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ABSTRACT. A C&* ion is an indispensable element in the oxygen-evolving Mn cluster in photosystem |l
(PSII). To investigate the structural relevance of C the Mn cluster, the effects of Brsubstitution

for C&" on the structures and reactions of ligands to the Mn cluster during the S-state cycle were
investigated using flash-induced Fourier transform infrared (FTIR) difference spectroscopy. FTIR difference
spectra representing the four S-state transitions; &, S, — S, Ss— S, and $ — Si, were recorded

by applying four consecutive flashes either to PSII core complexes Tilmenmosynechococcus elongatus

or to PSll-enriched membranes from spinach. The spectra were also recorded using biosynthéitieally Sr
substituted PSII core complexes frof elongatusand biochemically Sr-substituted PSII membranes
from spinach. Several common spectral changes upéh Sibstitution were observed in the COO
stretching region of the flash-induced spectra for both preparations, which were best expressed in Ca
minus-S#+ double difference spectra. The significant intensity changes in the symmetric G&xRs at
~1364 and~1418 cnt! at the first flash were reversed as opposite intensity changes at the third flash,
and the slight shift of the-1446 cnt! peak at the second flash corresponded to the similar but opposite
shift at the fourth flash. Analyses of these changes suggest that there are at least three carboxylate ligands
whose structures are significantly perturbed by'Car* exchange. They are (1) the carboxylate ligand
having a bridging or unidentate structure in theaid S states and perturbed in the S S, and S —

S transitions, (2) that with a chelating or bridging structure in theu®l $ states and perturbed also in

the § — S, and § — S transitions, and (3) that with a chelating structure in the®d $ states and
changes in the 5~ S; and $ — $; transitions. Taking into account the recent FTIR studies using site-
directed mutagenesis and/or isotope substitution [Chu et al. (Bl6dhemistry 433152-3116; Kimura

et al. (2005). Biol. Chem. 2802078-2083; Strickler et al. (2008iochemistry 458801-8811], it was
concluded that these carboxylate groups do not originate from either D1-Ala344 (C-terminus) or D1-
Glu189, which are located near the®C#on in the X-ray crystallographic model of the Mn cluster. It was
thus proposed that if the X-ray model is correct, the above carboxylate groups sensitifesiotStitution

are ligands to the Mn ions strongly coupled to the“Cian rather than direct ligands to &a

Oxygen evolution in plants and cyanobacteria is performed molecules, which is accomplished through a light-driven
at the oxygen-evolving center (OEG) the photosystem Il cycle of five intermediates called S stateg+S,). Among
protein complexes]( 2). The chemical identity of OEC is  these intermediates, the Sate is the most dark stable, and
the so-called Mn cluster, which consists of four Mn ions, successive four-flash illumination advancest& S, S, to
embedded in the protein matrig{5). Molecular oxygenis s, s;t0 S, and $to S.. Molecular oxygen is released upon
released as a result of four-electron oxidation of two water jjjymination on the $ state via the unstable, State. It has
been known that Ga is an indispensable cofactor for oxygen
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(8, 9), being consistent with mutagenesis studiesl|. The the S state were inhibited in the PSIl preparation uded.
relatively low resolutions of these X-ray structure® 9) Thus, the effects of 3f substitution on all of the S-state
and the high M&" content (0, 11), however, could not transitions have not been studied yet. In the present experi-
definitely determine the core structure of the J@a cluster ments, we used both the PSII core complexes from the
as well as the detailed ligand structures. Thé'dan can cyanobacteriunT. elongatusand the PSll-enriched mem-
be replaced with a wide range of metal ions {2—19). branes from spinach. In addition, two different electron
Among them, only St can restore the £evolving activity acceptors, ferricyanide and PpBQ, were used for The
(13—15). This indicates that Ca is directly involved in the elongatus sample. These measurements using different
chemical mechanism of oxygen evolution, rather than only samples and measuring conditions can distinguish true
a structural component of OEQ,(12). Various models of  features from possible artifacts, which are sometimes prob-
the mechanism involving the role of &ahave been lematic in detecting subtle signal changes by a certain
proposed %, 7, 20—22). Indeed, a recent study of mass perturbation of the sample. Several common band changes
spectrometry showed that the slow phase of substrateupon S?* substitution were observed in the CO@egion

exchange is significantly affected by 2Srsubstitution, of the spectra during the S-state cycle. These band changes
indicating that C&" is inherently involved in the binding of  were analyzed using the criteria for determining the coor-
a substrate water molecul23). dination structures and discussed in light of the previous

To investigate the detailed structures and molecular FTIR studies for the carboxylate ligands and the X-ray
reactions of the redox cofactors in photosystem Il, light- crystallographic model of the Mn cluster.
induced FTIR difference spectroscopy has been used as a
powerful method24). As for the oxygen-evolving reactions, MATERIALS AND METHODS
FTIR difference spectra of OEC upon the individual S-state . )
transitions have been obtained by applying flashes to the PSIl  The PSII core complexes 4. elongatusin which the
samples in the presence of exogenous electron acceptor§arboxyl terminus of the CP43 subunit was genetically His-
(25-27). Using this technique, the structures and reactions tagged, were purified using Ni-affinity column chroma-
of the carboxylate28—35) and His 86, 37) ligands to the Fography as previously descnbt_aBDI. The core complexes
Mn cluster, substrate water molecul&8,39), and the M- in which C&" was replaced with St (SP**—PSlII) were
O—Mn bonds 40, 41) have been studied. In particular, the Prepared fron. elongatusells that were grown in a DTN
coupled asymmetric and symmetric CO6tretching vibra- ~ Medium containing Srglinstead of CaGl (15). The core
tions of carboxylate groups provide several strong features Complexes were suspended in a pH 6.5 buffer (buffer A:
at 1600-1450 and 14501300 cnt?, respectively, being 40 MM Mes, 15 mM MgCl, 15 mM CaCj, 1 M betaine,
consistent with the presence of five to six carboxylate ligands 10% glycerol, and 0.03%-dodecyl -b-maltoside) and
to the Mn cluster as proposed by the X-ray crystallographic concentrated to 11 mg of Chl/mL using Microcon-100
studies 8, 9). Because the frequency gap between the (Amicon). Note that the St ion in the OEC of.S%*—PSII
asymmetric and symmetric vibrations provides information ©f T. elongatusis not replaced with C4 even in a buffer
about the coordination structure of carboxylat@-{44), containing C&" (15). Also note that a high concentration of
these COO bands are very useful to characterize the betaine is effective to keep the-®volving activity of S#—
structures and reactions of the carboxylate ligands to the Mn PSII (19).
cluster. The oxygen-evolving PSII membranes of spinadii)(

In this study, we have investigated the ligand structure of were prepared as reported previoudg)(and suspended in
the Mn cluster relevant to the €aion, especially focusing  a pH 6.5 buffer (40 mM MesNaOH, 400 mM sucrose, and
on the carboxylate ligands, using flash-induced FTIR dif- 20 mM NacCl). To replace Ca with S* in this membrane
ference spectroscopy. For this purpose, we have examineddreparation, Cd was first depleted by the low-pH treatment
the effects of C&/SrZ™ exchange on the FTIR difference (53, 54). The sample was treated with a pH 3.0 citrate buffer
spectra of individual S-state transitions. FTIR measurements(10 mM citrate, 400 mM sucrose, and 20 mM NacCl) for 5
of SP*-substituted PSII samples have been performed mainly min, and then 0.1 volume of pH 7.5 Mops buffer (0.5 M
on the 3 — S, transition 45—49). Although one group48, Mops, 400 mM sucrose, and 20 mM NacCl) was added,
49) recently attempted to measure the FTIR spectra®f-Sr  followed by incubation for 20 min on ice. Note that the?Ga
substituted PSII during the S-state cycle, the reactions afterdepleted PSII prepared by this procedure mostly retains the

