
was observed (Figure 6, open symbols), relative to the result
with NH,OH. If Yp* supplies a single oxidizing equivalent
per PSII center during the reaction with MBH, then the
stoichiometries shown in Figures 4 and 5 could be explained
by one of the following conditions:

(1) Yp* and an unassigned species supply two electron

data, see Table 2) again gave the best fit of the data in Figureequivalents to the OEC.

5B (solid line,R? = 0.9770); 3 Mn(ll) were assumed to be
released from S, and 1 Mn(ll) was assumed to be released
from YpS_s.

Release of Mn(ll) occurred at lower molar ratios of NH
OH when 50 mM C&" was added to samples after long-

(2) Yp" supplies a single oxidizing equivalent to the OEC
in a reaction requiring 2 NJOH.

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

term reductant incubation (Figures 5C and 5D). The best the potential of b559 from high potential to low potential,
model to explain these results used a simulation based onand in this form the cytochrome is oxidizedO{ 41). Low-

model 3 & = 0.9689 for the fit of data in Figure 5&? =

potential b559 is not reduced by.® (42) or by NH,OH
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Table 2: Summary of Probability, Mn Release, and Inactivation Parameters Used To JatH\bBhta (Figures 4 and 5)

50 mM C&" added reaction Mn inactive
preparation after reductant incubation probabilities release states
intact - ki=1,ko=1, 2Mn @ S; S3, S5 YpSs
ks=1,ks=0.11

intact+ EDTA - ki =0.33, k=1 3MNn@ S3 S5, S5 YpSs
ks=0.33,ks = 0.33 1Mn @ %S5

intact + ki=1,ko=1, 3MN@ S3; S 3 S5 YpSs
ks=1,ks=0.11

intact+ EDTA + ki =0.33,k,=1 I1MN@ S, S 1,S3 S5 YpSs
ks=0.33,ks = 0.33 2Mn @ S;

1MNn@ S5

. k k ks k . ) ) .
aReaction 3, 'S, — YD'S_la2 Yp'S_s— Yp'S.s— YpS. s (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.
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Ficure 5: (A) Mn(ll) release from acidified intact PSIl samples incubated with,@H for 24 h. The solid line is a simulation based on
model 3 (see Materials and MethodB},= 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 Rabte®9770. (C) Same as panel

A, but 50 mM C&" was added to the samples before centrifugation and acidification of the resulting pellet. The solid line is a simulation
based on model 3; see TableRZ = 0.9689. (D) Same as panel B, but 50 mM2Caas 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,R? = 0.9271.

(data not shown), and is therefore unlikely to be a source of source of data used to estimate the oxidation states of Mn
the additional NHOH reducing equivalents consumed in atoms in the $state. These methods utilize the properties
reduction of the OEC. of synthetic Mn compounds of known structure and oxidation
state as a basis of comparison with spectroscopic properties
DISCUSSION of the OEC in order to generate models of the PSII Mn
Spectroscopic techniques (CW and pulsed EPR, XANES cluster. XANES results are consistent with models in which
spectroscopy)l(1, 15, 16, 27, 43, 44) have been the principal the § Mn oxidation states are 2 Mn(lll) and 2 Mn(IVLQ,
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12 cause of reductant oxidation in these experiments is due
predominantly to reduction of the OEC Mn cluster.
1040 In the case of KQ, the best fits of the data on both Mn-
g ° (II) release and inhibition of @evolution activity were
-;_*5; 058 - consistently obtained by assuming that SWPSII centers react
E o with 3 H,Q molecules (model 1 in Materials and Methods,
T g6 ° with appropriate probability modifications given in Table 1).
3 o © Addition of 50 mM C&" to remove adventitiously bound
® ° - - - .
2 o4l e o Mn(ll) following a long-term incubation step, but prior to
ﬁ * . W assay, had no effect on activity inhibition, which suggests
o that Mn(ll) is released from 0 incubated SWPSII samples
021 L under conditions where the OEC is not completely reduced.
Hydroquinone has been shown to reduce Mn model com-
0.0 T

