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ABSTRACT: Flash-induced Fourier transform infrared (FTIR) difference spectra for the four-step S-state
cycle and the effects of glob#iN- and!3C-isotope labeling on the difference spectra were examined for

the first time in the mid- to low-frequency (126@00 cnT?) as well as the mid-frequency (1760200

cm 1) regions using photosystem (PS) Il core particles from cyanobact&yumachocystisp. PCC 6803.

The difference spectra clearly exhibited the characteristic vibrational features for each transition during
the S-state cycling. It is likely that the bands that change their sign and intensity with the S-state advances
reflect the changes of the amino acid residues and protein matrices that have functional and/or structural
roles within the oxygen-evolving complex (OEC). Except for some minor differences, the trends of S-state
dependence in the 176@200 cnt?! frequency spectra of the PS Il cores frdBynechocystisvere
comparable to that of spinach, indicating that the structural changes of the polypeptide backbones and
amino acid side chains that occur during the oxygen evolution are inherently identical between cyanobacteria
and higher plants. UpokC-labeling, most of the bands, including amide | and Il modes and carboxylate
stretching modes, showed downward shifts; in contrébt;labeling induced isotopic shifts that were
predominantly observed in the amide Il region. In the mid- to low-frequency region, several bands in the
1200-1140 cnt region were attributable to the nitrogen- and/or carbon-containing group(s) that are
closely related to the oxygen evolution process. Specifically, the putative histidine ligand exhibited a
band at 1113 cmt which was affected by botA®N- and 13C-labeling and showed distinct S-state
dependency. The light-induced bands in the-9800 cnt? region were downshifted only bByC-labeling,
whereas the bands in the 160800 cnt! region were affected by bothiN- and 13C-labeling. Several

modes in the mid- to low-frequency spectra were induced by the change in protonation state of the buffer
molecules accompanied by S-state transitions. Our studies on the light-induced spectrum showed that
contributions from the redox changes of @nd the non-heme iron at the acceptor side apdivére
minimal. It was, therefore, suggested that the observed bands in the-800&nT! region include the

modes of the amino acid side chains that are coupled to the oxidation of the Mn cluster. S-state-dependent
changes were observed in some of the bands.

Photosynthetic water oxidation occurs within an oxygen- lowest oxidation state. When photosystem (PS) 1l is il-
evolving complex (OEC},the catalytic center of whichisa luminated with a series of short flashes, thestte OEC,
tetranuclear Mn cluster that resides on the lumenal side ofwhich is thermally stable and is predominant in the dark, is
the D1 protein. Two water molecules are oxidized to an oxidized to the higher S-states in a stepwise fashion by
oxygen molecule through a light-driven reaction cycle via absorbing a photon at each step. After the third flash, the
five intermediate states designated as &, where 3is the OEC reaches the highest oxidation state, &d then

