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ABSTRACT. Fourier transform infrared (FTIR) spectroscopy, using midfrequent$; FTIR difference
spectra, has been applied to studies of chloride cofactor in the photosynthetic oxygen-evolving complex
(OEC) to determine the effects of Cllepletion and monovalent anion substitution. @épletion resulted

in the disappearance of a large part of the amide | and Il vibrational modes, and induced characteristic
modification in the features of the stretching modes of the carboxylate ligands of the Mn cluster. The
normal spectral features were largely restored by replenishment @xckpt for some changes in amide
bands. The overall features of By 17-, or NO;~-substituted spectra were similar to those of the-Cl
reconstituted spectrum, consistent with their ability to support oxygen evolution. In contrast, the spectrum
was significantly altered by the replacement of @ith F~ or CH;:COGO~, which resulted in marked
suppression and distortion of both the carboxylate and amide bands. The activity of oxygen evolution
restored by N@ was as high as that by Cwhen measured under limited light conditions, indicating
that the NQ~-substituted OEC is fully active in oxygen evolution, although with a slow turnover rate.
The double-difference spectrum between 1i¢Os;~-substituted andNOs~-substituted 85, difference
spectrum showed isotopic bands for asymmetric NO stretching mode in the region ef 1I2@DcnT?

due to NQ~ bound to the Ci site. This demonstrated structural coupling between thes®¢ and the

Mn cluster. A proposed model for the isotopic bands suggested thea<Glvell as N@ is not directly
associated with the Mn cluster and exists in a more symmetric configuration and weaker binding state in
the S state than in the Sstate. These results also suggest thati€tequired for changes in the structure

of the specific carboxylate ligand of the Mn cluster as well as the peptide backbone of protein matrixes
upon the transition from o $.

Photosynthetic oxygen evolution is carried out by an grown with supplementation by R&CI have suggested that
oxygen-evolving complex (OECjesiding on the donor side  the membranes have a binding site for approximately one
of photosystem II, in which a tetranuclear Mn cluster CI~ ion per unit of PS II, and the Clion at the site slowly
provides a catalytic site for water oxidation. The reaction exchanges with that in the bulk mediu 7). Retention of
comprises five intermediate states labelgd S, where S the functional Ct largely depends on the presence of 16
is thermally stable in the dark. Upon absorption of a photon and 24 kDa extrinsic proteins, which constitute a diffusion
by PS II, the $state advances in a stepwise fashion to reach barrier for preventing exchange of Cind/or a concentrator
the S state, and then decays to thesgate with concurrent  for CI~. The removal of the proteins leads to a decrease in
release of an oxygen molecule (reviewed in refs3). the apparent affinity of the site for Clas revealed by the

Cl- is an essential inorganic cofactor for the normal requirement of higher concentrations of Gbr supporting
function of the OEC. @evolution is inhibited by depletion O, evolution, and an increase in the accessibility of the site
of CI” and is restored by replenishment with"QL—5). by external anions812). It has been shown that the binding
Isotope labeling studies with PS Il membranes from spinach affinity for CI~ depends on the oxidation state of the OEC,
for which the affinity is lower in the Sstate than in the ;S

T This work was supported by grants for the Frontier Research System state (refl3, but see refl4). Effects of CI" depletion on the
?tggﬁfof;‘na&% gSGSﬁ”ct)'firJ‘?ignfm Scientific Research (13640695) (to S state turnover events have been extensively studied with
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pO?%%?gL'?:&%Z-_JDC%fI teclfljﬁ)arlc()i@hpl?sé%%ldikg?égzlhﬁéhloro heny) (15-19), and further illumination induces the state to give
l,l-dimethylurea;. EPR’, electrpog/ p’)aramag’netic’ resonancz; E)}EAFS,ag = 2 split-type S|gnal 20, 21). _Measur?me.ms qf ﬂaSh_.
extended X-ray absorption fine structure; FTIR, Fourier transform induced UV absorption changes in combination with a rapid
infrared; Mes, 2-morpholinoethanesulfonic acid; OEC, oxygen-evolving CI~ removal technique showed that Gk required for the

complex; PPBQ, phenyl-benzoquinone; PS, photosystem;, Qrimary 1o oo iti i
quinone acceptor of photosystem |l econdary quinone acceptor So10-5 and $-10-S transitions 22) In contrast, it has been

