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ABSTRACT. We have studied the pH effect on the &d $ multiline electron paramagnetic resonance
(EPR) signals from the water-oxidizing complex of photosystem Il. Around pH 6, the maximum signal
intensities were detected. On both the acidic and alkaline sides of pH 6, the intensities of the EPR signals
decreased. Twols were determined for the, &ultiline signal; g<; = 4.2+ 0.2 and K, = 8.0+ 0.1,

and for the $ multiline signal the Ks were K; = 4.5+ 0.1 and K, = 7.6 & 0.1. The intensity of the
So-state EPR signal was partly restored when the pH was changed from acidic or alkaline pH back to pH
~ 6. In the S state we observed partial recovery of the multiline signal when going from alkaline pH
back to pH~ 6, whereas no significant recovery of the i8ultiline signal was observed when the pH

was changed from acidic pH back to pH6. Several possible explanations for the intensity changes as

a function of pH are discussed. Some are ruled out, such as disintegration of the Mn cluster or decay of
the S states and formal Chnd C&" depletion. The altered EPR signal intensities probably reflect the
protonation/deprotonation of ligands to the Mn cluster or the oxo bridges between the Mn ions. Also, the
possibility of decreased multiline signal intensities at alkaline pH as an effect of changed redox potential
of Yz is put forward.

Photosystem Il (PSH)is located in the thylakoid mem-  from Y. The resulting neutral X* radical is in turn reduced
brane of higher plants and algae. Upon illumination, plas- by the water-oxidizing complex (WOC) in 3300 us
toquinone is reduced on the acceptor side and water isdepending on the oxidation state of WOZ-{4).

oxidized to dioxygen on the donor side of PSII. The complex  The water-oxidizing complex, interacting very closely with
is composed of at least 25 different polypeptidéps Two Yz (5—8), is composed of four Mn ions and the Taand
of these, the homologous polypeptides D1 and D2, form a C|- cofactors. The D1/D2 heterodimer contain most of the
heterodimer that binds the cofactors necessary for the electrorputative amino acid ligands to the Mn cluster (see ref 9 for
transport: the primary electron donor, P680; the primary and a review). The structure of the Mn cluster is not yet
secondary electron acceptor, pheophytin and quinones (Q  determined. From different spectroscopic measurements the
the soluble two-electron carrier, quinone BgjQand the  most favored structure is two gi-oxo bridged Mn dimers
two secondary electron donors; {D1-Y161) and ¥ (D2- connected with two carboxylato bridges and one mano-
Y161). Of the two tyrosine residues, only, ¥ involved in oxo bridge 8, 4, 10, 11). Several other models have also
linear electron transport, whilepyis an accessory electron  peen proposed to explain the available ddt2-{14). The
donor @, 3). C&* and CI ions are important for the function of the Mn

Upon excitation, P680 donates an electron to pheophytin. cluster but their exact positions in the WOC are unknown
To stabilize this charge-separated state, the electron is(3, 4, 10). The Mn cluster binds two water molecules that
transferred to the accepton@nd finally to G. Rereduction are the ultimate electron donors to PSIl. During water
of P680 occurs in nanoseconds by abstracting an electronoxidation the Mn cluster cycles through five different

oxidation states, denoted-SS,, where the index represents

T Financial support from the Sven and Lily Lawski Foundation (P.G.), Fhe number of stored oxidizing equivalentsy The 3 State
the Knut and Alice Wallenberg Foundation, the Crafoord Foundation, 1S the dark-stable state. The &hd S states are intermediate
the Swedish Natural Science Research Council (Z.D.), and the Europearstates with high midpoint redox potentials and decay to the
TNLR program (TMR CT96-0031) is gratefully ack.nowledged. SEL state on a seconds time scale. Thg Sate is an
45 i?gfﬁ;ﬂ”Sdtg‘r?b?é’m{yripngocgﬁgki?nzﬁig_l 08; fax-46 46 222 intermediate state where the S~ S, is a light-induced

* Permanent address: Institute of Plant Biology, Biological Research transition and dioxygen is evolved during the spontaneous
Center, Hungarian Academy of Science, P.O. Box 521, H-6701 Szeged,S, — S, transition. The least oxidizing,Sstate decays to

Hungary. . .
1 Abbreviations: Chl, chlorophyll; DMSO, dimethyl sulfoxide; the S state in tens of minutes(4, 10, 16, 17).

EDTA, ethylenediaminetetraacetic acid; EPR, electron paramagnetic ~ Electron paramagnetic resonance (EPR) spectroscopy is
resonance; Hepes, 4-(2-hydroxyethyl)piperazineethanesulfonic acid;a useful tool for studying the different S states of the Mn

Mes, 4-morpholinoethanesulfonic acid, PpBQ, phemglenzoquinone; ¢|yster. Figure 1 shows the Mn EPR signals centered around
PSiII, photosystem Il; Sbw, the electron paramagnetic resonance signal

from the neutral ¥ radical; WOC, water-oxidizing complex;2Yand g = 2 from the $ and S states studied in this work. The
Y, the two redox-active tyrosine residues D1-161 and D2-161 in PSII. multiline EPR signal from the Sstate was reported in 1981
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S and S multiline signals. The pH has been changed in the
respective S statafter the exciting flashes and the results
show that the amplitude of the;&nd $ multiline EPR
signals are drastically, and partly reversibly, decreased.

