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ABSTRACT: Photosynthetic oxygen evolution in photosystem Il (PSII) takes place in the oxygen-evolving
complex (OEC) that is comprised of a tetranuclear manganese clustgr éMiadox-active tyrosine residue
(Y2), and C&" and CI cofactors. The OEC is successively oxidized by the absorption of 4 quanta of
light that results in the oxidation of water and the release af @®¢* is an essential cofactor in the
water-oxidation reaction, as its depletion causes the loss of the oxygen-evolution activity in PSII. In recent
X-ray crystal structures, Ca has been revealed to be associated with the dlisster of PSII. Although
several mechanisms have been proposed for the water-oxidation reaction of PSII, the rofe of Ca
oxygen evolution remains unclear. In this study, we probe the role éf @aoxygen evolution by
monitoring the $to S state transition in PSII membranes and PSII core complexes upon inhibition of
oxygen evolution by D¥, Ci#*, and Cd* ions. By using a cation-exchange procedure in which Ca

not removed prior to addition of the studied cations, we achieve a high degree of reversible inhibition of
PSIl membranes and PSII core complexes by DE A, and Cd* ions. EPR spectroscopy is used to
quantitate the number of bound Byand Céd* ions per PSII center and to determine the proximity of
Dy3®* to other paramagnetic centers in PSIl. We observe, for the first time »th&® multiline electron
paramagnetic resonance (EPR) signal if'Dynd Cd*-inhibited PSII and conclude that the Tacofactor

is not specifically required for the;$0 S state transition of PSII. This observation provides direct support
for the proposal that Ca plays a structural role in the early S-state transitions, which can be fulfilled by
other cations of similar ionic radius, and that the functional role of*Ga activate water in the ©0
bond-forming reaction that occurs in the final step of the S state cycle can only be fulfilled?hyaGa

Sr>*, which have similar Lewis acidities.

The photooxidation of water to dioxygen in plants, algae, and @, which results in stabilization of the charge-separated
and cyanobacteria is catalyzed by the oxygen-evolving states. The OEC of PSIl is comprised of a tetranuclear
complex (OEC) of photosystem Il (PSll). The photochem- manganese cluster (Mn a redox-active tyrosine residue
istry of PSll is initiated by photoinduced charge separation (Yz), and calcium ion (C#&) and chloride ion (Cl) cofactors
from a primary chlorophyll, Ro, to a pheophytin (Pheo) and  (Figure 1). To further stabilize the charge-separated state,
subsequently to the membrane-bound quinone cofactars, Q P680* is reduced by a tyrosine residuez,Min the OEC,
which in turn is reduced by the Mrcluster. During the

* This work was supported by NIH Grant GM32715 and NSF Grant 0Xygen-evolution reaction, the Mreluster is sequentially
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1 Abbreviations: bRC: bacterial reaction center; Chl: chlorophyll; Cé&* has been identified as an essential cofactor in the
DCBQ: 2,5-dichlorop-benzoquinone; EDTA: ethylenediaminetet-  oxygen-evolution reaction, as the depletion of Gans from

raacetic acid; EPR: electron paramagnetic resonance; EXAFS: ex-tha OEC causes the loss of oxygen-evolving activity in PSII.
tended X-ray absorption fine structure; FTIR: Fourier transform 2+-bindi . . . .
infrared; kDa: kilodalton; MES: 2N-morpholino)ethanesulfonic acid; The C&*-binding sites in PSII have been previously studied

Mn,: tetranuclear manganese; OEC: oxygen-evolving complex; by several methods3(-6). Although a varying number of
OGP: n-octyl--p-glucopyranosidep,;: microwave power at half — Cg+-binding site(s) have been reported in the literature, it

saturation; B¢ primary chlorophyll electron donor of PSIl; Pheo: . . .
pheophytin; PPBQ: para-phenyl benzoquinone; PSII: photosystem II; is generally accepted that one“Caon per PSII center is

Qa: primary plastoquinone electron acceptor of PSIi; Gecondary required for oxygen evolution and that this®C#on is tightly
plastoquinone electron acceptor of PSI};skates: $to S oxidation bound Kp ~ uM) in the OEC. Besides the direct functional

states of the Mp cluster; SDSPAGE:  sodium dodecyl sulfate role of C&* ions in oxygen evolution, it has been suggested
polyacrylamide gel electrophoresis;plY redox-active tyrosine-160 PR . .
residue of the D2 protein; ¥ redox-active tyrosine-161 residue of that a Ca" site in the 33 kDa polypeptide on the donor side

the D1 protein. of PSII could regulate H transfer pathways through the
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co-workers solved the X-ray crystal structure of PSIl at 3.0
A resolution @4). The 3.0 A resolution X-ray crystal
structure identifies a MyCa cluster, although the ligand
assignment of the MyCa cluster is different from the Mn
CaQ, cubane proposed by Barber, Iwata, and co-workers
(23). The crystallographic results showing that calcium is
part of the OEC emphasize the important role of &Gan
in oxygen evolution.

Early proposals for the mechanism of oxygen evolution
in PSII did not explain the role of Ga(25), which is known
to be an essential cofactor for oxygen evolution. More
recently, studies have suggested that'Gadirectly involved
in oxygen evolution 26—29). On the basis of density
functional theory calculations, which showed that Qaight
be directly bridged to the Mncluster byu-OH or u-O
ligands, it has been suggested that'Qa required to form
an oxygen radical in the ;Sstate of the OECZ7). In a

YT separate proposal, Pecoraro and co-workers have suggested
% that a terminal Mn(\A=O undergoes a nucleophilic attack
by a C&"-bound hydroxide ligand to form a Mn-bound

FiGURE 1: Relative locations of important redox components in hydroperoxide Z8). Brudvig and co-workers have also
PSIl based on.the 35 A resolution cry;tal struc.ture (PDB code: proposed a mechanism in which a?2C#on p|ays a role as
tlrggls_gegg)étg\m@aéefdpvsvﬁh black arrows is the primary electron- 5 \eak Lewis acid beyond the State of the OEC whereby
' a C&"-bound water reacts with a Mn(¥)O species to form
the O-0 bond through a nucleophilic attack@).

water channel of the OEC7(8) and a C&" site on the In previous metal-ion inhibition studies, Brudvig and co-
acceptor side of PSII could regulate proton-coupled electron- workers investigated the binding of mono-, di-, and trivalent
transfer pathways at the secondary quinone site of B%II ( cations to the Cd-binding site in the OEC29). These
In addition, Shen, Ono, and co-workers have suggested thestudies have suggested that thé'Gainding site in the OEC
presence of additional €asites that could also indirectly  of PSII is size-selective, similar to the binding of&aons
influence Q evolution (L0, 11), and a weaker binding €a in EF-hand proteins2©). Among the di- and trivalent cations
site has been identified in the CP29 polypeptide of the light that have been used to replaceCia PSII, SE* is the only
harvesting complex Il (LHCII) 12) of PSIl. However, in cation that maintains the £volving activity of PSII. This
the absence of direct experimental evidence, the role(s) ofmay be because Brhas a similar Lewis acidity to Ga
these additional Ca-binding site(s) in PSIl are currently (29, 30). SP* ion substitution has been shown to alter the
under debate. S, state multiline EPR signal3Q). It has previously been

St is the only cation that can functionally substitute for demonstrated that the depletion of?Caons in PSII does
C&" in the OEC. The biosynthetic incorporation oPSin not inhibit the formation of the Sstate 82, 33). This result
the cyanobacteriunThermosynechococcus elongatoas suggests that Gamay play a functional role beyond the S
recently been reported by Sugiura and co-work&s. (This state of the M cluster in the OEC. It is thought that the
study demonstrates that Cacan be biosynthetically replaced incubation of PSII with Dy* (34, 35), La®* (35), and Cd*
by St while retaining photosynthetic growth. Moreover in (11, 36, 37) leads to loss of the ability to advance to the S
the thermophile, any &r bound outside the OEC can be state in PSIl as the,State EPR signal has not been observed
exchanged with Ca after isolating PSII, while the ¥ ion in these samples. The failure to observe thestate EPR
bound in the OEC is nonexchangeabl3)( The C&t- signal in these samples is inconsistent with the previous
binding properties of PSII from this thermophile differ from proposal that C& is not required in the Sto S state
nonthermophilic PSII, for which Ga can be reversibly  transition, but this could be ascribed to several other
exchanged with di- and trivalent iong, (11, 14—20). possibilities. First, the DY, La®", and Cd" treatments may