of photosystem II; TL, thermoluminescencep,Yyrosine 161 of the suggested that all the PS Il centers are able to evolve O
D2 protein; Yy, redox active tyrosine 161 of the D1 protein. although at a much reduced rate, even in the absence of Cl
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in membranes depleted of Cby the dialysis method7. adequate for providing information about these subjects
Although the Ct-depleted & state does not show thee S  directly, although they may be very useful for monitoring
multiline EPR signal, the oxidation of the Mn cluster has possible changes in structural, redox, and magnetic properties
been demonstrated by the K-edge shift of the Mn XANES of the Mn cluster itself and for kinetic analyses of S state
spectrum 19). turnover events. FTIR spectroscopy is a powerful tool for
The CI ion can be functionally replaced with other investigating detailed structural changes of protein matrixes
monovalent anions, which serve oxygen evolution with and small molecules associated with proteins, and has been
decreasing effectiveness in the following order:” Gt successfully applied to the studies on many biological
Br~ > NOs;~ > NO, > |~ under saturating light intensity ~enzymes. In recent years, the FTIR technique has been
(4,11, 23—25). O, evolution activity supported by Idepends extensively applied to the study of photosynthetic oxygen
on the concentration of free lin the bulk medium, which  evolution 85—51). Light-induced FTIR difference spectros-
donates electrons to the OEC in competition with we2éy.( copy has enabled us to probe subtle conformation and/or
The kinetics of the $to-S transition are selectively  configuration changes of protein matrixes of the OEC upon
influenced by these surrogate anions. The affected transitionthe S state transition, including the ligands of the Mn cluster
rate cannot, however, account for the supported oxygenand water molecules interacting with the OE47,(48, 51).
evolution rate, but it is correlated with the instability of the The technique has been also applied to the studies of the
higher S states induced by the anio®5)( It has been  functional C&*" in the OEC, and some interesting and useful
reported that F-substituted membranes, produced from-Cl  information elucidating the role of €ain oxygen evolution
depleted membranes obtained via pH 10 treatment, canhas been obtaine®7, 50). But, as far as we know, no FTIR
evolve Q with a reduced rate 2¢). N3~, SQ2", and study has been conducted on the €bfactor in the OEC
CH;COO™ may be associated with the Gbinding site, but except for one brief and preliminary result given in B&X
these anions do not support &volution @, 24, 28). Anion In the study presented here, we systematically examined the
substitutions induce changes in the magnetic and redoxeffects of Ct depletion and the replacement of @y other
properties of the Mn cluster as revealed by alterations in the monovalent anions on the/S; FTIR difference spectrum
appearance of the, State multiline and/og = 4 EPR signals  in the midfrequency region. To avoid further complexity
and the generation of the TL bands with variously changed caused by the 16 and 24 kDa proteins, which might be
peak temperaturesly, 24, 25, 27, 29—32). These anion- partially liberated during treatments for Cldepletion,
dependent property changes of the Mn cluster have beenthereby inducing apparent heterogeneity in samples, we
interpreted to mean that Clis bound in the proximity of  depleted these two proteins with high-salt treatment, followed
the Mn cluster. The Mn EXAFS spectrum showed some by extensive washing with Clfree medium for depleting
alterations when cyanobacteria were cultured in a medium CI~. We also report the 55, FTIR difference spectrum of
supplemented with Bras a replacement for CI(31), and NOs;™ that is functionally bound to the Clsite, obtained as
when the Ct site was occupied by F(33). These suggest the isotopic difference spectrum betwéédO;~ and**NO;™.
that the presence of Clin the vicinity of the Mn cluster
and/or the ligation structure of the Mn cluster is affected by MATERIALS AND METHODS
the replacement of Clwith Br~ or F~. Simulation of the Sample Preparation8BBY-type PS Il membranes were
pulsed EPR spectrum of the split signal induced in acetate-prepared from spinach, as has been described previ@sjly (
inhibited PS Il membranes suggested that acetate is locatedvith modifications 64), and stored in liquid N until they
within approximately 3.5 A of the ¥radical 2). This has were used. For CI depletion, the dark-adapted PS I
been interpreted to mean that the ®@inding site is in the membranes, after two washes with a medium containing 400
proximity of Yz and the Mn cluster since acetate is thought mM sucrose, 20 mM NacCl, 20 mM Ca£hnd 20 mM Mes/
to replace Cf in a competitive manner. A comparison NaOH (pH 6.5), were suspended in a medium containing 2
between electron spin-echo envelope modulation spectra ofM NaCl, 400 mM sucrose, and 20 mM Mes/NaOH (pH 6.5)
the multiline signals induced in the Bisubstituted and Ct at 0.5 mg of Chl/mL. The suspension was then incubated at
reconstituted membranes suggested nuclear coupling betwee °C for 25 min under complete darkness to facilitate the
the halide and the Mn cluster in salt-washed membranes,removal of the 16 and 24 kDa extrinsic proteins. The salt-
although such coupling was not detected in the membranestreated membranes were extensively washed (at least seven
where CI" was depleted by alkaline pH treatment in the times) with a medium containing 400 mM sucrose and 20
presence of sulfate34). These results may be compatible mM Mes/NaOH (pH 6.5) supplemented with, volume of
with the view that Ct is bound to the Mn cluster as a direct a medium containing 100 mM Ca(OHand 300 mM Mes
ligand, but no direct experimental evidence for this has been (pH 6.4) (medium A). All chemicals for medium A were
reported. That Clis a Mn ligand was also suggested by the from Sigma Ultra except for Ca(Ok)99.9%, Wako Pure
analyses of the inhibitory effects of primary amines on O Chemical Industries). The resulting membranes-{@&pleted
evolution in competition with C1 (23). membranes) were suspended in medium A at 0.5 mg of Chl/
Despite these many and extensive studies, the roleof CI mL supplemented with no or the specified anions (40 mM),
in the water oxidation reaction still remains largely unre- and then incubated on ice for 1 min. No detectable changes
solved. To address this issue, it seems important to elucidatewvere observed in the FTIR and TL features after a prolonged
the properties of the Clbinding site, the binding mode of incubation time (for at least 6 h). Sample membranes
CI~ at the site, and possible structural changes of the proteinincluded 0.1 mM DCMU for measuring the,G./S,Qa
matrixes that are related to Cand the oxidation of the Mn  FTIR difference spectrum and TL glow curve fop(a~
cluster. Most previously utilized experimental techniques for charge recombination, and 0.1 mM DCMU and 10 mM
studies on the CI cofactor in OEC, however, are not NH,OH for the Q/Qa FTIR difference spectrun3g, 37,
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50). NH,OH was added as a NB®H solution (50% stock,

Wako Pure Chemical Industries) prepared just before it was

used. The pH of medium A was preadjusted to 6.5 after the -
addition of the NHOH solution. NHOH and DCMU were <
added as an exogenous electron donor and as an inhibitor of
the electron transfer from Qto Qs, respectively. Sample
preparations and the following procedures were performed
under complete darkness or dim green light unless otherwise
noted. For FTIR, sample suspensions were centrifuged for
30 min at 176008, and the resultant pellet was sandwiched
between a pair of Bafplates. N&NO; (99.5%*°N enrich-
ment) was purchased from Shoko Tsusho.

Measurements=TIR spectra were recorded on a Bruker 05
IFS-66V/S spectrophotometer equipped with an MCT detec-
tor (EG&G OPTOELECTRONICS model J15D16-M204B-
S01M-60-D316/6). A custom-made CdTe band-pass filter
(2000-350 cm) was placed in front of the sample to B
eliminate the He-Ne laser scatter from the interferometer 804
compartment, and to improve the signal quality. The sample
temperature was controlled at 250 K using a custom-built
cryostat and a temperature controller (Chino, KP1000).
Samples were illuminated with a continuous-wave (CW) light
(HOYA-SCHOTT) passing through a long-pass filter§20
nm). The light-minus-dark FTIR difference spectrum was
obtained by subtracting the single-beam dark spectrum from
that following illumination. Each single-beam spectrum was
measured at 4 cm resolution by averaging 150 scans (65
s accumulation). Four to six spectra for different samples 04 & o——o L0
were averaged to improve the signal-to-noise ratio. Analyses 0 20 40 100
of spectra were carried out using the Bruker OPUS program, Anion [mM]
version 3.03, W'thO_Ut data Smoothl'ng. TheS dllfference Ficure 1: Dependence of £evolution on anion concentration in
spectrum was obtained by subtracting the /Qa difference Cl—-depleted PS Il membranes under saturating light (A) and
spectrum from the 8, /S,Qa difference spectruns(, 50). limiting light (B) conditions. The extent of Devolution was
Thermoluminescence was measured using a custom-builtmeasured in the presence of various concentrationsof@| Br-
apparatus. Samples (0.15 mg of Chi/mL) were illuminated (&), NOs~ (@), I (©), F~ (v), and CHCOO™ (). O; evolution

. . was assessed at 5 and 2% of Chl/mL for saturating and limiting
at 250 K with CW light 620 nm) for 5 s, followed by |ignt conditions, respectively. The inset shows the light intensity

rapid cooling in liquid N. The light emission during sample  dependence of Devolution in the presence of 40 mM ClSee
warming was recorded versus sample temperature. O the text for other details.