2400 2800 3200

Magnetic Field (G)

Ficure 1. S and S multiline EPR signals recorded after (a) 3
flashes and (b) 1 flash. The peaks used for evaluation of ghe S
and $ signal amplitudes throughout this study are indicated with
triangles. The Sl region has been omitted for clarity. The S
multiline has been scaled té, of its actual size. EPR settings:
microwave power 56 mW @ and 12 mW ($); microwave
frequency 9.47 GHz; temperature 7 K; modulation frequency 100
kHz; modulation amplitude 20 G.

3600 4000 4400

MATERIALS AND METHODS

PSII Membrane Preparation?Sll-enriched membranes
were prepared according to r&ft from spinach grown on
liquid culture medium. The preparations were stored &
°C at approximately 10 mg of Chl/mL. All chlorophyll
determinations were made in 80% ice-cold acetone according
to ref 35. The oxygen evolution was 35@100 umol of O,

(mg of Chly! h™,

(18). The S multiline signal is approximately 1900 G wide

and was proposed to arise from an antiferromagnetically
coupled Mn cluster with total spi& = %/,, where two Mn o i )
ions possess the Mn(lll) and Mn(IV) oxidation statd®),( pH Titration. PSll-enriched membranes were diluted
18, 19). The $ state, being two electrons more reduced than @PProximately 5times with a low-buffering medium, A (0.5
the S state, was long expected to be paramagnetic but it MM Mes/KOH, 400 mM sucrose, 10 mM NaCl, 10 mM
was not until 1997 shown to have an EPR sigr2d], £1). MgCl;, and 5 mM CaGl pH 6.0), with 5 mM EDTA,

The S-state multiline signal is wider (25062800 G) than ~ centrifuged for 15 min at 40 0@) and resuspended in
the S multiline signal and also arises from&= 1/, Mn medium A, this time without EDTA. The EPR samples were

cluster, now with the Mn(ll) and Mn(lll) oxidation states then prepared in calibrated EPR tubes with final concentra-
present 20—22). tions of ~4 mg of Chl/mL and 5% (v/v) methanol. Before
Many of the catalytic events on the donor side in PSII the flash protocol, the samples were given 3 min of room
display pH dependencied?, 23—29). Extreme pHs are light, to fully oxidize Yp, followed by a 10 min dark
known to inhibit Q evolution, and studies also show that adaptation. This results in a mixture 0§Y$ (25%) and
oxidation and reduction of bothand Yo are pH-dependent. ~ S1Yo™ (75%) centers. To synchronize 100% of the PSII
Since the rereduction of is very fast in the presence of ~Centers in the & state, the samples were treated with a
the Mn cluster, most studies have been performed in Mn- Preflash protocol as in reffé with an 18 min dark incubation
less systems where the rates are slowed. These studies sho{¢0 °C) between the preflash and the exciting flashes (one

that the electron-transfer rate betweepand P680 has an
apparent g of 7—8, dependent on the material us@8<
30). Direct influence of pH on the Mn cluster has also been
studied 81—33). In these studies the effect of pH on the

flash to obtain the Sstate and three flashes to obtaig).S
The external acceptor,pBQ (dissolved in DMSO), was
added 1 min before the exciting flashes to a final concentra-
tion of 0.5 mM. After 1 flash, 7580% of the PSII centers

S-state transitions have been probed with thermolumines-were in the $state, and the rest were in the $ate. Three
cence measurements and EPR spectroscopy on the Sflashes resultin about 560% S-state population with the
multiline signal. Vass et al.3{) showed with thermolumi- ~ remaining centers in the&nd $ states. The amount of
nescence that a mild alkaline treatment of thylakoids led to €ach S-state is determined from oscillations from the
the inhibition of the $— S, transition. Ono and Inouep) multiline EPR signals as described in réf§ and 20. The
showed that the Snultiline EPR signal arising after the S flashes (6 ns, 532 nm, 350 mJ) were given at 5 Hz from a
— S, transition in acidic conditions was very similar to the Nd—YAG laser (Spectra Physics). The pH was adjusted
S, multiline observed in C-depleted samples. It has also immediatelyafterthe exciting flashes (Scheme 1), by adding
been shown that if PSll-enriched membranes in thet&e buffer solutions in the pH range 4-®.0: pL-glutamic acid/
are incubated at alkaline pH in darkness, most of the centersKOH (pH 4.0-5.0), Mes/KOH (pH 5.6-7.0), Hepes/KOH
stay intact 83). In conclusion, it is known that the Mn cluster ~ (pH 7.0-8.0), or glycylglycine/KOH (pH 8.6-9.0). The final
in the S state is only slightly sensitive to damage by alkaline buffer concentration was 14 mM. The samples were frozen
pH whereas the S-state transitions are very sensitive to30 s after the flashes. To allow thorough mixing, the buffers
extreme pHs. were added with a syringe with a spiral shaped tip. All steps
Until now the direct influence of pH on the EPR signals were performed in dim green light. After the EPR measure-
from the $ and S states has never been studied. There now ments the samples were thawed and the final pH, steady-
exist useful spectroscopic probes from theaBd S states state Q evolution, and Chl concentration were determined.
that make it possible to directly study the Mn cluster when The pH was determined with a small-tip standard pH
subjected to changes in pH. In this study EPR spectroscopyelectrode after transfer of the EPR samples to Eppendorf
has been used to investigate the direct effects of pH on thetubes.
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pH Resersibility. To study the reversibility of the pH  The HendersonHasselbalch relations of [AH] and [A7]
effects, samples were prepared in the same way as describedre given in
above except that immediately after the exciting flashes the