Previous results from extended X-ray absorption fine disrupt the calcium site or even disassemble the dhmster
structure (EXAFS) measurements have indicated that theand thus interrupt the;So S state transition. Second, the
Cé&" ion in the OEC is located very close to the Mruster substitution of C& by Dy3*, La®t, and Cd™ may decrease
with corresponding Mr-Ca distances of 3.3 Alg—19) and the rate of electron transfer from the Mecluster such that
4.2 A (20). More recently, the X-ray crystal structure of PSIl  the conditions necessary to monitor the3by La**-, and
has been solved at 3:8.0 A resolution 21—-24). The CdP*-treated PSII samples are different from the conditions
structure of the OEC cannot be discerned in atomic-level previously used for untreated PSII samples.
detail in these X-ray crystal structures. However, using the In this study, we examine the inhibition of oxygen
3.5 A resolution X-ray crystallography maps in conjunction evolution by divalent and trivalent metal ions in both BBY-
with anomalous diffraction and molecular modeling, Barber, type PSll-enriched membranes and PSII core complexes. By
Iwata, and co-workers have identified a?Céon as part of using a cation-exchange procedure in which?'Cis not
the OEC, which is modeled as a manganese-oxo cubaneemoved prior to addition of the studied catior) we
structure (MaCaQy) with a fourth manganese attached as a achieve a high degree of reversible inhibition of PSII
dangling atom (Figure 1). Additionally, Saenger, Zouni and membranes and PSII core complexes by'DyCW#+, and
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Cd?* ions. A single tightly bound DY gives large and  treatments. The completion of the cation exchange is
reversible inhibition of @ evolution and a significant  determined to be the point at which the-&volving activity

enhancement of th®,, of the $ state multiline signal, of the PSIl sample no longer decreases. The equilibrium time
showing that this D$ binds close to Ma cluster. We of cation exchange in PSIl membranes and in PSIl core

observe, for the first time, that both By and Cd*-inhibited complexes are compared in this study.

PSII core complexes advance to thesgate and conclude Inhibition of Oxygen kolution by Dy" lons. The inhibi-

that the C&" cofactor is not specifically required for thg S tion of oxygen evolution by DY ions in BBY-type PSII

to S state transition of PSII. membranes has been conducted under various conditions.

The Dy?*-inhibited PSIl samples, Dy1Dy3, were prepared

MATERIALS AND METHODS by a 4-h incubation of PSIl membranes in the presence of

. 20 mM MES (pH 6), 15 mM NaCl, and 20 mM Dy§(Dy1),
BBY and Core Preparations of PSIBBY-type PSIl-  g,saquent incubation with 50 mM MES (pH 6), 15 mM

enriched membranes were isolated from market spinachqsp 5 v CaGl 0.4 M NaCl, ad 1 M sucrose (Dy2)

according to the procedure of Berthold et @8 with the 5 frther treatment with 1 mM EDTA (Dy3). PSIl samples,
modifications of Beck et al.39). The PSIlI samples were Dy4 and Dy5, were both prepared directly from PSII

stored until use at 77 K in buffer containing 20 mM MES membranes by 15 min incubation with 50 mM MES (pH
(pH 6.0), 15 mM NacCl, and 30% (v/v) ethylene glycol. PSlI _6), 15 mM OGP, 0.4 M NaCl1 M sucrose, and 0.5 mM
core compl_exes were p_repared by the method oth_anotaklsDbe (Dy4) or 0.1 mM DyC} (Dy5), respectively. PSII

et al. @0) with modifications. The BBY-type PSll-enriched samples, Dy6 and Dy7, were obtained by a method similar
membranes were washed three times with wash buffer (50to the preparation of Dy5 except that the buffer was
mM MES (pH 6), 10 mM NaCl, and 0.4 M sucrose) a”?' pretreated with Chelex 100 for one and two times, respec-
resugpended n Wa.Sh buffer to 2.5 mg of Chl/mL. The cruqal tively, to remove residual Caions. All of the Dy?*-inhibited
step in the preparation of PSIl core complexes is the dropW|se|;,SII samples (DytDy7, respectively) were washed or

addition of an equal volume of solubilization buffer (50 mM dial ;
yzed against Dy -free buffer to remove excess unbound
MES (pH 6), 5 mM CaGl 10 mM NaCl 1 M sucrose, and Dy®* ions in solution. The inhibition of oxygen evolution

70 mM n-octyl-3-p-glucopyranoside (OGP)), which dilutes by Dy®*" was confirmed by the significant decrease of the
the sa_mples to 1.25 mg of Ch/mL. The 35 mM OGP oxygen-evolving activity upon treatment with Byions.
extraction Iastgd for 10 min. Subsequently, the concentration ¢ iher, the reversibility of the By treatment was examined
of OGP was diluted from 35 mM to 15 mM by the addition g nitoring the oxygen-evolving activity after reconstitu-
of dilution buffer (50 mM MES (pH_ 6), 5 mM _Ca@l 10 tion of PSII with 20 mM CaCl. The inhibition of oxygen
mM NaCl, 1.M sucrose), and the mixture was incubated at evolution by Dy in PSII core complexes was examined in
0 °C for 5 min. PSII core complexes were soluble after a 20 Chelex 100 treated buffer (20 mM MES (pH 6) and 15 mM

min 'cgntrifuge spin at 340@) while L.HC” complexes NacCl) by the addition of 0.001 to 0.3 mM Dy£followed
precipitated as a pellet. The suspension was subsequentl)by a 5 min incubation period. Similarly, the Byinhibition

dialyzed against buffer containing 50 mM MES (pH 6), 10 54 ¢+ reconstitution were examined by conducting

mM. NaCl, 5 mM CaGj, _and_ 30% (v/v)_ethylen.e glycol. oxygen-evolving activity assays after the sample treatments.
Typically, repeated 30 min dialyses{3 times) will cause 15" o relation of the EPR signal intensity of Dy@PR

the aggregation of PSII core complexes. Two-fold dilution i standards was established as shown in Figure 2. The
of the core complexes with dialysis buffer was followed by - ¢,ncentration of D§ ions in each of the Dy-inhibited PSI|
a centrifuge spin at 340@0for 30 min, which sediments o hje5 was quantitated by comparison of the EPR signal
the PSII core complexes. Collection of the PSII core intensity of Dy** in PSII with that of the DyGJ EPR spin
com_plexes was achlgved. by resuspending PSIl with astandards. The number of metal ions per PSII center was
minimum amount of dialysis buffer. Complete removal of ggtimated based on the calculation that one BBY-type PSI|

the _Iight harvgsting complgxes and the 17 and. 23 kDa center has 200 chlorophylls and one PSII core complex has
extrinsic proteins was confirmed by SBBAGE using a 38 chlorophylls.

12% (w/v) acrylamide resolving gel (data not shown). Inhibition of Oxygen Eolution by Cé* and Cd" lons.