: 2 3 : . 0 pounds by two electron reduction mechanis®8, £1), in
agreement with EPR and XANES results showing tha®H
reduces PSII centers preincubated witli'Cay two electrons

Ficure 6: Effect of 24 h dark incubations with N®H (closed ;
symbols, intact PSIl) or Q (open symbols, SWPSII) on theyY (11, 30), to yield a stable Mn(IMn(1V), cluster. If each

EPR signal amplitude. After 24 h, 1 mM EDTA was added to the HZ_Q redl_JC?S_t_he OEC Mn b_y 2 equiv, then the sFoic_hiom-
samples to suppress the EPR six-line Mn(ll) signal. The signal etries of inhibition of Q evolution and of Mn release indicate

amplitude for a control (intact) PSII sample incubated under the that the Mn cluster in Scontains more than 4 oxidizing
same conditions as the NBH sample was 75% of the amplitude  equivalents. This is consistent with best fits of the data from

after the sample was illuminated for 1 min under room light. The P ; ; ;
control SW PSII sample for 3 experiments, incubated for 24 h all titrations using HQ, which require that the OEC Mn

in darkness, had a signal amplitude that was 60% of the sameClUSter contains a total of 6 oxidizing equivalents. A reaction
sample after 1 min of illumination under room light. The electron between HQ and Yo" was not accounted for in fitting the
stoichiometry was calculated assuming 1 electron pesQHand data because oxidation ob@ by other components of PSiI|
2 electrons per bQ. Spectrometer conditions are given in Materials  does not appear to be a significant factor in these experi-
and Methods. ments; the reaction of # with Yp* occurs in at most 25%

of PSII centers in 24 h at-34 mol of H,Q/mol of PSII,

11). In the case of EPR, there was early agreement that theWhen the dark decay ofof in control SWPSII over the same

o . : - . time period is accounted for (Figure 6). Thus;(Hreacts
S, multiline signal could be approximated by a similar signal ) .
associated with a di-oxo bridged Mn(lly-Mn(IV) dimer predominantly with the PSIlI Mn cluster, and the data from

- R this reaction provide chemical evidence that the oxidation
45—-47). However, the failure of synthetic mixed valen . . :
(45-47). However, the failure of synthetic ed valence state of the OEC Mn cluster in the State is most likely

binuclear Mn clusters possessing these oxidation states tOMn(III) Mn(IV)
roduce exact matches to the BPR multiline signal and 2V Y2 . _
b e 9 The reaction probabilities needed to fit the data from the

the observation of a modification by NHf the g = 4.1 H>Q experiments provide some insight into the structure and
| i 5
form of the S EPR signal (appearance of hyperfine structure) reactivity of the OEC Mn cluster. Under any of the

have provided strong support for the proposal that couplings . "
. experimental conditions used here, the; S> S 3 step
among all four Mn atoms of the OEC are required to produce . o164 withky) would fit the data only if it was assigned

satisfactory simulations of the = 2 multiline signal 48, ; R .
. the highest reactivity in the mechanism (model 1). In most
49). Although results from pulsed EPR and XANES experi cases, the S — S.s step (modeled withs) was required to

mﬁatl\lq)l\a/llrne(ll\r/])tir% regzeglgslzuzg)o rg;g%?;ﬁi?;%?ﬁ;ﬁﬁs Ofbg the least reactive step, and the-SS_; step (modeled _
S, multiline signal have ’alscs suéceeded using Mn oxidation with k) was usually between these two extremes. This
states of Mn(IIMn(IV)(14) suggests that S is more reactive toward j@_redugnon than
' either § or S_; and, surprisingly, that .S is quite stable