24 and 16 kDa extrinsic proteins. The Calepleted PSI|

2 Although the authors of red9 claimed that the PSII preparation ~Mmembranes were washed with a pH 6.5 Mes buffer (buffer
that they used underwent the full S-state cycle, the reported FTIR B: 40 mM Mes, 400 mM sucrose, 20 mM NaCl, and 0.5
difference spectra (Figure 2 of ré9) showed an almost flat feature in mM EDTA), and then SrGlwas added to the suspension

the symmetric COOregion (1456-1300 cn?) at the third and fourth : P ; :
flashes. Thiglearly indicates that the S-state transitions were blocked (final SrCh concentration: 20 mM) followed by incubation

after the Sstate. This flat spectral feature at the third and fourth flashes for more tha 1 h on i_C_e- The control C&—PSII sample
was very similar to that in the previous study by the same grd8p ( was prepared by addition of 20 mM Ca@istead of SrGl

using the PSII preparation limited in water content, in which tge S 5t the last step. The @areconstituted sample recovered

to-S transition was blocked. The fact that each flash produces a similar - .
amount of reduced ferrocyanide does not imply that the electron comes about 66% of the @evolving activity of untreated PSII

from the Mn cluster. Readers can compare the FTIR difference spectramembranes [66@M O/(mg of Chl h)]. The activity of St"-
of the S-state cycle in ref9 with those of our group (Figure 1 inthe  substituted PSII membranes wa§8% of that of the C&-

present study26, 27, 30, 39) and also of other two group2%, 32— ; inh ;
35, 37). The S-state spectra of the latter three groups are basically in reconstituted PSII, which is comparable to the decrease in

agreement with each other and show clear bands in the-14H00 Oz-evolving activity by a factor of 2.22.4 by car/set
cm! region at the third and fourth flashes. exchange in the PSII core complexesTofelongatug15).
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For FTIR measurements, samples were loaded between greflashes and between the cycles were 60 and 90 min for
pair of Cak plates (25 mm in diameter) as described Ca&"— and S?#'—PSlII, respectively, ofl. elontgatuswith
previously @6). For the PSII core complexes ©f elongatus ferricyanide, 100 and 120 min for €a- and SF*—PSlI,
when ferricyanide is used as an exogenous electron acceptorespectively, ofT. elontgatuswith PpBQ, and 30 min for
2 uL of 100 mM potassium ferricyanide was first dried at both C&"— and S#"—PSil| of spinach. These dark periods
the center of the Cafplate and then was mixed withg2 were determined from the relaxation time of th¢Sp states
of the PSII core suspension in buffer A (11 mg of Chl/mL). estimated as described previousty) Note that much longer
This solution sample was covered with another Cplte dark periods were necessary for tfie elongatuscore
and sealed with silicone grease. A piece of aluminum foil complexes in the present study in comparison with the
(~1 mmx ~1 mm;~15um in thickness) was placed as a previous solution sample (10 min2€), probably because
spacer in the outer part of the IR cell. When PpBQ was used of the presencefol M betaine and 10% glycerol in the
as an electron acceptor, Q& of 500 mM PpBQ/DMSO samples. The spectral resolution was 4 ém

was mixed with 1QuL of the T. elongatuscore suspension To study the flash-number dependence of signal intensities,
(final PpBQ concentration: 25 mM), and 2L of this FTIR spectra were recorded basically under the same
mixture was sandwiched between the gplates in a similar  conditions except that 12 consecutive flashes were applied
manner. In contrast to the prEViOUS studies in which hydration to the Samp|e_ In addition, for the PSII membrane prepara-
films of the core complexes were use¥(30, 39), solution  tjon, a spectral resolution of 16 crhwas used to obtain a
samples were preferred in this study, because they includedpetter signal-to-noise ratio. The total number of flashes
a high concentration of betaine and partial drying of the supjected to one sample was adjusted to that of the above
sample would increase too much the betaine concentration fgyr-flash measurements as much as possible by changing

For the PSIl membranes from spinach, 1 mL of the sample the repetition number of the cycle. Several samples were
suspension (0.5 mg of Chl/mL) in buffer B in the presence ysed to average the data.

of 20 mM CaC} or SrCh was mixed with 10uL of 500
mM PpBQ/DMSO (final PpBQ concentration: 5 mM) and RESULTS
was centrifuged at 1740Qdor 45 min. The resultant pellet
was sandwiched between Gdfor Ca+—PSlII) or ZnSe (for Figure 1 shows flash-induced FTIR spectra of the S-state
SP+*—PSIl) plates and sealed with silicone grease. An cycle of the PSII core complexes @t elongatusin the
aluminum foil spacer was not necessary to keep the thicknessPresence of ferricyanide (blue lines) and PpBQ (red lines)
of this pellet sample. as exogenous electron acceptors and the PSII membranes of
FTIR spectra were recorded using a Bruker IFS-66/S spinach in the presence of PpBQ (green lines). All of these
spectrophotometer equipped with an MCT detector (InfraRed Samples include Ca in the OEC. Although the Ca-
D316/8) @6, 27). The sample temperature was adjusted to containing PSIl sample from spinach was prepared by adding
10 °C by circulating cold water in a copper holder. Flash C&" to C&*-depleted PSII membranes (by low-pH treat-
illumination was performed using a Q-switched Nd:YAG ment), as a control sample for°Sireconstituted PSII, the
laser (Quanta-Ray GCR-130; wavelength, 532 nm; pulse obtained spectra were basically identical to the native PSII
width, ~7 ns fwhm; intensity~7 mJ pulse! cm™2 at the membranes (not shown) except for relatively large non-heme
sample surface). After two preflashes (1 Hz) and subsequenti’on signals (see below) due to partial inactivation of OEC
dark relaxation for a certain period (see below), four during C&" depletion. Measurements of the spinach PSII
consecutive flashes were applied to the sample with 20 smembranes were also performed using other electron ac-
intervals forT. elongatuscore complexes ah4 s intervals ~ Ceptors, i.e., ferricyanide, 2,5-DCBQ, and duroquinone, but
for spinach PSII membranes. Single-beam spectra (acquisithe results showed less efficient S-state cycling compared
tion mode: double-sided fast return) with 40 scans (20 s With the measurement using PpBQ. Because the present study
accumulation) and 8 scans (4 s accumulation) Tor focused on the carboxylate stretching vibrations in the regions
elongatusand spinach, respectively, were recorded before, of 1600-1300 cnt?, a relatively large amount of sample
between, and after the flashes. A longer accumulation time Was loaded so that the absorbance of #1650 cnt* peak
was adopted for the. e|ongatu$0re Samp'e because of due to the amide | and water bands exceeds 1.0. This
the slower relaxation rates of the, @nd S states in condition significantly enhanced the noise level of the region
comparison with the spinach sample (see below). Before theof 1700-1610 cn1*, and hence we did not present spectra
first flash, two single-beam spectra were recorded to calculatein this region in Figure 1.
the noise level. After dark relaxation (see below), the entire  The first- (a), second- (b), third- (c), and fourth- (d) flash
cycle was repeated, and the spectra of 2, 4, and 12 cyclespectra represent the structural changes of the-S,, S
for theT. elongatusore complexes with ferricyanide, those — S;, S — S, and $§ — $; transitions, respectively26,
with PpBQ, and spinach PSIl membranes, respectively, were26). Previous studies of isotope substitution showed that
averaged for one sample. The fewer repetition cycles for thebasically all of the bands at 1450300 cm? arise from
T. elongatuscore with ferricyanide were to avoid the the symmetric COO stretching vibrations of carboxylate
contamination of the ¥ signal due to the increase in groups and those at 16860450 cm! arise from the
ferrocyanide concentration. Difference spectra upon indi- asymmetric COO stretching and the amide Il (NH bend
vidual flashes (after-minus-before the flash) and a dark- plus CN stretch) vibrations3(). The spectra of . elongatus
minus-dark difference spectrum before the train of flashes using ferricyanide and PpBQ as electron acceptors showed
were calculated using the obtained single-beam spectra. Thebasically identical band features, indicating that the contribu-
spectra of several samples were averaged to improve thetion of PpBQ bands is negligible in the presented region.
signal-to-noise ratios. The dark relaxation periods after the The absence of a positive peak around 1480'cdue to
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bicarbonate, respectively, ligated to the non-heme is&, (