samples were frozen for EPR measurements (Scheme 1). [AH, "] = [AH]/10PH P (3
After this EPR measurement, the samples were thawed and
the first pH change was made (addition 1, 14 mM final AT]= [AH]lOpH_pK2 (4)

concentration of the pH buffer). The samples were again

frozen and the EPR measurements repeated. The sampleBy inserting egs 3 and 4 into eq 2, and solving it for [AH],
were thawed again and the pH was changed back tezpH and then inserting the resulting equation into eq 1, we obtain
6 (addition 2, 40 mM Mes final concentration) and frozen

again for the final EPR measurements (Scheme 1). After each (5)

pH addition (addition 1 and 2) the samples were incubated ) ) . )

for 30 s to allow mixing before freezing. Parallel samples Wherey is the measured EPR signal amplitud&, fis the
with only addition 1 were made to determine the obtained @pparent i at low pH, and | is the apparentlf at high

pH. During the thawing procedures the time was carefully PH and the proportionality constant= kA. _

monitored to allow estimation of the decay of the 8nd Steady-State £Evolution. Steady-state £evolution was
Sp-state populations that occur during the experiments. The Measured with a Clark-type electrode at’ZDin a medium

S state decays with different half-times in a pH-dependent ¢ontaining 20 mM Mes/KOH, 10 mM Mg&l10 mM NaCl,
manner in an oxidation reaction witho¥ (16, 17). The half- 9 MM CaC}, and 400 mM sucrose at pH 6.0, with PpBQ
times used for the estimation of the decay of thsignalat  (in DMSO, 0.5 mM final concentration) added as the external
pH 4.4, 5.8, and 8.5 of 45, 15, and 8 min, respectively. These qcceptor. IIIuml_nat|0n was supplied from a saturating white-
values were taken from the study by Vass and Styririy, ( light source. Directly after the EPR samples were thawed,
where they studied the pH-dependent decay of g PR~ 20 #g Chl of each EPR sample was added to 1 mL of
signal via the §Y % — S;Yp reaction. The Sstate can decay med|um._The @ evolution was always measured at pH 6,
via a reaction with %: S;Yp — S;Yp. This reaction is  irrespective of the pH of the sample.

pH-dependent1(7, 36) but does not occur in our samples RESULTS
since Yo was fully oxidized. Instead the dominating decay

of the S state is a slower reaction, with electrons from other ~ pH Titration of the $State Multiline Signal.In our
sources, which also is pH-dependent. The half-times of the experiment, we have formed thg Sate by three powerful

S, state decay at pH 4.5, 6, and 8.5 are 100, 340, and 240 s|aser flashes given at pH 6.0. Immediately after the flashes,
respectively, and were determined in intact thylakoids by the pH was altered and the EPR spectrum was recorded

y=c/(1+ 10" P+ 10P"P)

Messinger and RengeB®). Our samples were incubated at
15—20 °C during the additions of buffers whereas the half-
times for the $state decay were determined at°1D(36).
This would mean that our half-times for the-S&ate decay

(Scheme 1). Thus, we study the pH effects on thetSte
itself and not on the S-state transitions to he $ multiline
EPR signal at four different pH values (4.4, 5.8, 7.5, and
8.5) is shown in Figure 2A. The largest signal amplitude is

are faster and that we probably underestimate the amountmeasured around pH 5.8 (set to 100% in Figure 2B). When

of S, multiline signal in our samples when we normalize to
the decay of the Sstate.

EPR and Data AnalysisLow-temperature continuous-
wave EPR measurements were performed with a Bruker

the pH was either decreased to 4.4 or increased to 8.5, the
signal amplitude decreased successively. The hyperfine
structure seems unaffected by pH; only the amplitude of the
hyperfine peaks changes.

A pH titration of the § EPR signal amplitude was

ESP380e spectrometer fitted with a liquid helium cryostat i |
and temperature controller (Oxford Instruments Ltd.). Spec- Performed from pH 4.4 to 8.5, with an interval of ap-
trometer settings are given in the figure legends. The Proximately 0.25 pH unit between each sample. The titration
intensities of the §and $ multiline EPR signals were curve in Figure 2B shows that the amplitude of the S
estimated by the sum of the amplitudes of three peaks, Multiline signal is altered by pH. TheoSnultiline signal
indicated with triangles in Figure 1. The intensities were Nhas maximum amplitude around pH 6 and the amplitude
normalized to the size of Skwto Compensate for differences decreaSeS. on both sides of thlS region. The Slgnal Intensity
in sample concentration and tube diameter. ar: pH 4.4 s 40;43 of thle mé':lX'mU”éy ar;}d atth 8'5,1‘2?1? gf
_— : the maximum § signal is detected. The change of t

fitt-gzefrtlc;rrr?té)og zg\;isg_?r\?viaor égr?liai:gtignsgnts\ll;?;e EPR signal intensity with pH in Figure 2B has been fitted