The experiments reported here are the first to obtain the with respect to reduction by 4@. This, in conjunction with
reductant stoichiometries for ;Gevolution inhibition and the modeling of Mn release that predicts a loss of 3 Mn in
Mn(ll) release, and to use these results to estimate MnS ;in all cases (Table 1), could indicate that;8ontains a
oxidation states in Sin the case of both $ and NHOH, single Mn(IV) that reacts slowly with pQ. Alternatively,
and in two different preparations, at least six electrons per the stability of S predicted by these fits could reflect the
PSII reaction center appear to be necessary to inactivate theyresence of a kinetic impediment; for example, steric factors
OEC and to produce maximum release of Mn(ll) from the may prevent facile access of;® molecules to one of the
OEC. Control experiments to test the stability of the Mn atoms of the cluster. If the reaction probabilities used to
reductants indicate that, under the experimental condi- model the data accurately reflect the mechanism of OEC Mn
tions used here, NMDH and HQ are both resistant to  reduction, it seems unlikely that the high population of S
autoxidation, or to reactions with other components (buffers, PSII centers that were previously detected could have been
salts, sucrose) of the solvent system used to suspend PSllobserved 30). However, those experiments were carried out
In addition, experiments that included EDTA to chelate in the presence of Ca under conditions (short (30 min)
Mn(Il), or trace metal contaminants that might oxidize the incubation time, 20 mol of KQ/mol of PSII) that are very
reductants, produced little effect on the overall stoichiom- different from the 24 h incubation periods used here.
etries of NHOH and HQ consumption in these long-term The best fits of Mn(ll) release and loss of, @volu-
incubations (Figures 2, 4, and 5). Therefore, the primary tion caused by reduction of the intact OEC with p@H,

mol electrons / mol PSII
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when 50 mM Ca&" was not added to displace adventitious () 2NH,OH — N, + 2H,0 + OHT + 26

Mn(ll), were obtained by assuming that 8 MPH react with

the OEC. Model 3 in Material and Methods, with modifica- le per NH,OH
tions presented in Table 2, yields the best fit of the

experimental data. The reaction of MPH with Yp* was (1) 2NH,OH— N,O + H,0 + 4H' + 4e”

included in the model mechanism because this reac- _

tion occurs in at least 70% of PSIlI centers during 24 h 2e per NHOH
incubations at NbDH/PSII ratios greater than 6 (Figure 6). (1) NH ,OH — NO + 3H" + 36

If Yp* reduction is included, the overall stoichiometry is 2

composed of 6 oxidizing equivalents associated with the Mn 3e per NH,OH
cluster, 1 oxidizing equivalent from pr, and about 1

equivalent from an unknown oxidant. Thus, the activity (IV) 2NH,OH— NO"+ NH;+ H,0+H" +¢e”
inhibitions observed with NFDH as the reductant are also

consistent with a Mn(lIRMn(IV) cluster in S. 0.5e per NH,OH,
The mechanism of reduction of the PSIlI Mn cluster in or 1e per NH,OH
two-electron steps, proposed in model 3, although consis-
tent with the results in ref20—25, does appear to contra- if NO* is a donor
dict results that showed that both one and two flash de-
lays in O release occur in N§OH treated intact thylakoid None of these reactions can provide a satisfactory explana-

membranes 52, 53). However, a number of important tion for the reduction of Sto S (26, 27); itis possible' thqt
differences exist between these studies and those reporte@ Single NHOH could bind to an Mn and undergo oxidation
here. The present experiments were conducted entirely on@"d deprotonation to form an intermediate Rtfe<-“ONH,
isolated PSIl membranes, in darkness, under incuba-SPECI€s: However, if two N} are bound to adjacent Mn
tion conditions (24 h) that allowed for complete reaction of in the same PSII OEC, Nand 2 HO would probably be

) . released in a reaction equivalent to reactions I. Either reaction
NH,OH with the OEC. On the other hand, thylakoids that ced. . . ;
were incubated for short periods<20 min) with NH,OH IV above or a trapped MF¥ ONH; intermediate could

: account for the &multiline signal in PSII samples treated
and subsequently flashed yielded one-electron reduced stategy i NH,OH, whereas oxidation mechanism | is much more

some of which were transient in natufg2). Because one- el in long-term incubations and occurs in a large
electron red.uced intermediates can form, modgl 2, rather tha”percentage of centers according to the simulations reported
model 3, might better represent the mechanism obOH here.