O,-Evolution Actiity Measurement€,-evolving activity  The inhibition of oxygen evolution by Gt was achieved
measurements of PSII samples were performed with a Clark-py methods similar to those used for Dynhibition of PSII.
type electrode at 25C (39). An Oriel 1000 W tungsten lamp,  The PSII samples, Cul, Cu2, and Cu3, were prepared from
fitted with a IIqUId filter (fl”ed with distilled Water), a 610 BBY-type PSII membranes. PSII Samp|es7 Cul and Cu2,
nm cutoff filter (LP 610), and a heat filter, was used to initiate \yere incubated at pH 6 with CugC{1.5 and 0.5 mM for
the photochemistry. 250M DCBQ and 1 mM kFe(CN}) Cul and Cu2, respectively), 15 mM OGP, 0.4 M NaCl, 1 M
were added as an artificial electron acceptor and oxidant, sycrose, and 50 mM MES for 15 min, followed by 3 washes
respectively. Typically, @evolution rates of 406600 and  with an excess of solution containing 20 mM MES, 15 mM
1000-1500umol of O, (mg of Chly* h™* were observed ~ NaCl, and 0.1 mM EDTA (pH 6). For preparation of the
for PSII membranes and PSII core complexes, respectively,ps|| sample, Cu3, all of the buffers were pretreated with
in buffer containing 20 mM MES (pH 6.0), 15 mM NaCl,  Chelex 100 twice; otherwise, the procedure was the same
and 20 mM CaGl as that used to prepare the PSIl sample, Cu2. Th¥ Cu

Time Course of Cation-Exchange Equilibriuithe time inhibition of PSII core complexes was investigated over the
course of the exchange of €ain PSII with divalent and range from 0.001 to 2 mM Cugbbtained by addition of a
trivalent cations was investigated by monitoring the inhibition stock solution to Chelex 100 treated buffer (20 mM MES
of O,-evolving activity of PSII during the course of the cation (pH 6) and 15 mM NacCl). After incubation with Cug&l
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containing buffers, all the samples were washed with*€u
free buffers several times to remove unbound'Gons. The
number of C&" ions was determined by comparison of the
EPR signal intensity of thg = 2.6 tog = 1.8 signals in
Cw*-inhibited PSII samples with those of ZuEDTA EPR
spin standards.

The inhibition of oxygen evolution by G was conducted
only in PSII core complexes. The inhibition was achieve
by incubating the PSII core complexes in buffers at pH
containing 20 mM MES and 15 mM NacCl, and CdGit
concentrations ranging from 0.5 to 6 mM.

EPR Measurements. (a) EPR Spectroscopy of the Light-
Induced Signals of PSIIAIl the PSIl samples were dark
adapted after the addition of 1 mMsRe(CN) and 0.5 mM
PPBQ to keep the electron acceptors in PSII completely
oxidized prior to conducting EPR measurements. Thet&e
multiline EPR signal was obtained by-5 min illumination
at 200 K (in a dry ice and acetone bath) followed by rapid
freezing of the PSIl samples at 77 K. The dark-stabje Y
EPR signal was induced by illumination at'G for 2 to 5
min. All the EPR scans were acquired on a Varian E-line
EPR spectrometer equipped with a;§fcavity or a Briker
ELEXYS E500 EPR spectrometer equipped with a SHQ
resonator and an Oxford ESR-900 helium-flow cryostat. The
S, state multiline EPR signal was recordedéaK with the
following instrumental parameters: microwave frequescy
9.28 GHz (Varian) or 9.38 GHz (Bker), modulation
frequency= 100 kHz, modulation amplitude 20 G. The
experimental parameters for the observation of tpeBEPR
signal were as follows: temperature 30 K, microwave
frequency= 9.28 GHz (Varian) or 9.38 GHz (Bker),
modulation frequency= 100 kHz, modulation amplitude
2 G. The microwave power was varied as indicated in the
figure captions of the EPR spectra.

(b) Simulation of EPR Progres& Power Saturation Data.
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Ficure 2: Correlation of the EPR signal intensity with the
concentration of DyGl spin standards. The By EPR signal is
shown in the inset.
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instrumental parameters for observation of thé'Gans are
same as those used for recording®D¥PR signals. The
guantitation of bound Cu ions in PSIl was achieved by
double integration of the Cti hyperfine peaks using the
method of Aasa and \fengard ¢1).

RESULTS
Inhibition by Dy** lons. (a) Oxygen-Eolution Inhibition

The EPR progressive power saturation curves were simulatedData. In the present study, the inhibition of oxygen evolution

using the equation:

KvP

A=——"""— 1
(14 PP, M
whereA is the EPR signal amplitudé& is a constantP is
the microwave powelRy; is the microwave power at half-
saturation, anth is the inhomogeneity parameter. For a first-
derivative EPR spectrun,= 1 in the inhomogeneous limit
and b = 3 in the homogeneous limit. In this work, the
inhomogeneous limit was used, and the valud @fas set

of PSII by Dy?* has been conducted in both PSIl membranes
and PSII core complexes. The inhibition of oxygen evolution
by Dy** in PSII membranes requise 4 hincubation period

to achieve equilibrium, whereas the inhibition of oxygen
evolution with Dy?* in PSIl core complexes is rapid and
complete within few minutes (Figure 3). Several conditions
have been examined for the preparation of Dinhibited
PSII membranes. Table 1 summarizes the characterization
of Dy**-inhibited PSIl membranes and Byinhibited PSlI
core complexes. Most notably, the addition of 20 mM GacCl
to the Dy"-treated PSIl samples (DyDy7) restores 68
71% of the original oxygen-evolving activity of untreated

to 1. The progressive power-saturation curves were simulatedpSi|.

using Origin 6.0 (Microcal Software, Inc.).

(c) Dy** EPR SignalsThe EPR signal of D¥ has a broad
peak located ag ~ 16 (Figure 2). The EPR signal of BY
ions in the DyC} EPR spin standards and Byions in PSil|
are compared for the quantitation of bound*Dyn PSII.
The instrumental parameters used to observe thie BPR
signals were as follows: microwave frequereyd.28 GHz,
modulation frequency= 100 kHz, modulation amplitude
20 G, microwave powet+ 5 mW and the EPR spectra were
recorded 86 K on aVarian EPR spectrometer.

(d) Ci*" EPR SignalsThe EPR signal of Cli consists
of hyperfine splittings betweeg= 1.8 andg = 2.6 that are
sensitive to the binding environment of theCions. The

The incubation of PSII membranes with excess RyCl
(sample Dy1l) fo 4 h achieves complete By inhibition,
and the number of bound BYPSII center is determined to
be 24 (Table 1). Further treatment with EDTA lowers the
number of bound D¥/PSll to 19 and 6 for samples Dy2
and Dy3, respectively. Incubation of PSIl membranes with
lower concentrations of Dyglgives 2 to 6 Dy'/PSIl as
characterized in samples Dy®Dy7. As shown in Figure 4
and Table 1, the incubation of PSIl core complexes with
0.3 mM DyCk results in significant inhibition (93%) of £
evolving activity. It is determined that there is 1 bouncDy
PSII present in this sample and there is high reversibility of
inhibition (~62%) upon reconstitution with €a In samples



EPR Studies of Metal lon Inhibition of PSII

1.25

PSIl membranes
A ---- P8Il core complexes

1.00

0.75

0.50

0.25

Normalized O,-Evolving Activity

[ S aid S

&

0.00

o4

Incubation Time (h)

FiGURE 3: The time course of the exchange of?Cavith Dy3* in
BBY-type PSIl membranes and PSII core complexes. Inhibition
of oxygen evolution is achieved by the addition and incubation of
Dy3* with PSII membranes in buffer containing 20 mM MES (pH
6), 15 mM NaCl, 5 mM DyCJ, and 5 mM CaCl and with PSII
core complexes in buffer containing 20 mM MES (pH 6), 15 mM
NaCl, and 5 mM Dyd. The curve fits of the experimental data
indicate that equilibrium is reached 4 h with the Dy* incubation

of PSII membranes ang3 min with the Dy* incubation of PSII
core complexes.