. N . from pH 4.4 to 8.5 with eq 5, where we take into account
We assume that the EPR signal amplitugleg proportional : . - .
to the concentration of EPR-visible WOC ([AH]) according different events appearing at acidid(p and alkaline ()

pH, respectively. These two events give rise to the complex
to eq 1 (the doubly protonated [ASH an_d deprotonated A titration curve observed in Figure 2B. The fitting resulted in
states are assumed to be EPR invisible):

two apparent s of 4.2+ 0.2 and 8.0+ 0.1. However,
visual inspection of the fit and the data suggests that the
titration might be more complex, potentially involving more
than two [Ks. A preliminary study of this effect of pH on
the S multiline based on a limited data set has been reported,
providing an approximate alkalin&mf 7.6—-8.1 (37). Here

we present a more detailed study and the=p 8.0 is well

in line with our previous approximation.

y = KAH] (1)

The total concentration of WO@\) is the sum of the EPR-
visible and -invisible forms according to

A =[AH, T+ [AH] +[A] (2)
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Ficure 2: (A) S state EPR signal at four different pH values: (a)
pH 4.4, (b) pH 5.8, (c) pH 7.5, and (d) pH 8.5. The dotted lines

indicate the positions of the three peaks used for the determination

of the spectral intensities in the titration curve in panel B. The
spectra are normalized to the double integral ofisalIContributions
from the $ multiline signal have been subtracted, based on different
microwave power settings and the EPR signal oscillation patterns,
so that the gmultiline contributions close to the radical region
are minimized 20). EPR settings: microwave power 58 mW;
microwave frequency 9.47 GHz; temperature 7 K; modulation
frequency 100 kHz; modulation amplitude 20 G. (B) pH titration
curve from pH 4.4 to 8.5 of thecEPR signal amplitude as percent
of the spectral intensity of the pH 5.8 sample. The data points reflect
the sum of three peak amplitudes (indicated with dotted lines in
panel A) of the g state EPR signal recorded after three flashes
and subsequent pH change. The fitting of the curve from pH 4.5 to
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Ficure 3: (A) S; state EPR signal recorded after 1 flash and
subsequent pH change at four different pH values: (a) pH 4.4, (b)
pH 5.9, (c) pH 7.6, and (d) pH 8.6. The dotted lines indicate the
peaks used for the estimation of the signal amplitude. EPR
settings: microwave power 13 mW; microwave frequency 9.47
GHz; temperature 7 K; modulation frequency 100 kHz; modulation
amplitude 20 G. (B) pH titration curve of the spectral change of
the S multiline signal from pH 4.4 to 8.6 as percent of the
amplitude in the pH 5.9 sample. The data points are obtained as in
Figure 2. The fitting of the curve (described under Materials and
Methods) gave apparenkp of 4.5+ 0.1 and 7.6t 0.1 for the
decrease of the Snultiline signal.

0.1 and X; = 7.6+ 0.1. This is similar to the apparenkp
obtained for the &multiline. The data were fitted nicely

8.5 was made with eq 5 as described under Materials and Methodsyith two pKs (Figure 3B).

and yielded apparent{s of 4.2+ 0.2 and 8.Gt 0.1 of the decrease
of the § state signal.

pH Titration of the &State Multiline Signal.The pH
dependence of the,$nultiline signal in samples given one
flash was also investigated. In Figure 3A, therSultiline
at four different pH values (4.4, 5.9, 7.6, and 8.6) is shown.
The intensity of the $multiline also shows a strong pH
dependence. The;3nultiline has the maximum amplitude

The experiments presented so far were performed in the
presence of 5% (v/v) methanol, which allows the detection
of the § multiline signal @8, 39) and the maximum
amplitude of the & multiline signal. An experiment to
investigate if methanol in some way interferes with the
decrease of the ,Smultiline signal was made. A similar
decrease of the Snultiline signal amplitude was detected
in samples at pH 8.6 both with and without methanol (data

between pH 5.5 and 6.5, whereas at pH 4.4 30% of the signalnot shown), indicating that methanol does not interfere with

is detected and at pH 8.6 only 5% of @ultiline amplitude
remains (Figure 3B). The apparer{$of the loss of the S
multiline signal were estimated with eq 5 akip= 4.5+

the titration of the $multiline signal.

pH Dependence of Sl and G Evolution and Integrity
of the Mn ClusterIn every sample, Slby was monitored
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30 s incubation between flashes and freezing of the samples
used for the titration experiment in Figures 2 and 3 causes
no detectable manganese release (data not shown). This
indicates that the Mn cluster remained intact during the
experiment. Consequently, they 8nd $ multiline EPR
signals were not lost due to Mh release from the Mn
cluster.