and the peak near 1546 [at 1552 ¢nm the original Fé&"/

Fe*t spectrum $5, 56)] is probably due to the amide Il band.
These peaks clearly showed a period 2 oscillation by
subsequent flashes in agreement with the previous observa-
tion using EPR spectroscop¥y7, 58), supporting the above
assignment to the non-heme iron signals. It is noted that the
spectra ofT. elongatusising PpBQ as an exogenous electron
acceptor (red lines) showed similar features in the non-heme
iron region, although their intensities were much smaller.
This indicates that Fe oxidation by reduced PpBQ also takes
place in the core complexes @f elongatusbut in fewer
centers. Fortunately, the non-heme iron spectrum does not
exhibit prominent features in most of the symmetric COO
stretching region (14561300 cn1?), and thus the effect of
C&"/SPt exchange in spinach PSIl membranes on this
region can be analyzed without the interference of the non-
heme iron signals.

Figure 2 shows the flash-induced FTIR spectra of the
S-state cycle of the biosynthetically *Sysubstituted PSII
complexes ofT. elongatus(red lines) in the presence of
ferricyanide in comparison with those of €aPSII com-
plexes (blue lines). Several spectral changes were clearly
observed upon 3t substitution. In the first-flash spectra (a),
the intensities of the bands of €a-PSlI at 1362 and 1418
cm ! decreased, and in the second-flash spectra (b), the peaks
at 1516 and 1447 cm were shifted to the lower frequencies.
At the third flash (c), the band intensity around 1365 ¢m
increased, and at the fourth flash (d), the 1452 tlvand

1600 1500 1400 1300 1200 1100 was downshifted. Basically the same changes were observed
Wavenumber/cm for the spectra recorded using PpBQ as an electron acceptor
FiGURe 1: Flash-induced FTIR difference spectra of OEC during (Figure 3).
the S-state cycle measured using thé'Ca&Sll core complexes In Figure 4, the S-state spectra of thé'Sreconstituted

of T. elongatusn the presence of ferricyanide (blue lines) and PPBQ  pg|| membranes (red lines) were compared with those of

(red lines) and using the €areconstituted PSIl membranes of . . . .
spinach in the presence of PpBQ (green lines). The difference the C&"-reconstituted sample (blue lines) in the presence

spectra were recorded upon the first- (a), second- (b), third- (c), Of PPBQ as an electron acceptor. Spectral intensities, when
and fourth- (d) flash illumination, representing the-S S,, S, — normalized at the first flash, seem to be slightly smaller in

S5, $— &, and § — S; transitions, respectively. The dark-minus-  gR+—PS|| at the second, third, and fourth flashes. However,

dark difference spectra (e) recorded before the train of flashes the tendency of the S-induced changes was very similar
express the noise levels. The scale bars in blue, red, and green colo

I . . . .
represent the scaleAA = 1 x 10-4) of the corresponding spectra fo the cases of. elongatusi.e., decrease in the intensities
in the same colors. The single-beam spectra with 360, 320, andof the 1364 and 1419 cm bands at the first flash (a),
480 scans in total were averaged for theelongatuscomplexes downshifts of 1512 and 1445 crhpeaks at the second flash
with ferricyanide, those with PpBQ, and the spinach membranes (b), and intensity increase around 1365 ¢mt the third flash
with PpBQ, respectively. (c), although the spectral change at the fourth flash was not
the semiquionone CO vibration in the spectra with PpBQ very clear in the raw spectra (d).

(Figure 1, red lines) indicates that PpBQ was converted to  The negative peak at1400 cni? typical of the first-flash
the quinol form (PpBQK) upon reduction either by the S)/S; spectra only slightly{£1 cn?) shifted to the higher
reaction with the non-heme iron (see below) or by dispro- frequency upon St substitution but did not show intensity
portionation. From a multiflash experiment, the intensities changes in all three sets of spectra (Figuregt2panel a).

of PpBQH/PpBQ difference signals in the 1660300 cnr?t Hence, the efficiency of the S-state cycle in botiF'Caand
region per a single flash were estimated to be smaller thanSP™—PSIl was estimated by plotting the intensity at the
1075. The spectra of Ca-reconstituted PSIl membranes of frequency of this peak as a function of the flash number.
spinach were also very similar to those Bf elongatusn Figure 5 shows the oscillation patterns of the intensities at
the 1506-1340 cm* region. However, spectral features in 1400 or 1401 cm! of C&"—PSIlI (blue circles) and 3r—

the regions of 16001500 and 13461090 cm* were rather PSII (red circles) ofT. elongatuswith ferricyanide (A) and
different from those ofT. elongatus In the first-flash PpBQ (B) and those of spinach with PpBQ (C). Filled circles
spectrum, prominent peaks were observed at 1097, 1103with solid lines and open circles with dotted lines express
1229, 1253, 1338, and 1546 cinThese peaks arise from the experimental data and the results of simulations, respec-
the non-heme iron on the electron acceptor skig 56), tively. Typical period 4 oscillation patterns were clearly
which was oxidized from FPé to FEé" by singly photore- observed in all of the samples. The S-state cycle &f-Sr
duced PpBQ#{7, 58). The peaks around 1100 cfnand in PSIl was as efficient as that of &a-PSlIlI in T. elongatus
1340-1220 cnt! have been assigned to the histidine and while in spinach PSIl membranes,?S+PSIl showed a
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Ficure 2: FTIR difference spectra (COGstretching region) of ~ FIGURE 3: FTIR difference spectra (COOstretching region) of

the S-state cycle of Ga—PSII (blue lines) and $r—PSlI (red the S-state cycle of Ga—PsSlII (blue lines) and St—PSlI (red
lines) of T. elongatusn the presence of ferricyanide as an electron lines) of T. elongatusin the presence of PpBQ as an electron
acceptor. The difference spectra were recorded upon the first- (a),acceptor. The difference spectra were recorded upon the first- (a),
second- (b), third- (c), and fourth- (d) flash illumination, represent- Second- (b), third- (c), and fourth- (d) flash illumination, represent-
ingthe § — S, S — S, S — S, and § — S transitions, ingthe § — S, S —~ S, § — S, and § — S, transitions,
respectively. The dark-minus-dark spectra (e) show the noise levels.respectively. The dark-minus-dark spectra (€) show the noise levels.
The single-beam spectra with 360 and 400 scans in total were The single-beam spectra with 320 scans in total were averaged for
averaged for Ca— and SEt—PSlI, respectively. Green arrows both C&"— and SF'—PSIl. Green arrows indicate the bands

indicate the bands sensitive to2Sisubstitution. sensitive to St substitution.

slightly faster damping of oscillation than €a-PSiII. In fact, by Yp to Yp* oxidation at the first flash in some centers of
by the simulations, the miss factors were estimated to be SP*—PSlIlI in the presence of ferricyanide/ferrocyanide. This
0.05 and 0.09 for Ca—PSIlI and St"—PSlI, respectively, is also suggested by the presence of a small negative peak
of T. elongatuswith ferricyanide (Figure 5A), 0.11 for both  at 1704 cm* typical of the Y5*/Yp signal 69) in the first-
Ca&t—PSIl and St"—PSIl of T. elongatuswith PpBQ flash spectrum of this sample (not shown). Such a contribu-
(Figure 5B), and 0.07 and 0.13 for €a-PSll and St'— tion of the Yp* signal, however, was not observed when
PSII, respectively, of spinach (Figure 5C). The efficient PpBQ was used as an electron acceptor for bothTthe
S-state cycle of the 8r-substituted PSII core complexes of elongatusand spinach samples.