Table 1: Summary of the Characterization of*Dynhibited PSII
Samples

Dy?3*-inhibited

% activity after Dy3t/ % activity after

sample Dy3*-inhibition PSII Ca&"-reconsitiution
Dy1P 0 24 0

Dy2° 0 19 0

Dy3" 0 6 0

Dy4P 20+ 1° 6 65+ 3¢

Dy5P 45+ 2 2 60+ 5¢

Dy6P 14+ 0® 3 71+ 28

Dy7? 943 2 70+ 2f
Dy3*-PSilI core complex 719 1 62+ 59

aSee sample preparation section for det&iBrepared from BBY-
type PSIl membranes: samples Dyy3 were prepared from incuba-
tion with 20 mM DyCk (Dyl), a subsequent OGP-treatment (Dy2)
and a further EDTA-treatment (Dy3); samples Dy4 and Dy5 were
prepared from incubation with OGP, NaCl, EDTA and 0.5 or 0.1 mM
DyCls, respectively; samples Dy6 and Dy7 were prepared with the same
method of Dy5, but the buffer was pretreated with Chelex 100 once or
twice, respectively® Relative to activity of untreated PSIl membranes
at 630umol of O, (mg of Chly* h™2, d Relative to activity of untreated
PSIl membranes at 64iZmol of O, (mg of Chl)! h™%. ¢Relative to
activity of untreated PSIl membranes at 4600l of O, (mg of Chl)™*
h~L. T Relative to activity of untreated PSIl membranes at 48®| of
0O, (mg of Chly'* h™%. 9 Relative to activity of untreated PSII core
complexes at 122@mol of O, (mg of Chly* h™.

Dy1-—3, the Q-evolving activity is inhibited completely and
cannot be recovered by reconstitution with CaElowever,
Dy3" inhibition in samples Dy4 7 is reversible. Reconstitu-
tion with C&* restores>60% of the original G-evolving
activity, as shown in Table 1. Similarly, the incubation of
PSII core complexes with Cugand CdCJ was investigated
(Figure 4).

(b) EPR Spectroscopic Properties of Dytnhibited PSII
Core ComplexesShown in Figure 5 is a comparison of the
light-induced $ state multiline EPR signal in (a) untreated
PSIl core complexes and (b) Byinhibited PSIl core
complexes with a single By per PSII. After illumination
of the Dy?**-inhibited PSII core complexes at 200 K for 2
min, the S state multiline and @ EPR signals are observed
atg ~ 2 andg ~1.86, respectively. The,State multiline
EPR signal in Dy*-inhibited PSII core complexes is very
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(mg of Chly? h=1. See text for sample preparation.
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Ficure 5: The S state multiline EPR signal obtained from light-
minus-dark spectra after illumination for 2 min at 200 K of (a)
untreated PSII core complexes and (b)3Dinhibited PSII core
complexes with 1 Dy bound per PSIl. The EPR spectra were
acquired with 1 and 10 mW on a Brer EPR spectrometer for
untreated and D¥-inhibited PSIl core complexes, respectively.
The detection powers are close to g, values of 0.92 and 9.9
mW for untreated and Dy-inhibited PSIl core complexes,
respectively. The arrows indicate tPRn hyperfine peaks associ-
ated with the gstate multiline signal that were used for quantitation
of the EPR signal intensity.
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similar to the $ state multiline EPR signal in untreated PSiI|
core complexes. However, the hyperfine peaks of thet&e
multiline EPR signal in Dy -inhibited PSII cores are slightly
broader, and additional weak peaks are observed ig the

3 region of the EPR spectrum. The vyield of the Sate
multiline EPR signal in Dy™-inhibited PSII core complexes
and untreated PSII core complexes was investigated as a
function of the illumination time at 200 K for (a) 1 min, (b)

2 min, (¢c) 3 min, (d) 4 min, and (e) 5 min (data not shown).
It is observed that the spectral intensity of the sfate
multiline EPR signal in untreated PSII core complexes and
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FiGURE 6: Progressive power saturation of thg ssate multiline
signal in untreated PSII core complexes (open circles) arfd-Dy
inhibited PSII core complexes (filled circles) after illumination at
200 K for 2 min. ThePy, is determined to be 0.92 MR =
0.9988) and 9.9 mWR? = 0.9876) for untreated PSIl and By
inhibited PSIl core complexes, respectively. The spectra were
collected on a Biker EPR spectrometer.
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Dy**-inhibited PSII core complexes remains unchanged with 0.2
the increase in illumination time of the samples. The average 3300 3350 3400
yield of the S state multiline EPR signal collected after 00 ' : F'e"d ‘Ga"ss" ,
min illumination in Dy?*-inhibited PSII core complexes is 0.0 0.5 1.0 1.5 2.0 25
24% of the average yield of the State multiline EPR signal (Power/mw)1/2

in untreated PSIl core complexes when the EPR signal Ficure 7: (a) Power saturation of thepY EPR signal in excess
|ntenS|t_y under non-saturating conditions is _Compared .and Dy3*-inhibited PSII membranes (sample Dy1, filled circles) and
corrections are made for sample concentration and micro-ynireated PSII membranes (open circles) at 30 K, measured on a
wave power. Varian EPR spectrometer. The data yi€lg, of 3.5 mW R =

(c) Progressie Power Saturation of EPR Signals in Dy 0.9967) andPy, of 0.27 mW R = 0.9944) for Dy*-inhibited
Inhibited PSII. Figure 6 shows the progressive power PSII membranes and untreated PSII membranes, respectively. The

. s . . inset shows the ¥ EPR signal in Dy™-inhibited PSII membranes
saturation curves of the,State multiline EPR signal in (sample Dy1, solid line) and untreated PSII membranes (dashed

untreated PSII and Dy-inhibited PSII core complexes. jine) recorded at a microwave power of 0.3 mW. The arrow
According to eq (1), thé®y, of the S state multiline EPR indicates the hyperfine peak ofpYEPR signal that was used for

signal in untreated PSIl and B¥inhibited PSIl core  quantitation. (b) Progressive power saturation of tfe signal in

complexes is determined to be 0.92 and 9.9 mW, respec-Py>"-inhibited PSII core complexes with 1 Byper PSII (filled
tively. The power saturation of the Y EPR signal is circles) and untreated PSII core complexes (open circles) at 30 K,
y: D g measured on a Bker EPR spectrometer. The data yid¥g, of

investigated in untreated PSII, Byinhibited PSIl mem- 0.066 MW R2 = 0.9964) andP, of 0.034 mW R2 = 0.9954) for
branes (samples Dy1, Dy4, and Dy7) andDinhibited PSII Dy3*-inhibited PSII membranes and untreated PSIl membranes,

core complexes as shown in Figure 7 a,b and Table 2. Therespectively. The inset shows thg*signal in Dy?*-inhibited PSII

; ; . ; : ; .. core complexes (solid line) and untreated PSIlI core complexes
intensity of the 6" EPR signal is determined at the magnetic (dashed line) recorded at a microwave power of 0.04 mW. The

field position indicated by an arrow in the insets of Figure o indicates the hyperfine peak of the"EPR signal that was
7 a,b. The inhibition of oxygen evolution by Byin PSII used for quantitation.

membranes with 2, 6, and 24 ByPSII enhances thBy,
of Yp* from 0.27 mW to 0.5, 1.2, and 3.5 mW, respectively
(measured on a Varian EPR spectrometer). In PSII core complexes. Incubation of PSIl membranes with-1% mM
complexes, the inhibition of oxygen evolution by By  CuCk in a buffer containing 15 mM OGP, 0.4 M NaCl, 1
enhances thBy; of Yp* from 0.034 to 0.066 mW (measured M sucrose, and 50 mM MES (pH 6) for 15 min leads to
on a Briker EPR spectrometer). As different resonators are inhibition of the Q-evolving activities to <10% of the
used on the Varian and Bkar EPR spectrometers, a original activity as shown in Table 3 and Figure 4. The
normalization factor, determined by the ratio of tRe; reversibility of the treatment is examined by the addition of
values of the Sstate multiline EPR signal in untreated PSII 20 mM CaC}. The deactivation of the PSII sample Cul is
membranes on the two spectrometers, was applied to thelargely irreversible as only 18% of £volving activity is
power saturation data. The raw and normaliBed values restored upon reconstitution of the Cul PSII sample with
of Yp* are listed in Table 2. 20 mM CacC}. For the PSII samples Cu2 and Cu3, thg O
Inhibition by C@#* lons. (a) Oxygen-Eolution Inhibition evolving activity is partially restored to 58 and 67% of the
Data. The inhibition of oxygen evolution by Cti has been original activity, respectively. The inhibitory effect of CuCl
conducted in both BBY-type PSIl membranes and PSII core on the Q-evolving activity of PSIl core complexes is
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Table 2: Progressive Power Saturation of thg Signal in Untreated PSII, By-Inhibited PSII Core Complexes and Bylnhibited PSiII