Measurements of the ability to carry out steady-state
oxygen evolution after the pH treatment confirm the presence
of an intact Mn cluster. The pH optimum for the steady-
state Q evolution is between 5.5 and 6.57). At pH values
outside this range, the ;Gevolution decreases drastically,
and measurements provide little information about the
intactness of the Mn cluster. Therefore, the steady-state O
evolution was measured around pH 6.0 after the EPR
measurements when the samples were thawed. An aliquot

3340 3360 3380 3400

Magnetic Field (G)

from each EPR sample was transferred to the oxygen
electrode at pH 6 and the activity was measured. The rates
were largely unaffected by the pH treatment. More than 70%

§m 0 °o%0 'igrgﬂ.u.ﬂubﬁ”o D:;‘ 0; of the maximum oxygen evolution was detected in all
= el ° 0 %50 LRI g J samples from the pH titration series, including the high-pH
= " samples, where as much as 80% and 95% of thenfl S
-§ multilines, respectively, had been lost (Figure 4C). The
= 40 T ~30% loss of the @evolution at extreme pHs could be
j B explained by the release of some Mmuring the thawing
T o L ! ! of the EPR samples for &Zevolution measurements.
g 0 3% ¢ 0., s Thus, we can conclude that the&hd $ multiline signals
,§ ol ® . * ® were not lost due to damage and loss of the Mn cluster by
2 ° the pH treatment. Also, the loss of thg ®ultiline signal
2 with pH was not caused by the interaction with® Instead,
§ 4or the multiline signals are decreased due to other, more
g' C complex, reasons.

A't 5 ; 7 8 ; Reversibility of the Loss of the,&nd S Multiline Signals.

Our control experiments presented above show that the Mn
pH cluster remains intact after the pH treatment. This indicates
Ficure 4: (A) Tyrpox EPR signal is unaffected by pH. Signajdi that the loss of the gSand $ multiline signals at alkaline
was recorded at three different pH values: (a) 4.4, (b) 5.8, and (c) and acidic pH could be due to loss of theahd S states,
8.3 in samples from Figure 2. The signals are normalized for \ognectively. Another possibility for the loss of the multiline
differences in chlorophyll concentration. EPR settings: microwave . . . .
power 1.164W: microwave frequency 9.47 GHz; temperature 15 signals is that the pH tr(.aatment.r(.aflfacts reversible protonation/
K; modulation frequency 100 kHz; modulation amplitude 3.2 G. deprotonation events in the vicinity of the Mn cluster. To
(B) Double integral of signal i, from the samples in Figure 2  test these alternatives, reversibility experiments were per-

(+) and 3 () as a function of pH. The signals are normalized to formed where the pH was changed back from extreme pH
the size of signal Yo at pH 5.8 ¢) and 5.9 Q), respectively. (C) to normal pH (pH 6)

Oxygen evolution in the samples from Figure 2. After the EPR pH (P T o ) ]
measurements, the samples were thawed and aliquots were added In Scheme 1, the outline of the reversibility experiment is

to a Clark-type electrode with a medium at pH 6 where the oxygen shown. Preflashed samples at pH 6 were given the exciting
evolution was measured. The oxygen evolution rates are normallzedﬂashes_ The samples were immediately frozen for EPR
to the rate at pH 5.8. The &volution in the pH 5.8 sample was . . -
80% of the steady-state,Qvolution in freshly prepared PSIl- ~Mmeasurements. The first change of pH (either acidic or
enriched membranes. alkaline) was made and the EPR measurements were
repeated. To change back the pH to 6, a second pH addition
to see whether y°* became reduced during the incubation, was made and the final EPR measurements were performed.
thus causing the decrease of thenfultiline signal. Also, In Figure 5A the EPR spectrum of g Sample where the
the pH might alter the redox equilibria on the donor side of pH was altered to pH 8.6 and then back to pH 6.2 is shown.
PSII, resulting in the formation of XX or some other = The maximum intensity is observed when the sample was
oxidized radical component in addition t% (see Discus-  frozen directly after the flashes (Figure 5A, spectrum a). After
sion). As shown in Figure 4, the amplitude of il was the first change of pH (to pH 8.6), 25% of the maximum
largely unaffected by pH in both the one- and three-flash intensity was detected (Figure 5A, spectrum b). When this
experiments. sample was thawed and the pH was readjusted to 6.2,the S
The integrity of the Mn cluster can be studied with EPR multiline signal reappeared and 38% of the maximum signal
by observation of free Mit. If the EPR signal from free  intensity was observed (Figure 5A, spectrum c). This clearly
Mn?t is detected, some of the Mn clusters have become shows that the loss of the; $nultiline at high pH was
damaged and started to disintegrate. The pH change and theeversible.
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Ficure 5: Reversibility of the pH-induced decrease of thentultiline signal intensity. (A) Reversibility at alkaline pH. The three spectra
represent the Smultiline (a) after 3 flashes at pH 5.8, (b) after the sample has been thawed and the pH changed to 8.6, and (c) after a
second change of pH back to 6.2. (B) Reversibility at acidic pH. The three spectra represenmthiéli@e (a) after 3 flashes at pH 6.0,

(b) after the sample has been thawed and the pH changed to 4.5, and (c) after a second change of pH to 6.1. The EPR spectra in panels A
and B are normalized to the dilution of the sample to account for changes in concentration during the additions. The spectra have not been
corrected for any decay of the State. Contributions from remaining 8wltiline signal were subtracted as in Figure 2. (C) Bar diagram
illustrating the reversibility of the pH-dependent decrease of thet&e multiline signal. The amplitudes have been normalized to the
decay of the §state at different pHs as described under Materials and Methods. Black bars show amplitudecigimalSa) directly

after flashing (pH 6.0), (b) after changing the pH to 4.5, and (c) after changing the pH back to pH 6.1. Light gray bars show amplitude at
pH 6.0 after the same dilution and mixing but without changing the pH. Dark gray bars show amplitude gkieab(a) directly after