evolving activity was measured at 26 using a Clark-type

O, electrode in medium A supplemented with the specified Oz evolution in a manner similar to that of Clalthough

anions in the presence of 0.25 mM PPBQ. Light intensity the maximum activity restored by Bwas somewhat lower

was changed with appropriate neutral density filters. than that restored by CIThe Q evolution restored by NO
Determination of the Cl ConcentrationThe concentra- ~ WaS ess than 40% of that by Cland the concentration of

tions of free CI in solutions were determined photo- NOs;~ required for the restoration was higher than that of

metrically by the reaction of Clwith mercuric thiocyanate €~ of B The apparenky, values of Cf, Br, and NQ~

in the presence of ferric iron to form mercuric chloride, fOr the restoration of @evolution were found to be 2, 3,

chloromercurate(ll) anions, and ferric thiocyanate using @1d 7 MM, respectively.irestored the @evolution to some
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Chloride Test (Merck). extent at lower concentrationsg mM), but the regtoration
tended to be suppressed at higher concentrationsané
RESULTS CHsCOO showed little restoration of £evolution except

for a very faint increment of the activity.

Figure 1 shows the concentration dependence of various CIl -dependent restoration of the, @volution was also
anions on the restoration of the, @volution in the Ct- assessed at a limited light intensity as shown in panel B, in
depleted membranes used for FTIR measurements undewhich the light intensity was reduced to 4% of the saturated
saturating light (panel A) and limiting light (panel B) light intensity and the sample concentration was increased
conditions. As shown in panel A, the,@volution was by 5-fold for measuring the lower activity more precisely.
suppressed in the Gifree medium €30 u«M CI~) almost The light limitation was confirmed by the linearity of the
completely, and the £evolution was pronouncedly restored activity with respect to the light intensity as shown in the
by CI~ addition. Nearly 90% of the untreated control activity inset, and by no activity change when the concentration of
was restored at 20 mM Cl(see Table 1) and remained PPBQ was doubled. Under these conditions, the level,of O
constant up to 100 mM Cl More than 80% of the saturation  evolution was negligibly small in the absence of Gind
level activity was restored at 5 mM CIBr~ restored the markedly restored by the addition of ClAlthough the
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Table 1: Effects of Cl Depletion and Anion Substitutions on, O
Evolution, ApparenK,, Values, and Thermoluminescence@s")
Bands

SQa~
. thermoluminescence band
O, evolution
[umol of O, apparent peak relative
sample (mg of Chly* Km temperature intensity
membrane h=1] (mM) (°C) (%)

control 718 (100) 12 100
Cl~-depleted
no addition 13 (2) ND 31 97
with F¢ 53 (7) —e 24 104
with CI~ 632 (88) 2 11 98
with Br- 557 (78) 3 17 101
with I~ 67 (9) —e —f(25)p 0 (24y
with NO3~ 268 (37) 7 24 97
with CH;COO~ 39 (5) —e 30 105

2 The intensity was estimated from integration of the area under the
thermoluminescence glow cur/eNumbers in parentheses represent
the oxygen-evolving activity in relative perceftNo data.? Anion (40
mM) was added as sodium s&ltNo reliable Ky, was obtained! No
thermoluminescence band was inducéData of sample membranes
reconstituted with 5 mM-1.

restored activity at the saturated Gloncentration was as
low as approximately 10% of that under saturating light
conditions, the normalized Cldependence curves obtained
under saturating and limiting light conditions are very similar.
This strongly indicates that the OEC is inactivated in an all-
or-none manner in the Cldepleted membranes used in this
study. Br showed a dependence curve quite similar to that
of CI~ with the same saturation level ob®volving activity.

In contrast to the saturating light conditions, theeDolution
restored by N@ was comparable to the activity by ClI
indicating that the N@ -substituted OEC is fully active in

Hasegawa et al.

ment of CI and Br. Approximately 40% activity was
restored by N@-, but little activity restoration was observed
with 17, F~, or CHCOO . The effects of anion substitution

on O, activity are consistent with those reported in thylakoid
and PS Il membranes which were depleted of I} various
different proceduresl(l, 18, 24, 25, 56, 57). Table 1 also
shows the peak temperature and intensity of the thermolu-
minescence (TL) band arising from the(@~ state which
was induced by illuminating the membranes under conditions
identical to those for the FTIR measurements. The peak
temperature of the.®,~ band found at 12C in the control
membranes was upshifted to 3C by CI~ depletion. The

CI~ reconstitution restored an almost normal peak temper-
ature, which was upshifted to 1C by Br- substitution,
further to 24°C by F- and NQ~ substitution, and to 30C

by CH;COO™ substitution. The results indicate that the redox
property of the $state Mn cluster is changed depending on
the substituting anions. Despite these changes, the yield of
the S state induced in the anion-substituted membranes was
comparable to that of the Glreconstituted membranes. No
TL band was induced in the membranes substituted with 40
mM |-, consistent with little restoration of &volution, and

this may be ascribed to the reduction of thesfate Mn
cluster by bulk t. Indeed, a TL band was developed at 25
°C in the membranes substituted with 5 mM B&lthough

the band intensity was considerably low. The peak temper-
atures of these anion-substituted bands were higher than those
of the control and Cl-reconstituted bands, but no linear
relationship appeared between the TL peak temperature and
the @ evolving activity. The effects of anion substitution
on SQa~ TL peak temperature in this study are substantially
compatible with those for the,Qs~ TL band @4), despite
differences in some details. These differences are probably

O, evolution but has a slower turnover rate. The apparent caused by the difference in the procedure for Gépletion

Km of NO3~ was somehow smaller under the limiting light

and anion substitution, which were performed at pH 7.5

than under the saturating light conditions. This seems to bewithout pretreatment for the depletion of the 16 and 24 kDa

related to the fact that the kinetically obtained appakent

extrinsic proteins. It has been proposed that;Nénhances

is not a true dissociation constant and may reflect anotherthe decay of the higher S states presumably by reducing the
reaction process, but the exact reason for the difference isMn cluster (.3). However, the TL data indicate that the S

not sufficiently clear at present. The, ®volution restored
by I~ was largely comparable to that restored by &t lower

I~ concentrations<2 mM), and the maximum activity was
approximately 50% of the activity restored by CIThen,
the activity decreased with increasing ¢oncentration to
be negligibly small above 20 mM. The observed effects of
I~ on O, evolution are consistent with the report that |
supports a relatively high level of £&volution in the Ct-

state is stably formed with high efficiency in the BO
substituted OEC as compared with those of the-CI
reconstituted and untreated control OECs. This view is also
consistent with the result that the, ®volution restored by
NO;~ is comparable to that restored by Qinder the limiting
light conditions as shown in Figure 1. The faster decay of
the higher S states found in ré&f may be explained by
assuming the reduction of the higher S state Mn cluster in

depleted preparation reconstituted with the extrinsic 16 and the NG~ -substituted OEC by the redox reagents which were

24 kDa proteins when the concentration in a bulk medium
is kept low @6), and the view that a high concentration of

I~ in a bulk medium donates an electron to the donor side

of PS Il to interrupt oxidation of the Mn cluste2§, 55).
The much higher recovery off@volution under the limiting

included in the reaction mixture and reduced during il-
lumination.