induced reduction of the PSII OEC. In fact, model 2 canbe  sjnce a number of experiments have shown thasOiH
used to simulate the data of Figures 4 and 5 (data not shown) at |ow concentrations can form anSstate 20—25, 52, 53),

These simulations consistently required pairs of 1 electron it is possible that other reactions (Il, for example) might be
steps in the mechanism with alternating low and high reaction involved in the formation of this state; reaction Il has, in

probabilities, rather than single 2-electron steps as in modelfact, been implicated in the reaction between JOH and a

3 (for examplek; = 0.03,k, = 0.33,ks = 0.1,ks = 1, ks = binuclear Mn(IV) model compoundb). However, if reac-
0.033,ks = 0.33,k; = 0.033,ks = 0.33 and S; inactive for tion 1l were the sole mechanism for reduction of GEC
Figure 4B, closed symbolg; = 0.1,k, = 1,ks = 0.1,k, = Mn, then the Mn cluster would have to contain a total of 12

1,ks=0.1,ks = 0.1,k; = 0.1, ks = 1 and S; inactive for to 16 oxidizing equivalents to account for the number of
Figure 5B, closed symbols). Inspection of model 2 using NH2OH required to inactivate the OEC and produce release
these parameters reveals that odd-electron reduced popula®f Mn(ll), which exceeds the stoichiometries that are
tions in model 2 would be very low. Furthermore, the obtained from HQ titrations or that are predicted by any
reduction of Y,* observed to occur at low molar ratios of €Xisting models for the oxidation state of the Mn cluster.

NH,OH/PSII may be caused bypY oxidation of the Mn The reaction probabilities used to fit data from the NH

cluster. Therefore, the presence of intermediate, one-electrorOH €xperiments (Table 2) also suggest the presence of a
lower reaction in highly reduced S states. BecausgOtH

reduced states previously observed in flash experiments may.S .
be a function of reoxidation of the Mn cluster by after is much smaller than 0, steric factors should have less of

o an effect on access of NBH to a Mn(lll) or Mn(IV), and
NH,OH exposure, or may be due to oxidation of JOH this is reflected in the relative probability parametdes=

rather than Mn by ¥'. Because of these uncertainties, data ; ki = 0.33-0.1 for NFbOH: k, = 1, ks = 0.1-0.011 for
were_qnalyzed using model 3 rather than _model_ 2 for H2Q). The probability parameters used to fit the data
simplicity of presentation, and because the simulations of .iccted in the presence of EDTA suggest that the-S
model 2 lead to the same conclusions. Consequently, theg _ yransition is somewhat faster than the other steps, which
simulations of inhibition and Mn(ll) release data support @ s a further indication thatS is more reactive to reduction
mechanism for NEOH inactivation of the OEC that creates by NH,OH than are the other S states. When combined with
high populations of centers in-gand that is consistent with  the parameters used to fit the®ldata, these results support
earlier proposals 20-25). Although NHOH is a one-  a model for OEC Mn in which 3 atoms of the metal are
electron reducing agent, it is difficult to envision reactions readily accessed and reduced to form aps$ate, but facile

in which it is oxidized by 1 electron. Several NBH reduction of the remaining Mn is slow, perhaps because of
oxidation reactions are shown belo®j: steric factors.
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The results of these reductive titrations of the OEC are
consistent with reversible inhibition of £volution 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 NBH/PSII
is sufficiently high &8:1) to reduce all OEC Mn to Mn(ll),
and Yp* to Yp. At low concentrations and short incubation
times, reduction of the OEC Mn to 4 Mn(Il) would proceed
slowly, allowing the formation of the intermediate, meta-

Kuntzleman et al.

Figure 5C. Maximum inhibition of @evolution and com-
plete release of Mn(ll) occurred in these samples a8 2
mol of NH,OH/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 photoactivatiorb6, 57).