_ _ subsequently decays to the lowest oxidation statg, S
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arrangementd—38), the individual Mn ions, as well as amino Apart from the frequency regions described above, it is
acid ligands for the Mn cluster, have yet to be defined with possible that the mid- to low-frequency region (12@D0
high resolution. To clarify the reaction mechanism of the cm™) can include interactions between the Mn ions and
photosynthetic oxygen evolution in the OEC, detailed water molecules, as well as the vibrational modes from the
structural and functional information on the Mn cluster during amino acid side chains interacting with the Mn clusts, (
the S-state cycling is indispensable. Accordingly, the S-state44, 45). A light-induced FTIR spectrum in this frequency
cycling has been intensively studied in terms of proton region was briefly reported for the PS 1l core particles from
releaseg), substrate water exchand®,(magnetic properties  spinach 25). Other than the presence of the negative peak
of the Mn cluster using EPRLQ, 11), structure and oxidation — at approximately 850 cm, the spectrum was relatively
states of the Mn cluster using X-ray absorptidg,(13), and featureless over the range 166800 cnt?. Although this
oxidation of the donor side components using -tXsible frequency region may provide valuable information toward
absorption 14). the understanding of the mechanism of the photosynthetic
Essential information to help elucidate the molecular oxygen evolution, FTIR difference spectra for the S-state
mechanism of the water oxidation can be obtained by cycling have yet to be reported in the frequency region lower
detecting, during the reaction process of the water oxidation, than 1200 cm®.
changes within the chemical structures of the OEC, including  In the present study, we report the mid- to low-frequency
the protein matrices, ligands for the Mn cluster, substrate (1200-800 cn?) as well as the mid-frequency (1762200
water, inorganic cofactors, 7Y and hydrogen-bonding net- cm™?) FTIR difference spectra corresponding to each transi-
works among these components. For this purpose, light-tion during the S-state cycling in PS Il core particles from
induced FTIR difference spectroscopy has been extensivelySynechocystisp. PCC 6803. Furthermore, the effects of
applied toward the study of the photosynthetic oxygen universal**N- and*3C-isotope labeling on the characteristic
evolution (L5—43). It has been shown that the mid-frequency vibrational modes in the difference spectra were systemati-
(1800-1200 cnl) Sy/S; FTIR difference spectra can exhibit  cally examined. On the basis of the results, possible
the light-induced changes of the vibrational modes of several assignments of the bands in the mid-frequency and mid- to
amino acid residues that are structurally coupled to the Mn low-frequency regions are discussed.
cluster as well as amide | and amide II. These vibrational
modes were assigned to the carboxyldt6) @nd histidine MATERIALS AND METHODS
modes 26) from the putative ligands for the Mn cluster and Sample Preparations. Synechocysiis PCC 6803 strain
to the tyrosine modes, reportedly of the tyrosine @0, 23). bearing His-tagged CP47 protein and the PS Il core particles
This method was also successfully applied to the study of were prepared as described previous#)( Briefly, the
the functional calcium6, 33, 37) and chloride cofactors  transformedSynechocystisells were photoheterotrophically
(38, 43) within the OEC. Mid-frequency FTIR difference  grown in BG-11 medium supplemented with 5 mM glucose.
spectra for each transition during the S-state cycling have For global*>*N-labeling, the culture included 10 mM RO
been reported for the PS Il membranes of spin&d) énd (99.5%*5N-enrichment, Shoko Co., Ltd.) as the sole nitrogen
for the PS Il core particles of cyanobacteriufimermo- source during the cell growth, while bubbled with 2% £0
synechococcus elongat(80, 36, 39, 40). Although similari- enriched air. For globaPfC-labeling, the culture included 4
ties in the major features of each S-state spectrum weremM glucose-URC (98.3%'3C-enrichment, Cambridge Iso-
observed between the PS Il samples, some distinctions wereope Laboratories Inc.) as the sole carbon source, while gently
also apparent; however, the basis of the differences remainsubbled with pure air that was free of CO and £G&:1
unclear. High-frequency (3862150 cn') FTIR difference ppm CO and Cg). The harvested cells were disrupted using
spectroscopy was carried out to study the S-state-dependend Bead-Beater (Bio-Spec Products) and then solubilized with
changes in the OH vibrational modes of water molecules 0.8% (w/v) n-dodecylf-p-maltoside. After centrifugation,
that associate with the OEQT, 39). the resulting supernatant was loaded on a Ni-NTA column
In general, to obtain direct information on the coordination (Qiagen) for purification. The resulting PS Il core particles
sphere of the Mn cluster, FTIR spectra were acquired in the were concentrated by ultrafiltration to approximately 2 mg
region lower than 1000 cm, which includes vibrational  of Chl/mL and stored in liquid B The G-evolution activity
modes arising from interactions between the Mn ion and of the obtained PS Il core particles was approximately 2500
substrate water molecules as well as the Mn ion and its umol of O, (mg of Chl)* h™* at 25°C with 4 mM potassium
ligand(s) @5, 28, 32, 35, 42). The low-frequency (6506350 ferricyanide as the electron acceptor. For FTIR measure-
cmY) SJ/S; FTIR difference spectrum showed several ments, the sample medium was replaced with medium A
characteristic vibrational modes; based on their downshift (40 mM sucrose, 5 mM NaCl, 5 mM Cagland 10 mM