Membranes Measured on Varian EPR andKe@ruEPR Spectrometers

untreated Dy3*-PSlI
sample PSiII core complex Dy7 Dy4 Dyl

Dy3*/PSlI 0 1 2 6 24
P1, measured on a Varian EPR 0.27 wM 0.5 mwW 1.2 mw 3.5mwW

spectrometer (raw data) (R?=0.9944) (R?=0.9986) (R?=0.9921) (R?=0.9967)
P1, measured on a Varian EPR 0.034 mW 0.063 mW 0.152 mW 0.438 mW

spectrometer (normalized data)
P1, measured on a Bker 0.034 mW 0.066 mW

EPR spectrometer (R?=0.9954) (R?=0.9964)
AP1p 0.032 mW 0 0.118 mwW 0.404 mW
distance (D¥*-Yp*) 30 Ap >40 A 25 Ac 20 Ac

a2 The normalization factor is determined from tRg, of the S state multiline EPR signal of untreated PSIlI measured on both the Varian and
Brilker EPR spectrometersObtained from the X-ray crystal structurg3dj assuming that DY occupies the G4 site in the OECE Estimated by
usingAPy; O 1/r® and assuming additive effects of one®yound to the CH site in the OEC and a second Bybound at a distancefrom Yp".

Table 3: Summary of the Characterization of?Ginhibited PSII
Samples

% activity Cw?"ions % activity
Cu?*-inhibited after C#* per PSlI after C&"
sample inhibition center reconstitution
Cul® 9+ 1d N/A 18+ 3
Cu» 10+ 2¢ 11 58+ 1¢
CuZ® 440 8 67+ 4
Cuw-PSll 7419 N/A 174+ 19

core complex

aPrepared from PSIl membranes incubated with 1.5 mM @ucCl
bPrepared from PSII membranes incubated with 0.5 mM guCl
¢ Prepared from PSII membranes incubated with 0.5 mM ga@t
Chelex 100 treated buffef.Relative to activity of untreated PSII
membranes at 488mol of O, (mg of Chly* h=*. € Relative to activity
of untreated PSII membranes at 4080l of O, (mg of Chly* h™2.
fRelative to activity of untreated PSII membranes at 86®l of O,
(mg of Chly! h™% 9Relative to activity of untreated PSII core
complexes at 122@mol of O, (mg of Chly* h™1.

surveyed in the range of 0.62 mM CuCk. The addition
of 2 mM Cw" to PSII core complexes inhibits the,O
evolving activity to 7% of the original activity, but recon-
stitution with excess Cagtloes not significantly restore the
O,-evolving activity, as shown in Table 3.

(b) EPR Properties of CU-Inhibited PSII Membranes
The EPR spectrum of CG-EDTA exhibits four hyperfine
peaks ag = 2.46,9 = 2.34,9 = 2.22, andg = 2.07, with
an average hyperfine splitting of 171 G. The hyperfine
peaks of the Ct ions (@ = 2.46, 2.30, 2.17, and 2.08) in
the PSIl sample Cu2 and Cu3 are different from the EPR
signals obtained from Ct-EDTA. The average hyperfine
coupling observed in the Cu3 PSIl sample~i$63 G. The
guantitation of C&" in PSIl membranes was performed by
comparison of the double integral of the TIEPR signals
atg= 2.6 tog = 1.8 in Ci"-inhibited PSII membranes to
the Cd" EPR signals in standard €4EDTA samples. The
results indicate that Ct-inhibited PSII membrane samples
have a large number of bound €uons; PSIl samples Cu2
and Cu3 have 11 and 8 €uions per PSIl center,
respectively. C&-inhibited PSIl membrane sample Cu3 was
illuminated at 200 K for 5 min. The light-minus-dark
spectrum of this sample displays an EPR signal growing in
atg = 2, corresponding to thepf’Y ;* EPR signals. However,
the line shape of this light-induced EPR signal is quite
different from the signal of ¥* in untreated PSIl membranes
(42), indicating that other radicals, such as chlorophyll and/
or carotenoid radicals, are also formed. Thatate multiline
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Ficure 8: Comparison of the normalized,@volving activity of
untreated PSII core complexes,Zdnhhibited PSII core complexes,
and C&" reconstitution of C&-inhibited PSII core complexes. The
oxygen-evolving activity of the treated PSIl samples was normalized
to the activity of untreated PSII at 1228nol of O, (mg of Chl)?

h=1.

EPR signal is not induced upon 200 K illumination for 5
min in Cl#t-inhibited PSII membrane sample Cu3. Further,
the Qi"Fe*" signal g = 1.82 and 1.7 43)) is also not
observed in the Cu3 PSII sample.

Inhibition by C&" lons. (a) Oxygen-kolution Inhibition
Data. The inhibition of oxygen evolution by Cd was
conducted in PSII core complexes. As shown in Figure 4,
the effects of incubation with 0.5 to 6 mM CdClvere
examined in this study. The treatment of PSII core complexes
with 6 mM CdC} yields 8% of the original @evolving
activity. Subsequent incubation of the PSII core samples with
CacCl restores the @evolving activity to 84% (Figure 8)
of the original activity of untreated PSII core complexes.

(b) S to S State Transition in C&-Inhibited PSII The
S, to S state transition in Cd-inhibited PSII is examined
by illumination of the Cd"™-inhibited PSII sample for 3 min
under the same conditions used to induce thestte
multiline EPR signal in untreated PSIl. As can be seen in
Figure 9, Cd"™-inhibited PSII exhibits an Sstate multiline
EPR signal upon illumination at 200 K that is very similar
in both yield and line shape to the signal observed in
untreated PSII core complexes. On the basis of the intensity
of the 5Mn hyperfine peaks ag = 2.33 andg = 2.25 as
marked in Figure 9, the yield of the $ S state transition
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Ficure 9: Comparison of the Sstate multiline EPR signal induced
by 200 K illumination for 3 min of (a) untreated PSII core
complexes (3.9 mg of Chl/mL) and (b) &dinhibited PSII core
complexes (3.8 mg of Chl/mL). The EPR spectra were obtained
from the light-minus dark difference of the individual spectra
measured at 1 mW microwave power on & B¥uEPR spectrom-

eter. The arrows indicate th&Mn hyperfine peaks associated with
the S multiline EPR signal, which were used for quantitation.
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in C?*-inhibited PSII core complexes is estimated to be 84%
of the § to & state transition in untreated PSII core
complexes.

DISCUSSION

Biochemistry and Quantitation of Metalon Inhibition.
Cation treatments cause the loss of thee@olving activity
due to the replacement of &a but they could also
potentially disassemble the Mmrluster of PSII (as is the
case for the Cif treatment of PSII reported previously by
Styring and co-workers4d)). Therefore, it is essential to
examine the reversibility of the inhibition caused by the
cation treatments by reconstitution of €aln addition,

Lee et al.

Dy®*-inhibited PSII samples in this study are prepared using
an ion-exchange procedure in which ?Cdons are not
removed prior to the D¥ -inhibition of PSII 29, 30). Thus,

the PSII complexes remain structurally intact after the
inhibitory treatments. This is confirmed by reconstitution of
oxygen-evolution activity by addition of Gato the Dy**-
inhibited PSII. Further, DY binding within the PSII core
complex is confirmed by the effect of Byions on the EPR
progressive power saturation behavior of thenultiline
and Yp* EPR signals.

As can be seen in Table 1, there is a loss g®@olving
activity of PSII complexes when Byions are added to PSII.
The extent and reversibility of inhibition varies with the
different treatments, with generally greater, and more ir-
reversible, inhibition and more binding of Bywhen higher
concentrations of DyGlare added.