A comparison of the data on Mn(ll) release from PSII
after HQ and NHOH treatment reveals an interesting
contrast in the action of the two reductants. In the case of

stable reduced states that can be oxidized by exposure oH,Q, treatments with EDTA or Ca during or after reductant

PSII to illumination @0—25). At high NH,OH concentra-
tions, the reduction of each cluster would be more rapid,
causing a concurrent loss of Mn(ll) and &volution activity

by the enzyme. Becausep¥Yparticipates in the reactions
between NHOH and PSII, the models proposed for reduction

incubations of SWPSII produce, at most, the release of about
3 Mn(ll) per PSII reaction center (Figures 2 and 3). For the

experiments with intact PSII using NBH as the reductant,

it is clear from the data in Figure 5 that exposure of these
samples to EDTA or G4 can cause the release of nearly

of the OEC do not represent the actual populations of reduced100% of the Mn from these PSIl centers. The major

Mn in the samples; for example, the third reductive eventin
model 1 may represent reduction ofYand not reduction

of the Mn cluster. Furthermore,pYmay 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 NHOH molecules, rather than electrons,
consumed by a PSII center. In the case gDHon the other

difference between these reductants, revealed in the data of
Figure 6, is the greater extent ob¥reduction by NHOH
during long-term incubations. Redox reactions betwegn Y
and the $Mn cluster have been demonstrat&l%8), and
other research has provided evidence for a role of the tyrosine
radical in ligation of Mn(ll) during assembly and photoac-
tivation of the Mn clusterg9). It is therefore possible that

hand, the simulations probably represent the actual reducedhat extensive reduction of pf is responsible for the

Mn atoms present in these samples.

In contrast to the b data, only NHOH-treated PSII
centers incubated with 1 mM EDTA and subjected to
addition of 50 mM Ca&" after the 24 h dark incubation could

additional Mn(ll) loss detected in samples reduced byNH
OH.

In conclusion, the reductant/PSII stoichiometries reported
here are consistent with proposals that thestate of the

be adequately modeled if it was assumed that Mn releasePSII Mn cluster contains 6 oxidizing equivalents. This

(Figure 5D) and activity inhibition (Figure 4B, open symbols)
occurred in S;. Addition of high concentrations of €a
can displace Mn(ll) from native binding sites to cause an
inhibition of O, evolution activity. In contrast to these results,
modeling of data from NEDH-treated PSII centers incubated
in the absence of EDTA did not require an assumption of
inactive S centers (Figure 5C, Figure 4B, closed symbols)
to fit the data. These findings indicate that substantial

assignment is consistent with a Mn(WJn(1V), oxidation
state, and is in agreement with the oxidation state assignments
obtained from XANES data, and from a number of simula-
tions of the $ EPR multiline signal. The data also provide
evidence in addition to the results in re2§, 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(ll) that can be

concentrations of intact PSII centers may exist in a metastabledisplaced by C# at high concentrations of the latter metal

S, state after treatment with Nd@H, and these centers can
photoactivate rapidly to evolve oxygen. On the other hand,

atom, thus eliminating the possibility of reactivation of the
OEC by illumination. Finally, the results presented here

modeling of these data required the assumption that centergeveal an additional effect of the extrinsic 23 and 17 kDa

reduced to S; were inactive, in contrast to the observation
of O, formation from this state that was observed in NH
NH,-treated intact thylakoid membranesg). It is likely that
Mn(Il) remains trapped in thylakoids where it can be
photoactivated, unlike the case in isolated PSII, where the

polypeptides, which is to promote retention of Mn(lIl) atoms
that would otherwise dissociate from their binding sites in
the OEC.
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causes loss of the 17 kDa and 23 kDa polypeptides from
NH,OH treated PSII samples3¥), and binding of the

extrinsic 33 kDa manganese stabilizing protein has also been

proposed to be weakened in MBH-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 Caare responsible for the

increased losses of activity and Mn(ll) 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 PSIl sample in
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