flashing (pH 5.8), (b) after changing the pH to 8.6, and (c) after changing the pH back to pH 6.2. The amplitudes ofitht#ii® signal

are determined as in Figure 2A.
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Ficure 6: Reversibility of the pH-induced decrease of ther&lltiline signal intensity. (A) The three spectra represent then@tiline (a)

after 1 flash at pH 6.1, (b) after the sample has been thawed and the pH changed to 8.5, and (c) after a second change of pH to 6.4. (B)
The three spectra represent then@ultiline (a) after 1 flash at pH 6.1, (b) after the sample has been thawed and the pH changed to 4.5, and
(c) after a second change of pH to 6.0. The EPR spectra in panels A and B are normalized to the dilution of the sample to account for
changes in concentration during the additions. The spectra have not been corrected for any decaystdtingS) Bar diagram illustrating

the reversibility of the pH-dependent decrease of thet&e multiline signal. The amplitudes have been normalized to the decay of the S
state at different pHs as described under Materials and Methods. Black bars show amplitude,@ighal%a) directly after flashing (pH

6.0), (b) after changing the pH to 4.5, and (c) after changing the pH back to pH 6.1. Light gray bars show amplitude at pH 6.0 after the
same dilution and mixing but without changing the pH. Dark gray bars show amplitude of #ign&l (a) directly after flashing (pH 6.1),

(b) after changing the pH to 8.5, and (c) after changing the pH back to pH 6.4. The amplitudes phibé&ile signal are determined

as in Figure 3A.

The reversibility of the $multiline at acidic pH is shown  reversibility at acidic pH, the light gray bars illustrate a
in Figure 5B. The EPR spectra-a represent the maximum  control experiment where only buffer with pH 6 was added,
signal, the signal after pH change to 4.5, and the signal afterand the dark gray bars show the reversibility at alkaline pH.
pH change to pH 6.1, respectively. At pH 4.5, 27% of the  The reversibility of the $multiline was probed in the same
signal intensity was observed, and when the pH was way as for the multiline signal. Figure 6A shows three
readjusted to 6.1, 45% of the signal amplitude was detectedEPR spectra of the,3nultiline; without any addition (a), at
(Figure 5B, spectra b and c). In Figure 5C the changes of pH 8.5 (b), and at pH 6.4 when the pH of the sample was
the § multiline intensities at the different pH changes are changed back (c). At pH 8.5 only 12% of the maximum
presented, corrected for the known decay of thet&te (see  amplitude of the & multiline is observed (Figure 6A,
Materials and Methods). The black bars represent the spectrum b). This amplitude increases to 25% when the pH
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is changed back to pH 6.4 (Figure 6A, spectrum c). In Figure
6B the same experiment on the r@ultiline at acidic pH is

Biochemistry, Vol. 39, No. 23, 2006769

virtually unchanged by the pH treatment. Also, the irrevers-
ible decay of the S states during the pH treatment (possibility

presented. The change of pH to 4.4 resulted in detection ofii) is excluded by the reversibility experiments. In both S

41% of the maximum amplitude (Figure 6B, spectrum b),

and S the EPR multiline signals were retrieved upon going

whereas 36% of the signal was detected when the sampleback from alkaline pH to approximately pH 6. The differ-

was changed back to pH 6.0 (Figure 6B, spectrum c). In

ences between the actual recovery and the expected maxi-

Figure 6C the changes of the signal intensities after the mum recovery calculated from the known decay gfa8d

different pH changes are normalized to the decay of the S

S, (Figures 5C and 6C for ;Sand S, respectively) can

state. Here we see that the decreased intensity at acidic pHorobably be accounted for by the precision in the data and
is not recovered, whereas at alkaline pH there is recovery some destruction of the cluster 80% as determined from

of the signal intensity (Figure 6C). The half-times used for
the estimation of the Sstate decay were determined at 10
°C (36). We make our pH additions at #20 °C. Thus, we
underestimate the amount of State in our samples after

the G evolution) due to repeated thawing. Our reversibility
studies at acidic pH are less conclusive. The less pronounced
reversibility at acidic pH could indicate that different
processes are involved in the decrease of the signal ampli-

the incubations when we have normalized to the expectedtudes at alkaline and acidic pH. One explanation for the poor

decay of the Sstate.

The reversibility experiments clearly show that the loss
of the § and S multilines at alkaline pH are reversible,
whereas at acidic pH the reversibility is less pronounced,
especially for the gmultiline signal. We conclude that the
decreased intensities of thg 8&rd S multiline signals at
alkaline pH probably is not due to a loss of the formal redox
states of $and S. Instead the results indicate that there is
some protonation/deprotonation event occurring in the Mn
cluster or in the vicinity of the cluster. It is likely that a
similar explanation is valid for the reversible part of the
reaction at acidic pH.

DISCUSSION

The data presented in this work show that theaSd $
multiline EPR signals are affected by the pH of the solution.
At pHs known to inhibit the steady-state €volution (below
~5.5 and above-7.2) we see that the Mn EPR signals are
lost reversibly. The obtained{s for the titrations in the &
(4.2 and 8.0) and Sstates (4.5 and 7.6) are similar to each
other. This similarity have important implications for the
view of charge neutrality in WOC. If there was a buildup of
charge in WOC during the turnover of the S states, this would
affect the fXs of the $ and S states (Gerald Babcock,
personal communication). It should be noted that the pH-
induced changes of the Mn EPR signals in bojlai®d S is
the second type of modification that has effects on bgth S
and S. The other reagent reported so far to have effects in
both S states is methanol, which makes then8ltiline signal
observable and shifts tlie= 4.1 signal to the multiline form
in the S state R0, 21, 38, 39).

reversibility at acidic pH is the appearance of an unknown
donor to OEC, below pH 5. Experiments are in progress to
identify a donor that can react with both theghd S states

at acidic pH. However, as judged from the-&volution
measurements, the signals are not lost due to damage of the
Mn cluster.