Other than the C4-binding site in the OEC, two ad-
ditional weak C&'-binding sites in PSII have previously been
reported in literature. One €abinding site is suggested to
be present on the CP29 polypeptide?); and the second
Ca*-binding site is suggested to be on the 33 kDa polypep-
tide of PSII (7, 8). Dy®*" ions can easily replace €ain all
three binding sites and could also bind to other metal-binding
sites including nonspecific surface binding sites on the
membranes. A study on the phosphorylation of the light-
harvesting complexes has shown that, as the PSIl membranes
stack, two LHCII complexes may hind one Cdon after
the LHCII proteins are phosphorylatedidj. One PSII
membrane sample has 200 chlorophylls, and approximately
150 chlorophylls are located in the LHCII. On the basis of
the knowledge that each LHCII contains 15 chlorophylig (
the number of the LHCII in PSIl membranes can be
estimated to be 10. After the LHCII complexes are phos-
phorylated, five C& ions could bind to the LHCII of stacked
PSIl membranes. Including the €aion in the OEC and
C&* bound to the LHCII, six C& ions in total could bind
to each PSIl membrane complex. This prediction is consistent

previous studies have indicated that PSII membranes havewith the characterization of Dy3 and Dy4 PSIl samples as

several C&'-binding sites, in addition to the €abinding

they both contain six D¥ ions per PSII center (Table 1).

site in the OEC. To determine whether metal ions are bound PSIl samples treated with 20 mM Dygbind 24 Dy*t/

to additional sites besides the €ainding site in the OEC,
we carefully quantitate the number of Blyand C&*" per
PSII based on their EPR signal intensity.

Inhibition by Dy?*. Dy3" ion is a suitable EPR spin probe
to replace C& in PSII due to the similarity of the ionic
radii of Dy*" and C&". Although Dy*" is a trivalent ion,

PSII and the number decreases to 6'D§SII upon treatment
with OGP and EDTA (Dy3). When PSII membranes are
treated with<0.5 mM DyCk, such as samples DyDy?7,

the number of bound By ions per PSIlI complex further
decreases to<6 Dy*'/PSIl. When the light-harvesting
complexes and the 17 and 23 kDa proteins are partially

previous studies have shown that it binds as a dipositive ion dissociated from the PSII core by the addition of high salt

(29), presumably because Biyhas a coordinated hydroxide.
The EPR signal of D¥ (g ~ 16) is distinct and does not
overlap with the EPR signals arising from PSIlI components
(42); therefore, the stoichiometry of Byions per PSII center
can be quantified using the intensity of theD¥EPR signal.

In addition, the spirlattice relaxation rate of the By is
rapid in comparison to the spitlattice relaxation rate of
the My, cluster and the ¥* radical of PSII. This difference

in spin—lattice relaxation rates can be exploited to determine
the location of Dy" ions in PSII by monitoring the spin
lattice relaxation enhancement of the Mand Yp* EPR
species in the presence of the®yons. Thus, the inhibition

of oxygen evolution by D ions in the OEC can be utilized
to determine both the location and function of the*Ca
cofactor in PSII. In contrast to previous studi8d,(45), the

(0.4 M NacCl), most of the bound BY ions dissociate into
the solution. When the NaCl-treated PSIl membranes with
partially dissociated light-harvesting complexes and 17, 23
kDa proteins (PSIl samples Dy5, Dy6, and Dy7) are treated
with 0.1 mM DyCk, each PSII center is determined to have
2—3 Dy3*/PSII. This is consistent with studies by Grove et
al. (6) and Kalosaka et al4}, which have reported that 17
and 23 kDa-depleted PSII has 2.5 high-affinity?Gainding
sites per PSII.

The C&" site in the OEC has been proposed to be the
strongest CH-binding site in PSII, and it has previously
been suggested that the Zdon located in the 33 kDa
extrinsic protein of PSII membranes can be easily replaced
by Dy*" ions for spectroscopic studieg)( This may explain
why the minimum number of B ions per PSIl membrane
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determined in this study is two rather than one. determined by the X-ray crystal structure (30 A) as a
Although several studies have reported multiplee’'€a  reference. With this reference, we can estimate that a second
binding sites in PSII, in general, it is believed that the OEC Dy3" ion would have to be bound at a distance of 20 A from
has only one CH-binding site. However, previous By the Yp* radical to account for the change Bf;; by Dy**
inhibition conditions in PSIl membranes did not successfully inhibition in sample Dy1. Notably, the 20 A distance between
yield samples with one By ion bound per PSII. In the Dy3' and Yo is estimated with the assumption that the
present study, for the first time, we demonstrate that it is change of the power saturation is contributed solely by the
possible to substitute one Byion per PSII by the use of  additive effects of two DY ions: one bound in the OEC
PSII core complexes, which are depleted of the LHCII and and the second By ion closest to ¥%. Similarly, the closest
the 17, 23 kDa extrinsic polypeptides. In the absence of the Dy*' to the Yp* radical in sample Dy4 can be estimated to
17 and 23 kDa extrinsic polypeptides, weakly bound ions in be 25 A from the ¢ radical. In sample Dy7, which has 2
the C&*-binding site in the 33 kDa extrinsic protein will  Dy3*/PSIl, Py, of Yp* is same as f of Yp* in PSII core
dissociate with buffer washes. complexes with 1 D§//PSIl. The same value of;Rin the
EPR spectroscopic studies of PSII samples that have beeriwo PSIl samples suggests that the secon# Dythe sample
treated with lanthanide ions (such as®DyLa®t, Lu®*, and with 2 Dy**/PSll is located>40 A from Yp-.
Pr*t) have previously been reported by Bakou et &, ( The PSII protein surfaces on the lumenal and stromal sides
45). On the basis of the loss of the State multiline EPR of the membrane are at distances 27 and 26 A,
signals in lanthanide-treated PSIl samples, it was suggestedespectively, from ¥* according to an EPR study of PSII
that the $to S state transition is blocked by these cation membranes depleted of all three extrinsic prote#.(This
treatments 34, 45). These studies also reported that the EPR study on untreated PSII membranes also indicated that
amplitude of the light-induced EPR signal fromy"Yaries the distance from ¥ to the lumenal surface in the presence
with the treated lanthanide iond5) and the line shape of  of the extrinsic proteins is-41 A. According to these EPR
the Yp* EPR signal is broadened due to a magnetic interaction distance measurements, surface bounéDyns, on either
with the treated D$ ions (34). However, the PSIl samples the lumenal or the stromal side of the membrane, can affect
used in the measurements of"™¥y Bakou et al. contained  the power saturation of ¥ in the absence of the extrinsic
14—15 Dy*" ions per PSII complex3d). PSIl samples with proteins. In terms of the power saturation effect gn, PSI|
more than one B¥ ion per PSII could lead to misinterpreta- core complexes are similar to extrinsic protein-depleted PSII
tion of the effects of DY on the OEC, especially if By membranes because the 17 and 23 kDa extrinsic proteins
ions bind in sites outside of the OEC of PSII. are removed. For sample Dy1, which retains the extrinsic
EPR progressive power saturation is commonly used to proteins, the surface bound Byions on the lumenal side
determine the location of paramagnetic centers in proteinswould be too distant to have a significant influence on the
by the measurement of the spilattice relaxation effects  power saturation of ¥, while Dy*" ions in the stromal side
caused by long-range<@0 A) spin—spin interactions48). could affect the power saturation ofpYY We searched for
Measurements oPy, provide information on the distance acidic residues as possible ligands of®Dyons within a
(r) between fast- and slow-relaxing spins because the changeadius of 19-21 A of Y in the 3.5 A X-ray crystal structure
of Py; caused by the spinspin interaction is proportional ~ of PSIl (23). No acidic residues were found at-191 A
to 148, Dy3' is a fast-relaxing species and, therefore, the from Yp* in the PSII structure. Therefore, we propose that
binding of Dy?" to the C&"-site of the OEC or other Ca the Dy?*-binding site nearest to ¥ is not located in the
sites of PSII can be easily identified by the change of the PSII core. The structure of the PSILHCII supercomplex
power saturation of the ¥ and $ state multiline EPR  obtained by cryo-electron microscopy identified that light-
signals. harvesting proteins, the LHCII, CP29 and CP26, are attached
The progressive power saturation behavior of the dark- to the CP43 and CP47 polypeptides of the PSIl c&®. (
stable Y5* radical of PSII was examined in untreated and The distance between CP29 ang*Ys not known, but the
Dy3*-treated PSIl samples to determine the location ofDy  closest Dy*-binding site to Y%* most likely is located on
ions bound to PSII. As can be seen in Figure 7, binding of CP29 because the CP29 polypeptide is closer gbthan
excess Dy to PSIl membranes (sample Dyl with 24Dy the CP26 polypeptide. Furthermore, &2Csite on CP29 has
PSII) causes a 13-fold increase in g, of Y relative to been previously reported 2).
that of untreated PSII membranes, whereas the binding of 1 PSII core complexes containing a single®Djon exhibit
Dy3* to PSII core complexes causes only a 2-fold increase. the S state multiline EPR signal upon low-temperature
These results indicate that the highest affinity site is quite illumination. As can be seen in Figure 5, thesgate multiline
distant from Y5, consistent with the highest affinity By EPR signal in Dy*-inhibited PSIlI core complexes is very
binding site being the Ca-binding site of the OEC, which  similar to the $ state multiline EPR signal in untreated PSII,
is known to be located 30 A from ¥ based on the X-ray  in contrast to the altered,Sstate multiline EPR signal
structures. When a larger number ofdyons are boundto  observed in St -inhibited PSII 81). However, Dy* inhibi-
PSiI|, there are additional Byions bound in closer proximity  tion of PSII does lead to a slight broadening of the hyperfine
to Yp* in the D2 polypeptide of PSIl. The 13-fold increase peaks in comparison to those in untreated PSIl. The X-ray
of Py, of Yp* in PSII membranes with 24 By/PSII can crystal structure has characterized the distance ofNDa
either be due to one BY ion bound at a short distance from as 3.3 and 4.0 AQ3). It might be expected that binding of
Yp* or several Dy' ions bound at slightly longer distances Dy3" to the OEC in place of Ca would perturb the
from Yp. Assuming that DY in PSII core complexes (1  exchange interactions between the Mn ions and the eleetron
Dy3*/PSll) is bound in the OEC, we can use the distance nuclear hyperfine interactions between #e= 1/2 spin of
between the C4 ion of the OEC and the ¥ radical the Mn cluster and the four= 5/25Mn spins and, thereby,
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alter the 3 state multiline signal. There are two effects of that a complete reaction requires illumination at higher
Dy®" binding that need to be considered: the effect of the temperature, as has been observed in the case of low-pH