Figure 2 shows the effects of Clepletion on the $S;
FTIR difference spectrum. The/S, spectrum was obtained
by subtracting the @ /Qa difference spectrum from the

as opposed to the saturating light conditions indicates thatS,Qa/S:Qa difference spectrum after normalizing both

the turnover rate of the f£evolving reaction in the
I~-substituted OEC is retarded compared with that of the
Cl~-reconstituted control OEC.

Table 1 shows the effects of Ctlepletion and anion (40
mM) substitution on @evolution, and the appareht, for
the restoration of the Devolution under saturating light
conditions. The @ evolution activity was markedly sup-
pressed by Cl depletion but largely restored by replenish-

spectra with respect to the intensity of the CO stretching
band of Q™ at 1479 cm?* (refs 35, 36, 41, 45, 50, 58, and

59, but see re60). The characteristic vibrational features of
the S/S; difference spectrum in untreated control PS I
membranes (spectrum aB5—41, 43—46, 48, 50) are
markedly changed by Cldepletion (spectrum b): the
differential bands in the amide | (169630 cm?) and
amide Il (1596-1515 cn?) regions were largely suppressed
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Ficure 2: Light-induced &S, FTIR difference spectra of (a)
untreated control, (b) Cldepleted, and (c) Ctreconstituted (with
40 mM NacCl) PS Il membranes. Eacl/S difference spectrum
was obtained by subtracting the @Qa difference spectrum from
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in the ClI-depleted membranes. This view is, however, not
compatible with the observation that other intense and
characteristic bands for thesY/Yp vibrational features were
not revealed in the Cldepleted spectrum. Furthermore, some
of those bands were also prominent in the untreated control
S,/S; spectrum. The characteristig/S; vibrational structure,
which disappeared with Cldepletion, was largely restored
by the subsequent reconstitution of “C{spectrum c),
consistent with significant restoration of the, ®volving
activity (see Table 1). There is, however, a difference in the
amide | region between the untreated control and-Cl
reconstituted spectrum: the band at 1668¢m* was less
pronounced than the other amide bands in the-Cl
reconstituted spectrum. Since nearly 90%e®olution was
restored in the Chreconstituted membranes as compared
with the untreated control activity, it is unlikely that these
changes in the spectrum are attributable to the OEC
inactivated during the sample treatments. These two mem-
brane samples differ with respect to the presence (spectrum
a) and absence (spectrum c) of the 16 and 24 kDa proteins,
but these proteins do not seem to be responsible for the
difference in the amide | vibrational features since subsequent
reconstitution of these two proteins did not restore the
original amide | bands (data not shown). Presumably, the
high-NaCl treatment induces some irreversible changes in
the OEC protein structure, which are not crucial fos O
evolution. Consistent with this view, the features of the amide
bands of the highly active core preparations from cyano-
bacteria are markedly different from those of spinag$, (
40, 42).

Figure 3 shows the effects of Ckoncentration on the

the $SQa7/S,Qa difference spectrum (see the text for details). A 5/, FTIR difference spectrum in the GHepleted mem-

dark-minus-dark FTIR spectrum (d) is presented to show the noise

level. Sample membranes were illuminated with continuous light
(2 mWicn?) at 250 K for 10 s. The sample suspension included
0.1 mM DCMU for the $Qa/S1Qa difference spectrum or 0.1
mM DCMU and 10 mM NHOH for the Q~/Qa difference
spectrum. Spectra were recorded at a resolution of 2tcm

branes. It is clearly seen that the spectra changed in their
dependence on Ckoncentration. The features of the spectra
in the presence of 0.1 mM Clresembled those of the CI
depleted one. In the presence of 0.5 mM Ghe intensity

of bands characteristic of the Gtlepleted spectrum (the

or completely disappeared, and replaced with a broad bandbands at 1632 and 1695 cHbecame low concomitant with

at~1632¢) cm ! and bands at 1668() and 1695¢) cm .

In addition to these major changes; @epletion suppressed
the negative band at 1524 ctAlthough the CC stretching

mode of the phenol ring of the ftyrosine has been reported
to show a band at 1524 crh(ref 39, but see ref61 and

the partial development of the bands for the normal spectrum
(the bands at 1404, 1668, and 1686 émThe spectrum
was rather similar to the Clsufficient spectrum, in the
presence of 2 mM Clwhich corresponds to the apparent
Km for the restoration of @evolution, although the recovery

62), it is equivocal that the observed band change is ascribedof the spectrum had not yet been accomplished. The spectrum

to Yz since many other bands can overlap in this region. In
addition, the band at 143%) cm™! and several bands in
the region of 13041260 cnt?, the origins of which have

reconstituted with 10 mM Clwas almost identical to that
reconstituted with 40 mM ClI (data not shown). The ClI
concentration dependence of the restoration of the normal

not been identified, were also suppressed. In contrast, theSy/S; FTIR spectrum, although the quantitative representation

bands at 1595()/1562(-) cm for asymmetric and at
1364@)/1404() cm* for symmetric stretching modes of
the putative carboxylate ligand for the Mn clust8i7,(63)
were still prominent in the Cldepleted spectrum. ClI
depletion did not influence the bands in the 173300 cn1?t
region that are due to carbonyl stretching modes for
protonated acidic amino acid residuedr)( Notably, no
change in the @ /Qa vibrational features was induced by
CI~ depletion (data not shown), indicating that @epletion
does not affect @ and its proximal protein environment.
The 1695¢), 1632@), and 1504¢) cm ! bands found in
the CI-depleted spectrum coincide with some bands in the
Yo '/Yp difference spectrum3, 58), and therefore, these
bands may be attributable to partial oxidation gf tyrosine

is difficult due to the complexity of the difference spectrum,
was roughly compatible with that of the restoration of O
evolution. This suggests that the Ctesponsible for @
evolution participates in the formation changes of the protein
matrixes detected by FTIR. We may note, however, in this
context that the Cl dependence of the recovery of the O
evolution does not necessarily coincide with that of the FTIR
spectrum, since the former corresponds to the @pen-
dence of the rate-limiting step of the overall reaction gf O
evolution while the latter reflects the binding of ‘Cat the
S, and S states.