Thus, the reversibility experiments strongly suggest that
the centers are in the forma} 8nd S states when subjected
to extreme pHs. The loss of EPR-observable signals from
the Mn cluster in these S states must therefore involve some
other change in the water-oxidizing complex. The modifica-
tions are likely to involve either (iii) structural changes in
the Mn cluster itself or among its ligands or (iv) alterations
of the redox equilibria in the WOC (including zYand
potentially other redox-active groups). Below we will discuss
each of these possibilities in further detail.

Structural changes in the Mn cluster such as depletion of
C&" or CI™ are known to modify the magnetic properties
of the Mn cluster. Many studies have been made on how
the depletion of chloride and calcium affect the activity of
PSII (see refsl0 and 40—45 for a compilation). All the
studies show that the turnover of the S cycle is inhibited or
slowed at the $state. The treatments to deplete calcium
and chloride often include a pH treatment at extreme pHs
(CI~ depletion at alkaline pH and €adepletion at acidic
pH) (reviewed in refs40, 41, and44). One possibility for
the disappearance of the multiline signals in our samples
could be that the altered pH depletes the calcium and chloride
ions. However, with the high concentrations of?Cé4—5
mM) and CI present (36-:35 mM) in all the samples
compared to the binding constants for°Cand CI~ (44),
we rule this out.

What are the changes in PSII that cause the loss of¢ghe S We also investigated the alkaline pH-induced (pH 8.5) loss

and S multiline EPR signals at acidic and alkaline pH? We

of the § multiline in the presence of 100 mM C(data not

see several possibilities: (i) It could be a loss or damage of shown). There was no change in the relative amplitude

the Mn cluster during the pH treatment; (ii) the &d S
states could irreversibly decay tq@ & another diamagnetic
redox state; (iii) a structural change of the Mn cluster or its

ligands in either S state could alter the magnetic couplings;

(iv) the pH could alter the redox equilibrium involving the
Mn cluster and ¥; or (v) there could be a combination of
these effects.

between the samples at pH 8.5 and pH 6 in 100 mM CI
compared to samples in 35 mM CI". In this study we
find it unlikely that there is a formal Gaand CI depletion.
A possibility could still be that there is a local equilibrium
that dislocates the Gaand CI ions but that they remain in
the vicinity of the Mn cluster46).

Other pH-induced structural and chemical changes that

From the results presented above we can immediatelycould alter the EPR signals from the &d S states could

exclude possibilities i and ii. The Mn cluster remains intact
during the pH treatment. There is no release of freéMn

be direct titration of the oxo bridges in the Mn cluster. The
protonation states of the oxo bridges in the different S states

detected during the EPR measurements, and more impor-are not known. However, from comparison with model

tantly, the steady-state ,Gevolution (at pH= 6.0) was

compound chemistry, models have been proposed, where the
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protonation state of the oxo bridges vary with S state (ref 7.6 4+ 0.1 (this study)]. The high ks proposed (in re63)
11 and references therein; Holger Dau, personal communica-are also in good agreement with the;-~YD1—His190
tion). hydrogen-bonding network reported (in r&@ 59, and62).

The decrease of they&nd $ multilines at acidic pH may Another interesting amino acid candidate that could cause
be caused by the protonation of an oxo bridge in the Mn the decrease of the EPR signals at alkaline pHzisTyrosine
cluster. Protonation of oxo bridges in several Mn-compounds Z is thought to be~8—11 A away from the Mn cluster7(
has been studiedt{—49). Protonation of an oxo bridge in  64—66) and normally is not considered as a direct ligand to
a Mn complex increases the distance between the Mn atomsthe Mn cluster 2, 7, 64). Oxidation of Y is facilitated by
thereby decreasing the antiferromagnetic exchange couplingdeprotonation with i§ 7.5-8 through a hydrogen bond to
between the Mn ionsA@). Exactly how this would apply to  D1-His190 (see above), and this deprotonation could induce
the magnetic couplings in the WOC and thereby thar&l a magnetic interaction with the Mn cluster, causing the EPR
S, EPR signals is not easy to predict. However, a pH- signals to decrease. Furthermore, in calcium- or chloride-
dependent equilibrium between one strongly and one weakly depleted or acetate-treated samples subjected to illumination,
antiferromagnetically coupled Mn(l1)Mn(lll) state has been an EPR signal from the formal;State can be trapped,(
detected in Mn-catalase with magnetic susceptibility mea- 67—71). This signal has been identified as a split signal
surements §0). A weakly antiferromagnetically coupled originating from Yz, showing that even thoughzYmay
state, withJd approximately zero, would not give distinct not ligate to the Mn cluster it can definitely affect the
hyperfine lines of the multiline signal and may not be EPR- magnetic properties of the Mn clust&; 67—71). In addition
detectable at all. Population of such a state could explain to magnetic interactions, it is likely that the oxidation of Y
the decrease of thep@&nd S EPR signals. itself can modify the environment of the Mn cluster, possibly