T. elongatuds consistent with the previous measurements  The effects of St substitution can be more clearly shown
of UV absorption changes at 292 nit5j. In addition, the by calculating C&"-minus-S#* double difference spectra.
slightly larger miss factor in the Brreconstituted PSIl  Figure 6 shows the double difference spectrd.aélongatus
membranes of spinach than in the correspondirig-€aSlI core complexes with ferricyanide (blue lines) and PpBQ (red
preparation is in agreement with the data of mass spectro-lines) and of spinach PSII membranes (green lines) at the
metric measurements23). It should be noted that the first (@), second (b), third (c), and fourth (d) flashes with a
oscillation pattern of St—PSlI of T. elongatusvas slightly noise level as a double difference of dark-minus-dark spectra
shifted from that of C& —PSII when ferricyanide was used (e). For theT. elongatusore complexes, the same subtrac-
as an electron acceptor (Figure 5A). This could be causedtion factors were used for all of the four flash-induced
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d the COO bands at~1400 cnt! of C&"—PSII (blue circles with
blue lines) and Sr—PSIl (red circles with red lines). The
experimental data are expressed by filled circles with solid lines,
and the results of simulations are shown in open circles with dotted
lines. (A) PSIl core complexes of. elongatusin the presence
ferricyanide. (B) PSII core complexes df. elongatusin the
presence of PpBQ. (C) PSII membranes of spinach in the presence
of PpBQ. The intensities of the 1400 or 1401 ¢npeak in the
first-flash spectra were normalizedtdl, and the relative intensities
: : | : | at the same frequencies in thia-flash spectran(> 1) were plotted.

I I
1600 1550 1500 1450 1400 1350 1300 (1600-1500 cnt) of T. elongatuswith different electron
-1 t tly the same, except for the features
Wavenumber/cm acceptors wereé mostly | ’ P €1e

FicURe 4: FTIR difference spectra (COOstretching region) of around 1550 cmt at the first flash. Thus, the contributions
the S-state cycle of the €= (blue lines) and St- (red lines) of the acc_eptor .S|de signals (e.g., quinones, non-heme iron)
reconstituted PSII membranes of spinach in the presence of PpQWere negligible in the present double difference spectra. The
as an electron acceptor. The difference spectra were recorded uposlight difference in the first-flash spectra could be due to
the first- (a), second- (b), third- (c), and fourth- (d) flash illumina-  the Yp*/Yp contamination in the $r—PSlI spectra.

tion, representing the;S—~ S, S, — S5, S — S, and $— S ; ; :
transitions, respectively. The dark-minus-dark spectra (e) show the The feature of the symmetric COQegion at the first

noise levels. The single-beam spectra with 480 scans in total wereﬂaSh G - S transltlon) was mostly identical t_o the
averaged for both Ga— and S#—PSII. Green arrows indicate  corresponding Cd-minus-S#* spectra reported previously
the bands sensitive to Brsubstitution. for the Synechocystisore complexes4(7) and the spinach
core or membrane samples( 48, 49); the peaks at 1446-
spectra, while for the PSII membranes of spinach, subtraction(—)/1432-1(+)/1418()/1409-3(+)/1395-84(—)/1365-
factors were changed for individual spectra because of the3(+) cm™ in the present study (Figure 6a) correspond to
slightly higher miss factor in Sr—PSIl compared with  those at 1447)/1433-2(+)/1419-7(—)/1409-8(+)/1395~
Ca&™—PSill. 87(—)/1365-3(+) cm™! in the previous studies. Also, the
The double difference spectra of the three sets of samplesfeatures in the asymmetric COGnd amide Il regions in
were all very similar at each flash, despite the differences the first-flash spectrum of th&. elongatusore complexes
in electron acceptors (ferricyanide and PpBQ), the specieswith PpBQ [15864)/1567(—)/1555)/1540(-)/1532()/
(T. elongatusand spinach), and preparations (PSIl core 1520(-) cm%; Figure 6a, red line] were similar to those of
complexes and PSll-enriched membranes). In particular, thethe Synechocystisore complexes [1585()/1564()/1551-
band features and peak positions in the symmetric COO (+)/1543(-)/1533()/1519() cm™* (47)], and the peaks in
stretching region (14501350 cnt?) were mostly identical  this region of spinach PSIl membranes at 15871567()/
between the three, indicating that the slight difference in the 1541¢-)/1508¢-) cm™! (Figure 6a, green line) may cor-
miss factor between C&-PSIl and St'—PSll of the respond to the peaks at 158%(1570()/1539¢-)/1504¢)
spinach membranes did not affect the double difference cm™ in the previous spectra of spinach membran&). (
spectra. Also, the spectra in the asymmetric CG€gion Note that, in the previous studies, the PSIl coté) (and

1564
-1545
1444
1400
1343-
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red lines) samples. For example, the peaks at 1541(542-

(—), and 1548¢) cm™1 in the first-, second-, and third-flash
spectra of spinach (Figure 6, green lines), respectively,
showed shifted frequencies, and the peaks at 15880d
1551() cm* at the third and fourth flashes, respectively,
exhibited much stronger intensities. Because of the close
similarity in the symmetric COOregion, these differences
could be ascribed to the amide Il vibrations of backbone
amides, which can be changed by different species, rather
than the asymmetric COO vibrations coupled to the
symmetric ones. Note that the non-heme iron signals that
have a large contribution to the S-state spectra of spinach
(Figure 5) are not responsible for the difference in this region,
because in the double difference spectra, no specific peaks
were observed at 1338, 1257, 1228, 1103, and 1097 cm
(not shown) where typical non-heme iron signals exist
(Figure 1) 65, 56). Taking into consideration the comparable
numbers of peaks in the symmetric and asymmetric COO
regions, it is surmised that the peaks in 164800 cnt!
commonly observed in both species arise from the asym-
metric COO vibrations.

Depending on the flash number, characteristic band
features were observed in the double difference spectra. At
the first flash (Figure 6a), several prominent peaks were
observed in both the asymmetric and symmetric COO
regions, i.e., peaks at1587(t)/~1567()/1555-41(+)/
~1520()/1510-08(+) cm* and at 1446¢)/1432-1(+)/
1418()/1409-3(+)/1395-84(—)/1365-3(+) cm L. At the
second flash (Figure 6b), the prominent common features
are the relatively strong peaks at 15Q6l600() and 1437-

(=) cmt with satellite peaks at 1518{) and 1454-46(+)
cm 1. Other medium peaks are observed at 159B(562-
L L (+)/1552-42(—)/1528-5(+) cm™* and 1425-17(+)/1407—
1600 1550 1500 1450 1400 1350 1300 3(+) cm L. At the third flash (Figure 6c), the most prominent
Wavenumber!cm'1 peak was observed at the relatively low frequency of 1365