size and charge of By relative to C&" and the effect of
the paramagnetism of BY.
Vrettos et al. 29) have shown that the €asite in the

treated PSII %4, 55). In low-pH-treated PSII, the Sstate
multiline EPR signal is observed after illumination at©
(70 °C higher than the illumination temperature to induce

OEC is a rigid, size-selective site. On the basis of this, we the normal $multiline EPR signal). Second, there are2

expect that DY (and also C#") substitute into the Ca
site better than $t because they have much closer ionic
radii (ionic radii of aqua CH, Cc**, Dy**, and St™ are

weak C&"-binding sites in PSII besides the an the OEC
(4, 6) that may affect the OECLQ, 11). Ono and Inoue have
investigated the effects of replacement offChy several

0.99, 0.97, 0.91, and 1.12 A, respectively). Therefore, the divalent cations (CH, SP*, Mg?", and B&") in PSII

perturbation of the Mingeometry caused by By (or C*)

membranes after the depletion ofXCay a low-pH treatment

substitution is expected to be smaller than that caused by(11). It was found that St and Cd" ions have smaller

Sr?; ST is the only cation in this group that is too big to
fit into the site. Note that Vrettos et akRg) also have shown
that C&", CcP*, SP*, and Dy all bind as dipositive ions
in the OEC, presumably because 3®yhas a coordinated

effects on the thermoluminescence properties of tg\S
state than other divalent metal ions that were tested. It was
suggested that one weakly bound*Cén is essential for
the S to S state transition. Kimura and Ono have studied

hydroxide. Thus, there are no charge effects on the structurethe effect on carboxylate ligands in the OEC of depletion of

upon substitution of Ca by Dy3".

The spin-lattice relaxation rate of By has been estimated
to be 6 ns at 6 K§1), which is much faster than the spin
lattice relaxation rate of Mncluster in the & state at the
same temperature (@s at 6 K, §2)). Thus, it is possible
that the rapid spirlattice relaxation rate of the By ion

weakly bound C& ion(s) by high salt treatmenf6). The
FTIR spectra of these samples suggested that ofie iGa

is close to the OEC, but not directly incorporated in the OEC.
Kruk and co-workers proposed that a?Caon on the 33
kDa extrinsic protein regulates theHransfer through the
water channel of the OEC7Y). Recently, Barber and

could average the exchange and dipolar interactions betweerco-workers reinvestigated previous anomalous diffraction

the Dy*" spin and the Sstate, which would render the line
shape of the Sstate multiline EPR signal in the By
inhibited PSII core complexes very similar to the Sate
multiline EPR signal in untreated PSII. For example, the
broad low-temperature,%,* EPR signal of acetate-treated
PSIl converts to a narrow Y EPR signal at room-

data @3) and have identified a Gaion that binds to the 33
kDa protein at the exit of the putative proton chanrgl (
The distances between this bound?Céo Yp* and to the
OEC are~60 A and~35 A, respectively §). It is possible
that a Dy" ion binds to this C# site; however, a D¥ ion
that binds to this CH site is not expected to affect the power

temperature due to averaging of the exchange and dipolarsaturation behavior of the,Sstate multiine EPR signal

interactions between Y and the g state of the Mi cluster
by rapid spin-lattice relaxation of the Mncluster 6£3).

We examine the effects of By inhibition on the progres-
sive power saturation behavior of the Sate of the Mn
cluster to study the location of By in the Dy**-inhibited
PSIl samples. As shown in Figure By, of the $ state
multiline in Dy3*-inhibited PSII core complexes containing
a single Dy* is 11-fold higher tharPy, of the S state
multiline in untreated PSII (9.9 and 0.92 mW, respectively).
The enhancement of tHey, value of the % state multiline
EPR signal upon DY inhibition is due to the spirspin
interaction between the fast-relaxing Dyspin and the
relatively slow-relaxing Mn cluster.

We also observe that BY-inhibited PSII cores have only
7% of the original G-evolving activity of untreated PSII
cores. This confirms that the BY inhibition is nearly
complete ¢93%) in PSIl core complexes. We ascribe the
residual activity to centers in which By has not replaced
C&*'. Further, 62% of the original £evolving activity of
Dy3*-inhibited PSII cores can be restored upon addition of
excess CaGl This indicates that the By treatment may

significantly, contrary to the 11-fold increase of Fof the
S, state multiline EPR signal observed in this study.
Moreover, the Dy"-inhibited PSII core complexes studied
here have only 1 D¥/PSII on an average, such that most
PSII centers should have Bybound only to the high-affinity
site in the OEC. It is conceivable that some PSII centers
have Dyt bound to another site that affects the activity of
the OEC. In this case, somewhat more than 7% of the PSII
centers could still have €abound in the OEC, if these
centers do not evolve Qlue to an inhibitory effect of DY
bound to another site. It seems unlikely, however, that the
Dy3*-inhibited PSII core complexes could have a sufficient
fraction of active centers to account for the observation that
24% of Dy?*'-treated PSII core complexes-40% of PSII
with reversibility) advance to the,State. Moreover, such a
second binding site would have to be very close to tha Mn
cluster, so that binding of By to this site could significantly
change the power saturation of the Sate multiline EPR
signal.