The carboxylate bands were prominent in the-G¢pleted
S,/S; difference spectrum. The band intensity of the sym-
metric stretching vibration, measured peak [1364¢m™]
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Ficure 3: Effects of Ct concentration on light-induced/S; FTIR 40 mM NaCl) membranes¢). (b) Double-difference spectrum
difference spectra in Cldepleted PS Il membranes. Sample obtained by subtracting the GHepleted spectrum (solid curve in
membranes were illuminated with continuous light (2 mWicat part a) from the Ci-reconstituted spectrum (dotted curve in part

250 K for 10 s in the presence of (a) 0, (b) 0.1, (c) 0.5, (d) 2, and a). See the legend of Figure 2 for other details.
(e) 40 mM CI. Each 9/S, difference spectrum was obtained by

subtracting the Q/Qa difference spectrum from the@,/SIQa ~  induces characteristic properties in anion-substituted OECs
difference spectrum. See the legend of Figure 2 for other details. as shown in Table 1. The), difference spectrum of the

to peak [1404¢) cm™1], of the CI-depleted §S; spectrum Br~-substituted membranes (spectrum b) was very similar
was approximately 70% of that of the untreated contedl S to that of the Ct-reconstituted membranes (spectrum a),
S, spectrum. However, close inspection revealed that the consistent with its high capacity for supporting €olution
vibrational features in the symmetric carboxylate regions (see Table 1 and Figure 1), although the band at 1658(
were considerably changed by Glepletion. The changes cm™ was relatively small and amide Il bands were less
can be observed more clearly in the double-difference pronounced in the Brsubstituted 8S; spectrum. The
spectrum shown in Figure 4, in which the @lepleted g overall spectral features of the-substituted (spectrum c)
S, difference spectrum (a, solid curve) was subtracted from and NQ™-substituted (spectrum d) membranes greatly
the Cl-reconstituted 8S,; difference spectrum (a, dotted resembled those of the Bisubstituted membranes. At first
curve). The resulting double-difference spectrum (b) exhib- glance, the appearance of the normal-like spectrum of the

ited negative bands at 1417, 1404, and 1350 ‘cand |~-substituted membranes seems to be inconsistent with a
positive bands at 1439, 1411, and 1383 (1369)¢iwhile failure in TL band formation and little recovery of the, O
the strong positive band at 1364 chmprominent in the Cl- evolution in the presence of 40 mM.IHowever, the results

reconstituted spectrum, was almost completely absent. Thesean be rationally explained by the interference of electron
results suggest that at least two carboxylate vibrational modesdonation from the bulk to the S state Mn cluster at 250
overlap in the carboxylate symmetric stretching region in K, the temperature where FTIR spectra were recorded. The
the control &S, difference spectrum, and Cis required similarities of the FTIR spectra are compatible with™Br
for the appearance of one of the two carboxylate modes.|~, or NO;~ being functionally substituted for Cland
Many bands were observed in the amide regions in the showing a high capacity for supporting, @volution as
double-difference spectrum, indicating that conformational shown in Figure 1. In the N©-substituted 8S, spectrum,
changes in the protein upon State formation are largely  the band at 1524 cm, as well as amide Il bands, was not
suppressed in the absence of CThese bands may interfere  distinctively observable. This may be attributable to JNO
with the detection of the asymmetric carboxylate mode bound to the Mn cluster as a replacement for,Gince NO
corresponding to the putative symmetric carboxylate mode stretching modes of the metal binding form of NCcan
in the double-difference spectrum. appear and be superimposed on the amide Il and tHmaid
Figure 5 shows the 5, FTIR difference spectra of anion-  in this region. However, this is clearly not the case, as shown
substituted PS || membranes. The @lepleted membranes later in Figure 6. The band at 1524 chwas most likely
were supplemented with 40 mM monovalent anion, which influenced by anion substitution, and slightly shifted to a
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Ficure 5: Light-induced @S, FTIR difference spectra of Ci
depleted PS Il membranes that are reconstituted with (a) (B)
Br—, (¢) I, (d) NGs7, (e) F, and (f) CHHCOO . For reconstitution,
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Ficure 6: Light-induced 9/S; FTIR difference spectra (1450
1250 cnt?) of Cl--depleted PS Il membranes that are reconstituted
with 40 mM N&“NOs (-++) or 40 mM N&°NOs (—). The inset
shows the light-induced,f5; FTIR difference spectra of the mid-
IR region (1806-1200 cntY). Each /S, difference spectrum was
obtained by subtracting thesQ/Qa difference spectrum from the
S,Qa7/S1Qa difference spectrum (see the text for details). Sample
membranes were illuminated with continuous light (2 m\Wcat

250 K for 10 s. The sample suspension included 0.1 mM DCMU
for the SQa/S:Qa difference spectrum or 0.1 and 10 mM KH
OH for the Q ~/Qa difference spectrum. Spectra were recorded at

anion. The g'S, difference spectrum was obtained by subtracting 5 resolution of 4 cmt.

the Q\7/Qa difference spectrum from the,Qa~/S,Qa difference
spectrum. See the legend of Figure 2 for other detalils.

higher frequency in the ksubstituted 8S, spectrum. It may

almost identical above 1400 cthand below 1250 cmt as
shown in the inset, but a distinct difference was observed in

therefore be presumed that the overlap of a further upshiftedthe region between 1400 and 1270 ¢mThe ratio of the
1524 cm! band and amide Il bands obscures these bandsrelative intensities between the 1364(and 1329¢) cm™?!
in the NG~ -substituted 8S; spectrum. The spectral features bands was considerably larger in the/Sg spectrum of

of the F-substituted (spectrum e) and gEOO -substituted

1UNO; -substituted membranes than in that BNO; -

(spectrum f) membranes markedly differed from those of substituted membranes, and the 13704nd 1355¢) cm™*

the surrogate anions Brl—, and NQ~. The carboxylate
stretching bands disappeared @ubstitution) or were largely
suppressed (GO0 substitution), concomitant with a

bands in thé®NO;~ spectrum became vague in tH&O;~
spectrum. We note in this context that no isotopic difference
was detected in the 158A500 cn1? region, where the NO

considerable reduction in the intensities of the bands in the stretching modes of the metal-binding dCare present. It

amide | and Il regions. It is notable that an identical @

can therefore be concluded that the apparent changes of the

Qa difference spectrum was developed in all anion- bands in the amide Il region in the NOsubstitution 9S;
substituted membranes (data not shown), indicating that anionspectrum shown in Figure 5 are not caused by overlapping

substitution and Cl depletion do not affect Q and its
proximal protein environment.