2 A : : ) ;
FIGURE 6: C&*-minus-St*™ double difference spectra of the S-state 3(=) cm™ in the sylmmetrlc CO.O region, \.Nlth a satelllte'
cycle of the PSII core complexes @f elongatusin the presence ~ Peak at 1383t) cm. Other medium peaks in the symmetric
of ferricyanide (blue lines) and PpBQ (red lines) and of the PSII COO™ region were observed at1417(+)/1406() cm 1.
membranes of spinach in the presence of PpBQ (green lines). Theln the asymmetric COOregion, medium or strong peaks
double difference spectra at the first- (a), second- (b), third- (), were observed at 1590)/1558-7(+)/1552(-)/1548-1(+)/

and fourth- (d) flash illumination, representing the-S S;, S, — — [ s
Sy S — S, and § — S, transitions, respectively, and the nose 1535-2(—)/1522()/1512() cm™L. At the fourth flash

level (e) were calculated from the corresponding flash-induced and (Figure 6d), medium or weak peaks were observed at 1439-
dark-minus-dark difference spectra in Figures42 Subtraction (+)/1407-1(—)/1393()/1376-2(—)/1358-6(+) cm™? in
factors were determined so as to delete the spectral features as mucthe symmetric COO region. In the asymmetric COO

as possible. For th&. elongatussamples, the same subtraction ; _
factors were used throughout the first- to fourth-flash spectra. For 5_85%22’4 Ffaks Y\{erﬁ .Obser\;ﬁd af[. 157,[/‘;?(;L)/.15t5h4_ :;( )é)l
the PSIl membranes of spinach, different subtraction factors were (=) cm™ It is worth noting that, in the double

used for individual flash-induced spectra, because the miss factordifference spectra at every flash, a common peak was not
in S*—PSIl was slightly higher than that in €a-PSII (Figure observed at~1113 cm? (not shown) where the His CN
5). Purple arrows indicate the bands commonly observed in the stretching band exist86, 37), indicating that the His ligand

three spectra. to the Mn cluster is not sensitive to the TSR+ exchange.
membrane48) preparations are depleted of 23 and 16 kDa

extrinsic proteins by salt wash, whereas our sample basicallyDISCUSSDI\I
includes these proteins. Hence, this similarity of thé'ca In this study, we have investigated the effect of @ar*"
minus-St* double difference spectra for the; S-S, exchange on the ligand structure of the Mn cluster during
transition indicates that the 23 and 16 kDa proteins do not the S-state cycle using FTIR different spectroscopy. Because
affect the structural changes of the Mn cluster upoA"Ca  S* has an ion radius larger than€41.13 and 0.99 A for
St exchange. St and C&", respectively )], the structure of the Mn

In contrast to the close similarity of all the double cluster including its amino acid ligands should be perturbed
difference spectra in the symmetric CO@egion (Figure by C&1/SP" exchange, if C# is indeed strongly coupled
6), some differences were seen around 1550%cim the with the Mn cluster as proposed earlier by EPR and EXAFS
asymmetric COO and amide Il region between the spinach spectroscopies3(15) and now by X-ray crystallography(
(Figure 6, green lines) ant. elongatugFigure 6, blue and  9). Despite such a structural perturbation, howeves; O
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evolving activity is retained in Sr-substituted PSIl, and  states to~1385 cni! upon St substitution. The asymmetric
hence, the structural relevance of?C#o the Mn cluster in COO region of the double difference spectra at the first
every metastable S state o(S5;) can be examined by  and third flashes (Figure 6a,c) showed complex band features
comparing the flash-induced FTIR difference spectra of the at 1590-1505 cn1?, which should include the asymmetric
S-state cycle in Str—PSlIl with those of C&—PSII. In COO bands coupled to the above symmetric bands. Thus,
particular, such information in the;&nd $ states cannot  the frequency gapAvas-s, Can be in the range of 2320
be obtained in Cd-depleted PSII or other metal-substituted cm™, indicative of a bridging or unidentate coordination
PSII because of the inhibition of the transitions beyond the structure.
S, state in these preparationk 6, 7). Another prominent effect of 3t substitution on the first-
The relatively small miss factors (0.69.13) estimated  flash spectra is a clear intensity decrease of the negative
from the flash-number dependence of the FTIR signal (Figure 1419-8 cm* peak concomitant with a slight shift or an
5) guaranteed that the first-, second-, third-, and fourth-flash intensity change of the neighboring positive peak at 1441
spectra virtually represent the structural changes upon the34 cm* (Figures 2-4, panel a). These spectral changes were
S — S S$S—S$ S — S, and § — S transitions, expressed in the Caminus-St* double difference spectra
respectively. All three kinds of samples, i.e., the PSII core as a strong negative peak at 1418 &mith negative/positive
complexes ofT. elongatuswith ferricyanide as an electron  peaks at 1446/14321 cm* (Figure 6a). This negative peak
acceptor, and those with PpBQ, and the PSIl membranes ofat 1418 cm?! seems to correspond to the positive peak at
spinach with PpBQ, showed common features of'€a  1417-6 cn1! at the third flash (Figure 6c), which originates
minus-St™ double difference spectra, especially in the from the intensity decrease of the positive band at this
symmetric COQO region (1456-1300 cn?) (Figure 6). This position in the third-flash difference spectra (Figures42
strongly indicates that the observed signals truly arise from panel c). The coupled asymmetric CO@bration may be
the OEC but not from some other origins such as on- present also in the complex features in 154805 cmt of
heme iron, and quinones, which could contaminate the S-statethe first- and third-flash double difference spectra (Figure
spectra. In addition, these common features betweeii.the 6a, c), and thus thAv,s s value would be at 17585 cnt?,
elongatusand spinach samples indicate that the relevance which indicates a chelating or bridging structure. This
of Ca&" to the ligand structure of the Mn cluster during the carboxylate stays in this coordination structure at least in
S-state cycle is basically identical between cyanobacteria andthe § and S states.
plants as proposed previousl{5). In the second-flash spectra representing the—SS;
General correlations have been known between the transition, the positive peaks at 144% and 1516-2 cnt
coordination structures of carboxylate groups and the fre- showed clear downshifts to 1448 and 1514-05 cnt?,
quency gaps between the symmetric and asymmetric COO respectively (Figures 24, panel b). These changes were
stretching vibrationsAvas—s) (42—44): (1) the unidentate  expressed in the double difference spectra as strong negative
structure shows a relatively large difference>d200 cn?; peaks at 1437 and 1564 cm ! with satellite positive peaks
(2) the chelating bidentate structure shows a relatively small at 1454-46 and 1518 cmt (Figure 6b). TheAv,ss was~65
frequency gap of<100 cnt?; (3) the bridging bidentate  cm, indicating a chelating structure. This strong negative
structure show a medium-frequency gap close to the ionic peak at 1437 crrt in the symmetric COOregion seems to
values (164 cn?). We will interpret the carboxylate bands correspond to the positive peak at 1439 érat the fourth
in the difference spectra of the S-state cycle (Figured 2  flash (Figure 6d), although the counter peak in the asym-
and 6) using these correlations as criteria, bearing in mind metric COO  region was not clearly identified. The 1439
that they are not necessarily strié2( 60). cm ! peak originates from a downshift of the negative peak
In the first-flash spectrum (S~ S, transition) of each of ~ at 1452-46 cni! in the fourth-flash spectra (Figures-2,
the three samples (Figures 2, panel a), the intense positive panel d). Thus, the chelating carboxylate ligand having a
peak at 13642 cm! in the symmetric COO region symmetric COO frequency of~1437 cm! may exist in
significantly decreased its intensity upor?'Ssubstitution. the § and S states.
This intensity decrease is probably linked to the intensity ~ The above interpretation for the €4Sr2*-sensitive peaks
increase at the similar position in the third-flash spectea (S can be summarized as follows. In the Ma cluster, there
— S transition) (Figures 24, panel ¢), because structural are at least three carboxylate ligands whose structures are
changes in the S~ S; transition must be reversed in another significantly perturbed by 3t substitution. They are (1) the
transition. In the C&-minus-St+ double difference spectra, carboxylate ligand having a bridging or unidentate structure
these observations correspond to strong positive and negativén the S and S states and perturbed in the S S, and S
peaks at 13653 cm! at the first (Figure 6a) and third — & transitions, (2) that with a chelating or bridging
(Figure 6¢) flashes, respectively. This intensity decrease structure in the Sand S states and also perturbed in the S
seems to be coupled with the appearance of a positive— S; and S — & transitions, and (3) that with a chelating

intensity at 1386-4 cnr® in the first-flash spectra of 8- structure in the $and $ states and changes in the-S S;
substituted PSII (Figures-24, panel a, red lines), which and $ — S, transitions. It is noted that at present the
corresponds to a strong negative peak at 33®6cnt?in possibility cannot be excluded that the carboxylate groups

the double difference spectra (Figure 6a). The counter peakassigned to the bridging ligands in the above interpretations
at the third flash was observed at 1383 émwith a strong actually have a pseudo-bridging (one oxygen atom is engaged
intensity in the spinach sample (Figure 6¢, green line) and in a hydrogen bond) or ionic structure, which showsiass

with weaker intensities in th&. elongatussamples (Figure  value similar to the bridging structuretq, 43). Further