Previous studies have concluded that‘Cadepleted PSII
is capable of advancing to the, State, but it has been

have denatured the OEC in 38% of the PSII centers suchreported that DY - (34, 35), La®*- (35), or Cdf™-inhibited

that only 62% reconstitution of £evolving activity is
possible. The intensity of the, State multiline EPR signals
of Dy3*-inhibited PSiII is 24% of the intensity of the State
multiline EPR signals in untreated PSII. This 24% yield of
the S state multiline signal in DY -inhibited PSII is low
but still significantly more than the residual €ebound PSiI|
could form. The low yield of the Sstate multiline EPR signal
could be due to several reasons. First, thetd5S, state
transition could be slowed down by Byinhibition such

(11, 36) PSIl samples do not advance to thestate upon
illumination. To maintain the Sstate transitions of PSII, it

is important to preserve the intact structure of the OEC during
the treatments to substitute other metal ions into th&"Ca
site. In the study of Bakou et al.34), the lanthanide
treatments were irreversible, except for the sample 6f Dy
EDTA-incubated PSIl membranes. In the DEDTA-
treated PSIl membranes, €aeconstitution recovered 43%
of the original activity and the Ca-reconstituted PSII
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formed the $state multiline EPR signal. However, this By
EDTA-treated PSII sample did not form thesgate multiline
EPR signal prior to the addition of €aunder the same
sample illumination and spectrometer instrumental conditions
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Cd?" ions are almost the same size ag'Gans and are,
therefore, likely to bind well to CA sites that discriminate
metal ions by size. With the same charge a%'Gans, Cd*+
ions will largely retain the charge distribution of the Mn

used. In the present study, careful and systematic charac<cluster. We find reversible inhibition of oxygen evolution

terization of Dy*-inhibited PSII membranes (samples Dyl
Dy3) indicates that excess By can easily inhibit G
evolving activity but C&" reconstitution cannot restore the
oxygen-evolving activity in these samples. We propose that
the lack of § state transitions in previous studiegl( could

be due to alteration of the intact OEC structure with

by Cc*. Treatment of PSIlI core complexes with Td
inhibits the Q-evolving activity to 8% of the original activity
and the addition of excess CaCtactivates 84% of the ©
evolving activity (Figure 8). The number of boundTdons
bound to PSII was not characterized becaus& @ths are
EPR silent. Ono and Inoud Q) and Sigfridsson et al.37)

lanthanide treatment. If the same percentage of reconstitut-have studied the interaction of &dwith PSII, including

able Dy**-inhibited PSII centers advance to the s$ate as
observed in the present study, then a®Direated PSII
membrane sample with 43% reversibility, as in the study of
Bakou et al. 84), would be estimated to exhibit 17% of the
S; state multiline EPR signal relative to untreated PSII. It is
possible that it was not possible to detect such a low yield
in the previous study considering that the®™£DTA treated

the effects on the electron donor and acceptor sides, and the
inhibition of O, evolution by a C&"-dependent reaction. The
reversibility of Cd* inhibition is a key difference for the
Cc?*-inhibited PSII core complexes used in the present
investigation and these previous studies.

As shown in Figure 9, an,;State multiline EPR signal is
observed in C#-inhibited PSIl core complexes, and this

PSIl membrane sample used by Bakou et al. was lesssjgnal is very similar to that in untreated PSII. From the good

concentrated (5 mg of Chl/mL) than the Byinhibited PSII

core complexes used in the present EPR measurements (3.

mg of Chl/mL, equivalent to 15.5 mg of Chl/mL of PSII
membranes).

Inhibition by C#* and C&*. A comparison of the effects
of divalent cations with those of By ions will help clarify
the role of C&" ions in oxygen evolution. Brudvig and co-
workers previously proposed that&dunctions in the OEC
as a weak Lewis acid2@). Cc?' is ideal to replace Ca as
it has a similar ionic radius (0.99 and 0.97 A forand
CdP*, respectively, %7)) but is a stronger Lewis acid than
C&" (pKy's of agua Cé" and C&" ions are 12.80 and 9.00,
respectively $8)). In a prior study, C&" was found to inhibit
oxygen evolution, although reversibility was not achieved
(44). Studying the inhibition of oxygen evolution by &u

correlation between the extent of reversibility of Zd
freatment and the yield of the, State multiline EPR signal
in CP*-inhibited PSII core complexes (both 84%), it is clear
that Cd*-inhibited PSII centers are capable of advancing
from the S to the S state. Because Gdis diamagnetic,
the binding of Cd" to the OEC would only affect the line
shape of the Sstate multiline signal if C# ions change
the geometry of the Mncluster. The observation of very
similar S state multiline EPR signals in both &dinhibited
and untreated PSII core complexes indicates that Githds

to the calcium site in the OEC with very little structural
perturbation, consistent with the similar ionic radii of?Ca
and Cd".

Role of C&" in the Oxygen-kolution Reaction In the
models proposed by Brudvig, Pecoraro, and co-worker&, Ca

ions by using samples prepared with the same procedure usegk suggested to function as a Lewis acid that binds and

for Dy3*-treated PSII provides more insight on the effect of
CW?" on the electron-transfer pathway.

Cuw?" significantly inactivates the OEC (Table 3). For
Cw*-inhibited PSII membrane samples, addition of excess
CaCl partially restores the £evolving activity. The re-
versibility of inhibition is as high as 67 and 58% for samples
Cu2 and Cus, respectively. In PSIl core complexes, the O
evolving activity is inhibited to 7% of the original activity
by the addition of 2 mM CuG| but the inhibition is not
reversible. The inhibition of oxygen evolution caused by
CW" treatment is conceivably a €adependent effect,

although samples Cu2 and Cu3 are characterized to have 8

and 11 Cé&" ions per PSII center, respectively, which are
more than the number of €aions in the PSIl membrane
samples. The hyperfine coupling of €uions in Ci#t-
inhibited PSIl sample Cu3 is different from the hyperfine
couplings in the EPR signal of aqueous’GE&EDTA, which
indicates that most of the added®iions are bound to PSII.
The large number of Ctl ions that bind to PSII indicates
that PSII membranes have many unidentified binding sites
for CU?*. The large extent of reversibility of Ctrinhibited
PSIl membrane samples Cu2 and Cu3 indicates that thie Cu
treatment does not cause significant damage to thge Mn
clusters in PSIl membranes. The lack of reversibility for PSII
core complexes might reflect the instability of the protein
or inhibition that is not related to Gain the OEC.

activates a substrate water molecule (or hydroxide ion) for
nucleophilic attack on a Mn(¥rO species in the ©0 bond-
formation reactionZ6, 28). The OEC remains active when
C&" is replaced by S, although the activity is reduced to
~40% of untreated PSII. This functional replacement of'Ca
by SP* has been ascribed to the similakpof Ca2* and
Sr* ions (26, 29). Notably, the substitution of Caby SP*
changes thelfa of the protonation reaction in the OE&X.
The upshift of the ga by SP™ substitution supports the
proposal that Cd acts as a Lewis acid in the oxygen-
evolution reaction.

Dy®" and Cd" inhibition of the OEC cause the loss of
O-evolving activity, but this work shows that both By
and Cd"-inhibited PSII core complexes are capable of
advancing from the Sto the S state. These observations
are consistent with the previous observation that*€a
depleted PSII forms the,State multiline EPR signal upon
illumination at 200 K and indicate that the specific functional
role of C&" in the OEC is beyond the,State, as proposed
by Brudvig, Pecoraro, and co-workers.

CONCLUSIONS

In conclusion, we present a new, reversible procedure to
substitute metal ions into the calcium-binding site in the OEC
and provide quantitation of the substituted metal ions and
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distance estimates for the locations of bound metal ions. The

observation that both By- and Cd*-inhibited PSII core
complexes that are capable of advancing from theo$he
S, state provides support for the proposal that'Qalays a

structural role in the early S state transitions, which can be
fulfilled by other cations of similar ionic radius, and that

the

functional role of CH to activate water in the ©0

bond-forming reaction, which occurs in the final step of the
S state cycle, can only be fulfilled by €aand St*, two
cations with similar Lewis acidities. As €ais a spectro-
scopically silent ion, there has long been a quest for more
informative metal ions to be substituted into theGhinding

site of PSII. This work successfully introduces a new method
for further studies to understand oxygen evolution in PSII.
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