As shown in Table 1 and Figures 1 and 5, N@an be
functionally substituted for Cl indicating that N@ is
bound to the Cl site in a manner similar to that of CINO
stretching modes of N§ in various nitrato complexes have

by the NO modes of N@.

Figure 7 shows th&NO;/*NOs~ FTIR difference spectra
for the S/S; (spectrum a), $£a/S1Qa (spectra b and d),
and Q/Qa (spectrum c) difference. ThENO;™ (S/S,)/
BNO; (S,/Sy) difference spectrum was obtained by subtract-
ing the'>NO;~-substituted 8S; spectrum from thé*NO; -

been extensively studied, and it has been found that thesubstituted 8S; spectrum, where each/S,; spectrum was
vibrational modes are very sensitive to the molecular obtained by subtracting thesQ/Qa difference spectrum from

geometry of N@ (64—75). The NO stretching mode of

the SQa/SiQa difference spectrum for thé*NO; -

NOs™~ can, therefore, be used as a potent probe to elucidatesubstituted ofSNOs;~-substituted membranes. TR#NO3z~

the properties of binding of Clto its site and the nature of
the binding site. Figure 6 shows the/S FTIR difference
spectra of'*NO;~-substituted (dotted curve) an@NO;™-

(S/S)/*™NOs~ (S/S;) difference spectrum (spectrum a)
exhibited a prominent positive band at approximately 1369
cm ! and a negative band at approximately 1323 £mwith

substituted (solid curve) membranes. The two spectra wereminor positive and negative bands at approximately 1288
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FIGURE 7: “NO5;/*5NOs~ FTIR difference spectra for (a) the light-
induced ¥/S; FTIR difference spectrum, (b and d) the light-induced
S:Qa7/S1Qa FTIR difference spectrum, and (c) the light-induced
Qa~/Qa difference spectrum. THENO;/15NO3~ spectrum for the
Qa/Qa difference was obtained by subtracting tAENO;™-
substituted Q@ /Qa spectrum from thé*NO;-substituted @/Qa
spectrum. Thel*NO3; /*5NO;~ spectrum for the £a~/Si1Qa
difference was obtained by subtracting tH&O; -substituted
S,Qa7/S1Qa spectrum from thé“NOz~-substituted 8a~/S1Qa
spectrum. Thé“NO3; /15NO3~ spectrum for the $S; difference
was obtained by subtracting tFNOz; /1N Os~ spectrum for Q~/

Qa (spectrum c) from th&*NOs;=/*"NO3~ spectrum for 894 7/S;Qa

Hasegawa et al.
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FIGURE 8: (A) Schematic illustration of the frequency region for
vibrational stretching modes of NO Peak positions of N@and

NO stretching modes in the literatu®75) are shown for metal-
free NG~ and NQ~ bound to transition metal$*NOs~ bound to

the CI site was found to exhibit the bands in the 14A@370 cnt?
region. Abbreviations for vibrational modes: st, stretching; asym,
asymmetric; sym, symmetric. (B) IR spectra of the (a) crystal and
(b) solution of N&*NO;z (—) and N&°NOs (--+). Spectra were
recorded at room temperature.

(spectrum d) when the sample membranes were further
supplemented with 20 mM NacCl, which restored the normal

(spectrum b). For spectrum d, 20 mM NaCl was further included O evolution and TL properties in the presence of 40 mM
in the sample suspension. A dark-minus-dark FTIR spectrum (e) NaNQ; (ref 24 and unpublished results). This strongly

was presented to show the noise level. Spectra were recorded at
resolution of 4 cm®. Five spectra were averaged (750 scans). See

the legends of Figures 2 and 6 for other details.

#hdicates that N@ bound to the Ci binding site is

responsible for the observétNO; /1N Os~ isotopic bands.
Figure 8 shows the FTIR spectra of the crystal and solution

and 1406 cm?, respectively. On the basis of their peak ©Of Na“NOs and N&°NOs (panel B), and the summary of
position, these bands can be ascribed to the asymmetric Nghe frequency region for N vibrational modes in the

stretching vibrational mode of an ionic NO(67, 68, 71—
75). An identical “NO3; /*>NOs~ difference spectrum was
obtained for the $J4/S:Qa difference (spectrum b) with a

literature 64—75) (panel A). In the crystal, a sharp asym-
metric NO stretching band that appeared at 1384 cim
Na'“NO; was downshifted by 31 crin Nat®NOs;, consistent

better signal-to-noise ratio. No distinct isotopic band, except With the reported resul6(, 71). The very sharp band in the
for these bands, was observed in the spectrum. However CryStal indicates that a nitrate ion adopts a unique conforma-
our data cannot completely exclude the possibility that small ion- In contrast, the band was significantly broad in solution,
1NO,/15NO;~ isotopic bands are concealed behind noise SINCe mteractl(_)ns_Wlth water molecules_cause variously
in the region above 1500 crh due to the presence of large changed combinations of NO bond length in N@68, 75).
water and amide bands. The 1323€m 2 band is consider- Itis of note, however, that the band of thelmog solution
ably broader and less intense than the 136a{m-? band, was4 downshﬁed by 31 cm as compared with that of the
suggesting that the vibrational features of #4O; /*5NO;3™ Na'“NO; solution.

spectrum are somewhat different between thea®d $
states. NG“NOs; /*>NOs™ isotopic band was observed in the DISCUSSION

Qa~/Qa difference spectrum (spectrum c), indicating thatthe  Vibrational Mode of N@™ at the CI-Binding Site.This
acceptor side of PS Il does not contribute to the isotopic study has demonstrated that the NO stretching vibrational
bands found in the £5; and SQa /S;Qa difference. The mode of NQ~ is affected by the oxidation of the Mn cluster
isotopic bands were not induced in th&€Xs /S,Qa spectrum upon the $to S transition in NQ™-substituted membranes,
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indicating that Mn oxidation leads to a change in the protein
structure of the binding site for NO for modifying the
interaction of an N@ ion with its ligands. Since N@ is
functionally substituted for Cl(refs 13, 24, 25, 54, 56, and

57 and this study) and restored the characteristitS;S
vibrational features in the Clreconstituted membranes, as
shown in Figure 5, it is rational to assume that ]NGs
functionally bound to the Clbinding site. This view is also

Biochemistry, Vol. 41, No. 46, 20023847

in O-acetylserine sulfhydrylas&’7). It has been suggested
that there are two types of Ckites with differing affinities

for CI= (7) and/or nature of the Cldepleted and anion-
substituted OEC 7, 27, 34, 57). We cannot, therefore,
completely exclude the possibility that a small isotopic band
from another N@~, bound to the other type of Ckite, was
induced but not detected in the difference spectrum due to
the relatively low signal to noise ratio in the regions below

supported by the disappearance of the isotopic bands on1200 cn? and above 1500 cm.

further supplementation of Clwhich expels N@ from the
Cl~ site. Therefore, these results show that the €ite
structurally couples with the Mn cluster, and indicate that
the Mn oxidation affects the binding site structure to
modulate CI binding. The results are also consistent with
the proposal that the Ckite is located in the vicinity of the
Mn cluster, based on the analyses of Mn EXAFS in the F
or Br -substituted OEC3JY, 33), and multiline ESEEM in
the Br-substituted OEC34).