6, blue and red lines). These band changes can be causedareful studies using deuterated?'Ssubstituted samples are
by the upshifts of the band at1363 cn1tin the S and S necessary to address this question.
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Previously, Noguchi et al.2g) reported that, upon Ga tion. Thus, St" substitution for C& might not significantly
depletion, the major symmetric CO(peaks at 1403()/ affect the symmetric COOvibration. This suggests that the
1364() cm™t in the S/S; difference spectra are lost absence of a large shift of the1400 cnt! band upon St
concomitantly with the disappearance of the asymmetric substitution does not necessarily exclude the possibility that
peaks at 1566¢)/1587¢+) cm™*. Later, Kimura et al. 45, this carboxylate group forms a bridge between Mn and Ca.
61), claimeo_l in t_heir studies using Chelex-treated buffers that In the recent X-ray crystallographic model of the )a
Ca" depletion itself does not change thg¢ spectrum at ¢y qter a1 3.0 A resolutiordj, the carboxylate groups of D1-
E“’ffbm. tge preshence of ck;elr?tors ana a potass#m |0n||n Anla344 (C-terminus) and of D1-GIn189 were identified as
thue %rrénsel#;esstli d(;/ Stggggircwiﬂggféviglﬁegfdag_z;)u 150 possible ligands to Ga forming carboxylate bridges with

Mn ions. The FTIR study by Chu et aBJ) usingL-[1-*C]-

showed that FTIR spectra of the S-state cycle are clearly alanine-labeled core complexesSynechocystisp. PCC6803

different between Ca—PSll and St'~PSl, indicating that showed that the carboxylate of D1-Ala344 has a symmetric

the ligand structure of the Mn cluster is somewhat different . .
COO™ band at~1356 cnttin the S state, which moves to
between them, although both of the®Ca and S#—PSII . ' X
ug ~1337 or~1320 cnt in the S state. Also, Kimura et al.

samples show high £evolving activity. Thus, it is unrea- : -
sonable that G4-depleted OEC, which is the same agtsr (34 showed that this change is reversed upon the-S5
depleted OEC, has exactly the same structure &stiaund ~ transition. Thus, D1-Ala344 has symmetric COfoequen-
OEC but has a different structure from2Sbound OEC. ~ Cies at~1356 cnitin the S and S states and at-1337 or
Also, the strong structural coupling of Eawith the Mn ~1320 cm* in the $ and S states. Strickler et al.4()
cluster shown in the present study and other spectroscopiedurther showed that these D1-Ala344 bands in th&5S
(3, 7) is clearly contradictory to the idea that Calepletion ~ SPectra were not sensitive to *Srsubstitution. Being
does not induce any changes in the vibrational structures ofconsistent with this result, the above symmetric COO
the Mn cluster 45, 61). This argument strongly suggests that frequencies of D1-Ala344 in the four S states disagree with
the Chelex-treated PSII sample that Kimura et 45, 1) the frequencies~1363, ~1418, and~1446 cm*) of the
claimed as “Ca-depleted” PSII is actually contaminated COO™ bands that were found to be sensitive to?*Sr
with Ca*, and the presence of chelators or metal substitution substitution in the present study. Also, very recently, the
is necessary to remove such?Caontamination. careful study by Strickler et al.3@) using site-directed
From the large change iv,ss of the asymmetric/  mutants at D1-Glu189 showed that the COGands of this
symmetric COO bands lost by Cd depletion from the § carboxylate group little contribute to the FTIR spectra during
state (1560/1403 cm; Avass = 157 cml) to the S state the S-state cycle. It is therefore concluded that both D1-
(1587/1364 cmt; Avass = 223 cmt), Noguchi et al. 28) Ala344 and D1-Glul89 are not responsible for the three
proposed that a certain carboxylate ligand changes itscarobxylate groups identified to be perturbed by 'Car+
coordination structure from the bridging to unidentate exchange.

coordination upon the ;S— S, transition. They further The above argument indicates that if the X-ray crystal-
proposed the view that this carboxylate group bridges the lographic model is correct, the carboxylate groups whose

Mn and Ca ions and the ligation to the Ca ion is broken p1ip'hands were sensitive to?Ssubstitution are not direct
upon S formation. In the present study, it has been observed ligands to C&" but ligands to the Mn ions, which are strongly

that the 13642 cnr! band in the $ state, which may : : : :
> ! . coupled to the C& ion. These Mn ions might be directl
correspond to the 1364 crhpeak sensitive to Ca depletion, conﬁected to C4 with u-oxo bridges. It isgalso possibl}e/

is drastically changeld by Sr substitution and SEeMS 10 a1 SP+ substitution perturbs the whole structure of the Mn
upshift to ~1385 cm’. The coupled asymmetric band at ) L
cluster and affects its ligand vibrations. Such structural

1 e -
1587 cm*is also affected by St substitution (Figures 24, perturbations of the Mn cluster were reflected by the

anel a), which was expressed as a positive feature at”.” .. . . .
F1)587—6)cm‘1 in the Céﬁminus-sﬁ doSbIe difference significant change in the MnO—Mn vibration at 606 cm?!

. . (41, 46), a slight increase in the average Miin distance
trum (Figur . One of th lative explanation o . .

?(?retf]elsje o(bsggvgti?)i)s igas f(())llovfs.sggglrj] ?)xi(;}ateior? gﬁ?/lno SQetected by EXAFSE2), and the modified multiline signal
to Mn** in the § — S, transition, the Mr-O bond in the in thg EPR spectrald, 15). Since the ca_rboxylate group
Mn—OCO-Ca bridge is shortened, and instead the-Ca  Snowing the~1400 and~1364 cnt* peaks in the Sand $
bond is lengthened and as a result this bond will be broken. States, respectively, is assigned to neither D1-Ala344 nor D1-
However, when C¥ is replaced with St, the larger ionic ~ Glu189, the iidea of the bridging ligand with a drastic
radius of S¢* [by 0.14 A (7)] could retain the SrO bond, ~ coordination change upon the, $ormation @8) is not
which causes the upshift of the symmetric stretching consistent with the model by the X-ray structure. Also, the
frequency. On the other hand, the strong negative peak atX-ray model represents the structure in an uncontrolled low
~1400 cnt! in the S state showed an only slight upshift redox state 10, 11), and hence the ligand structure in the
by ~1 cm! (Figures 2-4, panel a), which seems to high S states could be rather different. Thus, it could be also
contradict the assignment of this peak to the carboxylate Possible that carboxylate groups other than D1-Ala344 and
bridge between the Mn and Ca ions. However, it is possible D1-Glu189 actually function as ligands to the?Caon in
that the structure of the carboxylate group bridging some stage of the S-state cycle. Further FTIR studies using
Mn3tr4t) and C&" is rather asymmetric and the-© bond site-directed mutants and selective isotope labeling and X-ray
attached to Mn is longer than the otherO bond ligating crystal structures at higher resolutions will provide a clearer
Ca, and hence the-€0 bond ligating Mn mainly contributes  view about the ligand structure of the M2a cluster during
to the lower frequency (so-called symmetric) CO@bra- the S-state cycle.



FTIR Study of Sr-Substituted Photosystem I

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Debus, R. J. (1992) The manganese and calcium ions of
photosynthetic oxygen evolutioBiochim. Biophys. Acta 1102
269-352.