The decrease of the signals at alkaline pH may be through a hydrogen-bonding network. This could lead to
explained in an analogous way. If the Mn cluster is modified magnetic couplings between the Mn iofg, (73),
protonated in vivo, deprotonation of an already protonated altering the EPR signals from the Mn cluster. One example
oxo bridge is expected to decrease the distance between thef such chemical interactions is found in acetate-inhibited
Mn ions involved. This is likely to increase the exchange PSIl, where a $state multiline signal is not detectable,
coupling between the Mn ions, leading to altered EPR although a spin-coupled signal fromYS® is observable in
signals. Also in this situation it is difficult to foresee how the formal $ state 66, 70, 72, 73). In this system, a S
the exchange couplings involving the other Mn ions would multiline signal becomes observable whep i¥ oxidized
be affected. but diamagnetic through interaction with N@4j.

A different category of pH-induced changes in and around We see one more possibility to explain our results at
the Mn cluster involves titration of substrate water (or alkaline pH. It is possible that the pH changes might have
derivatives) or amino acid residues interacting with the Mn altered the redox equilibrium between a&nd the Mn cluster
ions. The ligands to the Mn cluster are not conclusively (possibility iv). A pH-dependent donor-side equilibrium has
identified but the most likely candidates are glutamate, been suggested previousti/7( 75). It has also been shown
aspartate, and histidine residué458). A protonation or that the Tyr/Tyr redox-couple has a pH-dependent redox
deprotonation of one of these ligands or substrate waterpotential that decreases with 59 mV/pH unit as the pH is
(derived) molecules could affect the magnetic properties of increased?6, 77). Consequently, if the XY z* redox-couple
the Mn cluster such that the EPR signals from thai®l S shows the same pH dependence, it is quite possible that the
states would decrease in a similar manner. A titration of one equilibrium SYz = S,11Yz, which is normally shifted
or more of the carboxylato ligands could be the origin of strongly to the right, could be shifted to the left at alkaline
the loss of the Mn signals at acidic pH, and a histidine residue pH.
could be involved at alkaline pH. The potential of ¥/Yz and the ¥S; couple are thought

It is interesting to note that a histidine residue withka,p  to be separated by about460 mV (17, 78). If the increased
~ 7—7.5 was proposed to control electron donation from pH resulted in a decreased potential of/ Y-, it is quite
Mn?* to Mn-depleted PSII center$%, 59). Furthermore, feasible that $might oxidize Yz, shifting the equilibrium
His190 on the D1 protein, a residue that is thought to be to form SY2. It is not clear how this would affect the EPR
hydrogen-bonded toXand close to the Mn clusteB@, 59— properties of the water oxidizing complex and. YHowever,

62), is thought to have apbetween 7 and 8. A titration of  our present results can rule out the most likely option that a
a histidine ligand to the Mn cluster could occur close to the free radical signal from ¥ would become visible at the
alkaline K we observe, and this would interfere with the expense of the Mn-derived,State EPR signals. Our EPR
properties of the EPR signals at alkaline pH. measurements of the tyrosine radical content in PSII (Figure

Amino acid residues that are modulated by the oxidation 4A,B) reveal no change of the spectrum of*Yn the pH
state of the Mn cluster were proposed by Rappaport andtitration experiment. Thus, if the manganese EPR signals
Lavergne 63) by pH-dependence studies on the proton were lost due to a lowered redox potential of ythis does
release pattern during the S cycle. They observed that severahot result in a normal ¥z state. At present we find this
amino acids with different igs are involved in the proton  mechanism unlikely as an explanation for the loss of the S
release. They proposed one amino acid wittKa=8.2 in state EPR signal. In the,State it is even more unlikely
the $ state and that this group has K g= 7.25 in the $ that the equilibrium betweeny®; is shifted to, in this case,
state 63). A pK of 8.2 in the g state is in good agreement S_;Y7". This is improbable since ¥ can be expected to be
with the (K we obtained (§ = 8.0+ 0.1) from the decrease  more oxidizing than &at pH 8.5 [at physiological pH, ¥
of the § EPR signal, whereas the difference is bigger has been estimated to be250 mV more oxidizing than the
between the I§ in the S state [K = 7.25 63) and K = S state (7)].
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To conclude, there are several plausible reasons that the 22. Anrling, K. A., Peterson, S., and Styring, S. (198&chem-

Mn-derived EPR signals from bothy 8nd $ are reversibly
lost upon incubation of PSII at extreme pHs. At present we
rule out destruction of the Mn cluster or calcium and chloride
depletion. Instead, the explanation may involve either
structural changes in the Mn cluster (protonation or depro-
tonation of oxo bridges) or effects on ligands or amino acid
side chains in the immediate vicinity of the Mn cluster.
Identification of the origin of our pH-dependent effects on
the § and S multiline EPR signals might provide vital
information about central issues in the chemistry of the Mn
cluster. Therefore, studies involving other spectroscopic

techniques are in progress to elucidate the reversible events 29.

induced in the oxygen-evolving cluster by simple pH
changes. We have also commenced studies on how pH
affects the oxygen-evolving cluster in the other S states.
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