Vibrational spectra of a number of nitrato complexes have
been extensively investigated4—75). The NO stretching
modes of N@ have appeared at 1572480 cnt! (NO;
asymmetric stretching), 1286271 cn! (NO, symmetric
stretching), and 997983 cn1t (NO stretching) in unidentate
transition metal complexes, and at 1635140 cmt* (NO
stretching), 13061162 cm* (NO, asymmetric stretching),
and 1036-963 cnt! (NO, symmetric stretching) in chelating
and bridging bidentate transition metal complex@$—(66,

69, 70, 74). In contrast, the NO stretching modes of ionic
NO;~ have appeared at 1440310 cm'! (asymmetric NO
stretching) and at 10681055 cn1?* (symmetric NO stretch-
ing) despite very weak IR intensity6{, 68, 71—74). The
observed isotopic bands in tH&NOs;/*NO;~ difference

Since the isotopic bands of NOcorrespond to the NO
stretching mode for ionic Ng, it can be presumed that bulk
NOs;~, or nonspecifically bound N© with a bulk-like nature,
is responsible for the observed isotopic bands, apart from
the mechanism of how such NOresponds to oxidation of
the Mn cluster. However, bulk NO reveals a significantly
broadened NO stretching band with an approximate band-
width of ~100 cnm! because of the presence of numerous
combinations of bond lengths and bond angles among the
three NO bonds &) as shown in Figure 8B. It seems, then,
that the bulk-like N@  cannot account for the observed
isotopic bands. The NO stretching band of NChowever,
sharpens in salt crystal§§, 75), which is compatible with
the observed isotopic bands, suggesting thag NDa unique
binding site is responsible for the isotopic bands. This seems
to be compatible with the view that NObound to the Ci
site is responsible for the observed isotopic bands.

Model for the Isotopic Bandsn an ionic NG~ with Dap
symmetry, the NO asymmetric stretching vibrations are
degenerate. However, the degeneracy is broken by a decrease
in the geometrical symmetry of NO, resulting in the
appearance of two split components with reduced intensity,

spectrum, shown in Figure 7, were present over the frequencyin Which the splitting depends on the difference between the

range of 1406-1300 cnt?, indicating that thel“NO;~

three NO bond lengths, @3 cn1? (67, 68, 71, 72, 75).

responsible for the isotopic bands in the difference spectrum The split-type bands have often been observed in the spectra

exists over the frequency range of 1401870 cmt.
Therefore, it is evident that the NOis not a metal binding
form but an ionic form as illustrated in Figure 8A. This
strongly indicates that N§ is not associated with the Mn

of salt crystals §8, 71, 72, 75). Taking this into account,
and the fact that replacement 8N with >N leads to a

downshift in the respective NO stretching mode of ;NO
by 31-32 cnmt (refs67 and71 and Figure 8B), we propose

cluster as a direct ligand but is associated, in an ionic state,@ Simple model for interpreting thHéNO; /**NOs™ isotopic

with a protein moiety of the Clsite. When the functional
replacement of Cl with NO;~ is taken into account, this
suggests that Clis not associated with the Mn cluster as a
direct ligand. This view may be compatible with the reported
results which show that the Mn K-edge XANES spectrum
in Cl~-depleted membraneg®) and the deduced MaMn
distances in F or Br -substituted membrane3l 33) rather

bands shown in Figure 9. For model IR bands, we used a
Gaussian curve with a half-width at half-maximum of 16
and 31 cm?! of the isotope downshift fot*NO3; /*NO3~

(67, 71). The “NOs~ (S,Qa /S1Qa)/*NOs~ (S:Qa/S1Qn)
spectrum was used for fitting instead of tHBO;™ (S/S,)/
NOs™ (S/S)) spectrum due to the higher spectrum quality.
In the observed“NO; /*®NOs~ difference spectrum, the

resemble those in the control membranes. No direct associaintense positive (1369 cr) and negative (1323 cm) bands

tion of CI~ with the Mn cluster is also consistent with the
finding that I-substituted membranes exhibit high, O
evolving activity and TL bands arising from the &nd S
states (reR6 and this study). If T is bound to the Mn cluster
directly, I- would readily reduce the Mn cluster in higher S
states, interfering with the formation of the TL bands and
the manifestation of the high@ate. The Ct site must exist

are mainly ascribed to the NO asymmetric stretching mode
of “NOs;~ and®NOs~ in the S state, in which N@ has
symmetric geometry. While the minor negative (1406 €m
and positive (1288 cni) bands are ascribed to one of the
split NO asymmetric stretching modes'éfiOs~ and*>*NO;~
present in the Sstate, in which N@ has a rather asym-
metric geometry. The intensity of the split bands can be

close to the Mn cluster but may be structurally separated assumed to be 50% of the degenerate band, although the

from the cluster. Therefore, it is likely that Cregulates
the function of the OEC, including the Mn cluster, by
optimizing the structure of protein matrixes of the OEC for
water oxidation chemistry. Cldependent activity control

intensity may be slightly altered depending on the geometry
of NO;~ (75). One of the NO stretching modes'8NO;™ at
1372() cmtin the S state contributes to the intensification
of the 1369¢) cm™* band of the observetNO; /*>NO3~

through conformation changes of protein that are induced difference spectrum, and one of the NO stretching modes of

by the binding of Ct to the allosteric site has been reported

¥NO;™ at 1317¢) cm™! in the § state contributes to the
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Ficure 9: Simple model for thé“NOs;/*>NOs;~ FTIR difference
spectrum for the A~ /SQa difference in Figure 7b. (a) The
modeled“NO;/13NO;~ spectrum for 894 /S;Qa (—) compared
with the experimental spectrum-{), (b) the modeled“NO;~/
15N O;~ spectrum in the Sstate, and (c) the modelétNO; /15N O3~

Hasegawa et al.

In general, vibrational NO stretching modes of NO
depend on the NO force constant, which is mainly determined
by the bond length of NO but is not directly correlated with
the bond angle of N@and the dihedral angle of theNO
bond with respect to the Nplane. Therefore, our model
does not distinguish the planar from the nonplanar geometry
of NOs;~. We note in this context, however, that the NO
in all of the reported nitrato complexes is planar or planar-
like as far as we know. Therefore, it is most likely that the
NO;~ bound to the Cl site in the OEC is also planar or
planar-like. This view is also consistent with the easy
replacement of Clwith NO;™ in the medium, especially in
the higher S statesl8). However, we cannot completely
exclude the possibility that the NOin the OEC is somehow
distorted from the planar state by interacting with protein,
although such a state may be thermodynamically unstable.