. Hillier, W., and Messinger, J. (2005) Mechanism of photosynthetic

oxygen production, ifPhotosystem II: The Light-Deen Water:
Plastoquinone Oxidoreductag®Vydrzynski, T., and Satoh, K.,
Eds.) pp 567608, Springer, Dordrecht, The Netherlands.

. Yachandra, V. K. (2005) The catalytic manganese cluster: Or-

ganization of the metal ions, iPhotosystem II: The Light-Dwen
Water:Plastoquinone Oxidoreducta@¥ydrzynski, T., and Satoh,
K., Eds.) pp 235260, Springer, Dordrecht, The Netherlands.

. Debus, R. J. (2005) The catalytic manganese cluster: Protein

ligation, in Photosystem Il: The Light-Deen Water:Plasto-
quinone Oxidoreductas@Vydrzynski, T., and Satoh, K., Eds.)
pp 261-284, Springer, Dordrecht, The Netherlands.

. Anhrling, K. A., Pace, R. J., and Evans, M. C. W. (2005) The

catalytic manganese cluster: Implications from spectroscopy, in
Photosystem II: The Light-Deen Water:Plastoquinone Oxi-
doreductas¢Wydrzynski, T., and Satoh, K., Eds.) pp 28306,
Springer, Dordrecht, The Netherlands.

. Yocum, C. F. (1991) Calcium activation of photosynthetic water

oxidation, Biochim. Biophys. Acta 1059—15.

.van Gorkom, H. J., and Yocum, C. F. (2005) The calcium and

chloride cofactors, ilPhotosystem Il: The Light-Duen Water:
Plastoquinone Oxidoreductag®Vydrzynski, T., and Satoh, K.,
Eds.) pp 307327, Springer, Dordrecht, The Netherlands.

. Ferreira, K. N., Iverson, T. M., Maghlaoui, K., Barber, J., and

lwata, S. (2004) Architecture of the photosynthetic oxygen-
evolving centerScience 191831-1838.

. Loll, B, Kern, J., Saenger, W., Zouni, A., and Biesiadka, J. (2005)

Towards complete cofactor arrangement in the 3.0 A resolution
structure of photosystem INature 438 1040-1044.

Yano, J., Kern, J., Irrgang, K. D., Latimer, M. J., Bergmann, U.,
Glatzel, P., Pushkar, Y., Biesiadka, J., Loll, B., Sauer, K.,
Messinger, J., Zouni, A., and Yachandra, V. K. (2005) X-ray
damage to the Mn4Ca complex in single crystals of photosystem
Il: A case study for metalloprotein crystallograpiroc. Natl.
Acad. Sci. U.S.A. 1022047-12052.

Grabolle, M., Haumann, M., Muller, C., Liebisch, P., and Dau,
H. (2006) Rapid loss of structural motifs in the manganese
complex of oxygenic photosynthesis by x-ray irradiation at10
300 K, J. Biol. Chem. 2814580-4588.

Vrettos, J. S., Stone, D. A., and Brudvig, G. W. (2001) Quantifying
the ion selectivity of the Ca site in photosystem II: Evidence
for direct involvement of C& in O, formation,Biochemistry 40
7937-7945.

Ghanotakis, D. F., Babcock, G. T., and Yocum, C. F. (1984)
Calcium reconstitutes high rates of oxygen evolution in polypep-
tide depleted photosystem Il preparatioREBS Lett. 167127—
130.

Boussac, A., and Rutherford, A. W. (1988) Nature of the inhibition
of the oxygen-evolving enzyme of photosystem Il induced by
sodium chloride washing and reversed by the addition éf ©a
Sr+, Biochemistry 273476-3483.

Boussac, A., Rappaport, F., Carrier, P., Verbavatz, J.-M., Gobin,
R., Kirilovsky, D., Rutherford, A. W., and Sugiura, M. (2004)
Biosynthetic C&"/SrP™ Exchange in the photosystem Il oxygen-
evolving enzyme ofThermosynechococcus elongatds Biol.
Chem. 27922809-22819.

Bakou, A., Buser, C., Dandulakis, G., Brudvig, G., and Ghanotakis,
D. F. (1992) Calcium binding site(s) of photosystem Il as probed
by lanthanidesBiochim. Biophys. Acta 109931-136.
Waggoner, C. M., Pecoraro, V., and Yocum, C. F. (1989)
Monovalent cations (Ng K*, Cs') inhibit calcium activation of
photosynthetic oxygen evolutioREBS Lett. 244237-240.

Ono, T., and Inoue, Y. (1989) Roles ofaan O, evolution in
higher plant photosystem II: Effects of replacement of'Gsite

by other cationsArch. Biochem. Biophys. 27840-448.

Ono, T., Rompel, A., Mino, H., and Chiba, N. (2001} Cfainction

in photosynthetic oxygen evolution studied by alkali metal cations
substitution,Biophys. J. 811831-1840.

Vrettos, J. S., Limburg, J., and Brudvig, G. W. (2001) Mechanism
of photosynthetic water oxidation: combining biophysical studies
of photosystem Il with inorganic model chemistrjochim.
Biophys. Acta 1503229-245.

21.

22.

23.

24.

25.

26.

27.

28.

32.

33.

34.

36.

37.

38.

39.

Biochemistry, Vol. 45, No. 45, 2006.3463

Siegbahn, P. E. M. (2000) Theoretical models for the oxygen
radical mechanism of water oxidation and of the water oxidizing
complex of photosystem Ilnorg. Chem. 392923-2935.
Dasgupta, J., van Willigen, R. T., and Dismukes, G. C. (2004)
Consequences of structural and biophysical studies for the
molecular mechanism of photosynthetic oxygen evolution: func-
tional roles for calcium and bicarbonakhys. Chem. Chem. Phys.
6, 4793-4802.

Hendry, G., and Wydrzynski, T. (200350 isotope exchange
measurements reveal that calcium is involved in the binding of
one substrate-water molecule to the oxygen-evolving complex in
photosystem lIBiochemistry 426209-6217.

Noguchi, T., and Berthomieu, C. (2005) Molecular analysis by
vibrational spectroscopy, iRPhotosystem Il: The Light-Dsen
Water:Plastoquinone Oxidoreducta@¥ydrzynski, T., and Satoh,

K., Eds.) pp 367387, Springer, Dordrecht, The Netherlands.
Hillier, W., and Babcock, G. T. (2001) S-state dependent Fourier
transform infrared difference spectra for the photosystem Il oxygen
evolving complexBiochemistry 401503-1509.

Noguchi, T., and Sugiura, M. (2001) Flash-induced Fourier
transform infrared detection of the structural changes during the
S-state cycle of the oxygen-evolving complex in photosystem II,
Biochemistry 401497-1502.

Noguchi, T., and Sugiura, M. (2002) Flash-induced FTIR differ-
ence spectra of the water oxidizing complex in moderately
hydrated photosystem |l core films: Effect of hydration extent
on S-state transition®giochemistry 412322-2330.

Noguchi, T., Ono, T., and Inoue, Y. (1995) Direct detection of a
carboxylate bridge between Mn and?Can the photosynthetic
oxygen-evolving center by means of Fourier transform infrared
spectroscopyBiochim. Biophys. Acta 122889-200.

. Noguchi, T., Ono, T., and Inoue, Y. (1995) A carboxylate ligand

interacting with water in the oxygen-evolving center of photo-
system Il as revealed by Fourier transform infrared spectroscopy,
Biochim. Biophys. Acta 12359-66.

. Noguchi, T., and Sugiura, M. (2003) Analysis of flash-induced

FTIR difference spectra of the S-state cycle in the photosynthetic
water-oxidizing complex by uniforiPN and*3C isotope labeling,
Biochemistry 426035-6042.

. Chu, H. A, Hillier, W., and Debus, R. J. (2004) Evidence that

the C-terminus of the D1 polypeptide of photosystem Il is ligated
to the manganese ion that undergoes oxidation during the S

S, transition: An isotope-edited FTIR studiochemistry 43
3152-3166.