The observedNO; /**NOs~ difference spectrum may also
be reproduced to some extent by a model in which the S
state has only one NO stretching band at 1317 cfor
¥NO;~ and at 1286 cmt for SNO;~ with much reduced
(30—40%) intensity. This model may be explained by
assuming a degenerated NO asymmetric stretching band of
NO;~ with a symmetric geometry in the State. In this case,
interactions between NO and its ligands are stronger on
the whole to show the band at a lower frequency in the S
than in the g state. However, we cannot rationally explain
why the band intensity markedly decreases in thestSte
compared with that in the,State despite the same symmetric
geometry of N@ in both states. Alternatively, the appear-
ance of one NO stretching band with a much reduced
intensity in the $ state may be explicated by assuming an
HNOs-type molecule in the Clbinding site. HNQ exhibits

spectrum in the Sstate. The Gaussian line shape was used for NO stretching bands at1320 cnt? with strong intensity
model IR bands. The modeled spectrum (a) was calculated by and at~1720 cnt! with very weak intensity 9) in which

subtracting spectrum c¢ from spectrum b. TH&O; /15NO3~
spectrum for the £, ~/S,Qa difference is identical to that for the

S,/S, difference but has a better signal to noise ratio due to there

being noNO; /*NOs~ isotopic effects on the £/Qa spectrum
as shown in Figure 7c.

broadening of the 1323() cm™* band of the observed
spectrum.

the intensity of the 1320 cm band is expected to be
approximately 50% of that of the degenerated NO stretching
of NO;~. However, it is hard to imagine that NOis bound

to the CI site as HNQ because of the observed high
exchangeability of the bound NO with bulk NOs;~ ion.
According to our unpublished ab initio MO calculation, NO
stretching modes of N© could resemble those of HNGf

According to this model, the bond lengths and bond angles strong interaction with a positively charged imidazolium is

of the three NO bonds are almost identical (highly sym-
metric) in the $ state, while the bond(s) of one (or two)

assumed. A*NO;~ (S/S)/*NO;™ (S/S,) difference spec-
trum with improved quality is needed to exclude these

NO group(s) is longer than the other two (or one) bonds alternatives completely.

(weakly asymmetric) in the,;State. A possible interpretation
for the putative geometry change of BOis that the

interaction between each oxygen atom and its ligand(s),

protein or water molecule, is weak and equivalent in the S
state, while the stronger oxygetigand(s) interaction for

Effects of CI Depletion and Anion SubstitutioAs shown
in Figure 4, the Cl depletion induced characteristic changes
in the symmetric carboxylate modes. Interestingly, the
symmetric carboxylate modes that disappeared with ClI
depletion are quite similar to those observed in thé*€a

two (or one) oxygen atoms gives the longer NO bond length depleted spectrum supplemented with LNa*, and Mg,
in the § state. These considerations may lead us to the viewcations having ionic radii that are smaller than that of'Ca

that NG, and thereby Cl, is bound to the site more strongly
in the § state than in the Sstate. Significantly, it has been
shown that the CI affinity of the binding site is lower in
the S state than in the State 22), and that the replacement
of CI~ with NO3~ is stimulated upon formation of the, S
state (L3). The higher Ct affinity in the § state may be
correlated with the stronger binding of Ciio the site in the

S, state. Also, the nature of a binding site that prefers
symmetric and weak binding in the State facilitates anion
exchange at the site.

(78). A possible interpretation of the characteristigSp
carboxylate bands is that they are contributed by the two
different carboxylates, which correspond to two different
carboxylate ligands to the Mn cluster. One carboxylate ligand
has a spectrum represented as that in the double-difference
spectrum in Figure 4 and requires Gbr its conformation
change upon the ;S0 $ transition. The other carboxylate
ligand has a spectrum represented as that in thel€bleted
spectrum in Figure 4 and seems to be related té*Ca
Another interesting point we should emphasize is that the
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features of the symmetric carboxylate mode found in the 8.

double-difference spectrum are surprisingly similar to those
of the reported 8S, difference spectrumd@, 47, 48, 51),
although the positions of the respective bands are not
identical to each other. Therefore, it may be deduced that
the carboxylate ligand responsible for thg¢S spectrum is
associated with the Mn cluster in a manner similar to that
of the putative Ct-sensitive carboxylate for the ,/S;
spectrum.

A characteristic spectral feature of the ~&lepleted
spectrum was the simplification of 1760500 cn1? regions
due to the absence of a large portion of the amide | and I
bands. This indicates that Cis required for the structural
change of the protein backbone with thet8 S transition,
and the suppression of the structural change is ascribed to

9

the inhibition of the normal turnover of the S state beyond 19.

the ClI-depleted $state. This is in contrast to the effects of
Ca&* depletion on the spectrum, where the amide bands are
not much influenced by the depletioBQ). Therefore, the
results presented here clearly demonstrate that the functions
of C&" and CI are quite different in regulating the protein
structure in the vicinity of the Sstate Mn cluster, although
the S state turnover beyond the, State is similarly
interrupted in the absence of €aor CI~. The amide bands

at 1674(), 1668(¢-), 1660¢), 1637(), and 1630¢) cm™*
were restored by Clreconstitution, but these bands were
barely recovered by anion substitution with Br—, or NO;™,

as shown in Figure 5. Since considerable €volution

activity can be supported by these anions, the putative 27-

structure changes responsible for these bands are not essentiajg
for the mechanism of Qevolution. However, the changes

may influence the redox and magnetic properties of the Mn 29.

cluster as revealed by the anion-dependent change of the
SQa~ TL band (Table | and refdl, 24, and26) and the $

EPR signals 4, 34), probably due to the close location of
the CI site to the cluster. These changes may be attributable

to the slower turnover rate of the;@volution found in the 32.
Br~-, I™-, or NO;~-substituted OEC (Figure 1). In contrast 33
to Br-, I7, and NQ™, both amide and carboxylate bands

were markedly suppressed in+or CH;COO -substituted
membranes. Since the, State can be generated in the
substituted membranes, as indicated by the formation of the
S:Qa~ TL band (refsl1and24 and Table 1) and/or,EEPR
signal @4, 29, 32, 33), it appears that the binding of For
CH3;COO  induces further structural perturbations to interrupt
the formation of the FTIR bands. The deteriorating protein
structure may be ascribed to the fact that these anions have
no or a poor ability to support a high,@volution rate. The
results indicate that not only a negative charge but also some
physical property of the anion is important for its function
in the OEC.

w
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