Debus, R. J., Strickler, M. A., Walker, L. M., and Hillier, W.
(2005) No evidence from FTIR difference spectroscopy that
aspartate-170 of the D1 polypeptide ligates a manganese ion that
undergoes oxidation during the ® S, S0 S, or S 0 S
transitions in photosystem IBiochemistry 441367-1374.
Strickler, M. A., Hillier, W., and Debus, R. J. (2006) No evidence
from FTIR difference spectroscopy that glutamate-189 of the D1
polypeptide ligates a manganese ion that undergoes oxidation
during the 3t0 S, S, t0 S, or S to S transitions in photosystem

I, Biochemistry 458801-8811.

Kimura, Y., Mizusawa, N., Yamanari, T., Ishii, A., and Ono, T.
(2005) Structural changes of D1 C-termiwsatarboxylate during
S-state cycling in photosynthetic oxygen evolutidnBiol. Chem.

280, 2078-2083.

. Kimura, Y., Mizusawa, N., Ishii, A., Nakazawa, S., and Ono, T.

(2005) Changes in structural and functional properties of oxygen-
evolving complex induced by replacement of D1-glutamate 189
with glutamine in photosystem -HLigation of glutamate 189
carboxylate to the manganese clusfeBiol. Chem. 28037895~
37900.

Noguchi, T., Inoue, Y., and Tang, X.-S. (1999) Structure of a
histidine ligand in the photosynthetic oxygen-evolving complex
as studied by light-induced Fourier transform infrared difference
spectroscopyBiochemistry 381018710195.

Kimura, Y., Mizusawa, N., Ishii, A., and Ono, T. (2005) FTIR
detection of structural changes in a histidine ligand during S-state
cycling of photosynthetic oxygen-evolving compl®&ipchemistry

44, 16072-16078.

Noguchi, T., and Sugiura, M. (2000) Structure of an active water
molecule in the water-oxidizing complex of photosystem Il as
studied by FTIR spectroscopijochemistry 3910943-10949.
Noguchi, T., and Sugiura, M. (2002) FTIR detection of water
reactions during the flash-induced S-state cycle of the photosyn-
thetic water-oxidizing complex8iochemistry 4115706-15712.



13464 Biochemistry, Vol. 45, No. 45, 2006

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Chu, H.-A., Gardner, M. T., O'Brien, J. P., and Babcock, G. T.
(1999) Low-frequency Fourier transform infrared spectroscopy
of the oxygen-evolving and quinone acceptor complexes in
photosystem lIBiochemistry 384533-4541.

Chu, H.-A., Sackett, H., and Babcock, G. T. (2000) Identification
of a Mn-O-Mn cluster vibrational mode of the oxygen-evolving
complex in photosystem Il by low-frequency FTIR spectroscopy,
Biochemistry 3914371-14376.

Deacon, G. B., and Phillips, R. J. (1980) Relationships between
the carbon-oxygen stretching frequencies of carboxylato com-
plexes and the type of carboxylate coordinati@mord. Chem.
Rev. 33, 227-250.

Nakamoto, K. (1997)nfrared and Raman Spectra of Inorganic
and Coordination Compoundsth ed., Part B, pp 5962, John
Wiley & Sons, New York.

Nara, M., Torii, H., and Tasumi, M. (1996) Correlation between
the vibrational frequencies of the carboxylate group and the types
of its coordination to a metal ion: An ab initio molecular orbital
study,J. Phys. Chem. 1009812-19817.

Kimura, Y., Hasegawa, K., and Ono, T. (2002) Characteristic
changes of the &5, difference FTIR spectrum induced by €a
depletion and metal cation substitution in the photosynthetic
oxygen-evolving complexBiochemistry 415844-5853.

Kimura, Y., Hasegawa, K., Yamanari, T., and Ono, T. (2005)
Studies on photosynthetic oxygen-evolving complex by means of
Fourier transform infrared spectroscopy: calcium and chloride
cofactors,Photosynth. Res. 8245-250.

Strickler, M. A., Walker, L. M., Hillier, W., and Debus, R. J.
(2005) Evidence from biosynthetically incorporated strontium and
FTIR difference spectroscopy that the C-terminus of the D1
polypeptide of photosystem Il does not ligate calcilBigchem-
istry 44, 8571-8577.

Barry, B. A., Hicks, C., De Riso, A., and Jenson, D. L. (2005)
Calcium ligation in photosystem Il under inhibiting conditions,
Biophys. J. 89393-401.

De Riso, A., Jenson, D. L. and Barry, B. A. (2006) Calcium
exchange and structural changes during the photosynthetic oxygen
evolving cycle,Biophys. J. 911999-2008.

Sugiura, M., and Inoue, Y. (1999) Highly purified thermo-stable
oxygen-evolving photosystem Il core complex from the thermo-
philic cyanobacteriunSynechococcus elongatusving his-tagged
CP43,Plant Cell Physiol. 401219-1231.

Berthold, D. A., Babcock, G. T., and Yocum, C. F. (1981) A highly
resolved, oxygen-evolving photosystem |l preparation from
spinach thylakoid membranes. EPR and electron-transport proper-
ties, FEBS Lett. 134231—-234.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

Suzuki et al.

Ono, T., and Inoue, Y. (1986) Effects of removal and reconstitution
of the extrinsic 33, 24 and 16 kDa proteins on flash oxygen yield
in photosystem Il particleBiochim. Biophys. Acta 85B80—
389.

Ono, T., and Inoue, Y. (1988) Discrete extraction of the Ca atom
functional for Q evolution in higher plant photosystem Il by a
simple low pH treatment-EBS Lett. 227147-152.

Ono, T., Izawa, S., and Inoue, Y. (1992) Structural and functional
modulation of the manganese cluster irf Cdepleted photosystem

Il induced by binding of the 24-kilodalton extrinsic protein,
Biochemistry 317648-7655.

Hienerwadel, R., and Berthomieu, C. (1995) Bicarbonate binding
to the non-heme iron of photosystem Il investigated by FTIR
difference spectroscopy aitC-labeled bicarbonat8iochemistry

34, 16288-16297.

Noguchi, T., and Inoue, Y. (1995) Identification of FTIR signals
from the non-heme iron in photosystemdl,Biochem. 1189—12.

Zimmermann, J.-L., and Rutherford, A. W. (1986) Photoreductant-
induced oxidation of F& in the electron-acceptor complex of
photosystem lIBiochim. Biophys. Acta 85416-423.

Petrouleas, V., and Diner, B. A. (1987) Light-induced oxidation
of the acceptor-side Fe(ll) of photosystem Il by exogenous
quinones acting through thes@inding site. I. Quinones, kinetics
and pH-dependenc&iochim. Biophys. Acta 89326-137.

Hienerwadel, R., Boussac, A., Breton, J., and Berthomieu, C.
(1996) Fourier transform infrared difference study of tyrosine
oxidation and plastoquinone Qreduction in photosystem |,
Biochemistry 351544715460.

Smith, J. C., Gonzalez-Vergara, E., and Vincent, J. B. (1997)
Detection of structural changes upon oxidation in multinuclear
Mn-oxo-carboxylate assemblies by Fourier transform infrared
spectroscopy: relationship to photosysteminbrg. Chim. Acta
255, 99-103.

. Kimura, Y., and Ono, T. (2001) Chelator-induced disappearance

of carboxylate stretching vibrational modes #iSs FTIR spectrum
in oxygen-evolving complex of photosystem Biochemistry 40
14061-14068.

Riggs-Gelasco, P. J., Mei, R., Ghanotakis, D. F., Yocum, C. F.,
and Penner-Hahn, J. E. (1996) X-ray absorption spectroscopy of
calcium-substituted derivatives of the oxygen-evolving complex

of Phostosytem IIJ. Am. Chem. Soc. 118400-2410.

BI10612327