upon the®O-water substitution, the bands at 606 and 625 Mes/NaOH, pH 6.0) using repeated ultrafiltration in the
cm ! have been tentatively assigned to a-Md—Mn cluster presence of 0.06% (w/w)-dodecylf-p-maltoside, and the
mode in the & and S-states, respectivel\28). This mode core particles were concentrated to approximately 3 mg of
was also affected by the substitution of'Sions for the Chl/mL. In some cases, the PS Il core particles were
functional C&" ions 28) and by the site-directed mutation precipitated using 10% (w/v) polyethylene glycol 6000, and
of Asp170 in the D1 protein to His3@). Furthermore, low- suspended in medium A after extensive washes with the same
frequency @S, difference spectra of the universal§iN- medium. For the Mn depletion, the PS Il core particles from
and®C-labeledSynechocystiallowed the assignment of the ~ Synechocystigere treated with 5 mM NEDH at 0°C for
prominent band at 577) cm* to the Mn-ligand(s) modes 1 min under darkness and then washed twice with medium
and/or the cluster core modes that are not exchangeable wittB (0.4 M sucrose, 20 mM NacCl, 20 mM Mes/NaOH, pH
water molecules4?). 6.5) in the presence of 0.5 mM EDTA. The resulting Mn-
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depleted PS Il core particles were further washed twice with induced difference spectrum of each transition during the
medium B and stored in liquid Nuntil use. PS Il core S-state cycling, a dark-adapted sample was pre-flashed to
particles of spinach were prepared from the BBY-type PS reduce the oxidized non-heme iron at the acceptor side and
Il membranes46, 47) by solubilization withn-heptyl3-p- to enrich the $population. After the subsequent incubation
thioglucoside as described previous#g). The resulting PS  in the dark for 5 min, the sample was subjected to eight
Il core particles were resuspended in medium C (0.4 M successive flashes with 12-s intervals; single-beam spectra
sucrose, 20 mM NacCl, 20 mM Ca{R0 mM Mes/NaOH, (5 scans during 2 s) were measured before the first flash
pH 6.0) after two washes with the same medium and storedand after each flash, followed by the dark adaptation of the
in liquid N> until use. The @evolution activity of the sample for 30 min. This sequence was repeatetiditimes
spinach PS Il core particles was approximately 286l before the sample was discarded. To obtain difference spectra
of O, (mg of Chl)* h™* with 1 mM potassium ferricyanide  for respective S-state transitions, the single-beam spectrum
and 0.25 mM 2,6-dichlor@-benzoquinone as the electron before each flash was subtracted from that after the flash.
acceptors. Spectra obtained for-614 samples were averaged. Single-
Sample Preparations for FTIR Measuremerfsr the flash-induced difference spectra were obtained by subtracting
difference spectra between two successive S-states duringhe single-beam spectrum (15 scans dyiirs for the 8Qa~/
the S-state cycling, sodium ferricyanide solutioru(1, 100 Si1Qa or Qa7 /Qa difference, 70 scans during 30 s for the
mM stock) was added as an electron acceptor to the PS 11Yp”/Yp difference, and 25 scans during 11 s for thé*Fe
core suspension (3, 3—4 mg of Chl/mL). For the .~/ Fe* difference) acquired before the flash from that after the
S1Qa and Q~/Qa difference spectra, the sample suspension flash. Spectra obtained for-d2 samples were averaged.
supplemented with 0.1 mM DCMU for,Qa/S$,Qa Spectrum Excitation flashes were provided from a frequency-doubled
or with 0.1 mM DCMU and 10 mM NHKHOH for Qa~/Qa Nd®*t:YAG laser (Spectra Physics INDI-50, 532 nm, pulse
spectrum was precipitated by an ultracentrifuge (HITACHI, width 6—7 ns). The flash energy was approximately 10 mJ/
CS120) at 10000f) and the resulting pellet was resuspended cn¥ at the sample surface. Saturation of the light intensity
with medium A to approximately 3 mg of Chl/mL. For the of the flashes was confirmed by monitoring the amplitude
Yp'/Yp difference spectrum, the Mn-depleted PS Il core of the obtained spectra and the intensities of the ferrocyanide/
particles were suspended in medium A and subsequentlyferricyanide bands. All spectra were collected at 4 tm
incubated in the dark fol h in the presence of 1 M resolution.
HCOONa @0, 21, 29). Next, the sample was washed twice
and resuspended in medium A containing 100 mM HCOONa RESULTS
(3 mg of Chl/mL). The sample suspensionu8) was then The flash-induced FTIR difference spectra in the mid-
mixed with sodium ferricyanide (2L, 100 mM stock). All frequency region (17001200 cn1!) during the S-state
sample suspensions were orbiculately deposited on a BaF cycling of the PS Il core particles froifBynechocystisp.
disk with a 20 mm diameter and partially dried under a PCC 6803 (black lines) and spinach (gray lines) are shown
stream of N gas (4°C). For measuring the FeFe" in Figure 1. The difference spectra induced by the (a) first,
difference spectrum of the acceptor-side non-heme iron, (b) second, (c) third, and (d) fourth flashes showed the
sodium ferricyanide (1@L, 100 mM stock) was dried on a  characteristic flash-number-dependent changes of the vibra-
BaF, disk before deposition of the Mn-depleted PS Il core tional features in the regions of asymmetric (16A®00
suspension (1@L). After an aliquot (1uL) of 20% (v/v) cm 1) and symmetric (14561300 cni?) carboxylate stretch-
glycerol/water solution was placed adjacent to the sampleing modes as well as the amide | (1700600 cn1?!) and
for controlling the water content of PS I8§), the sample amide Il (1600-1500 cnt!) modes of the polypeptide
on the disk was covered by another Baisk with a greased  backbone. These spectra were largely compatible with those
Teflon spacer and then incubated in the dark for 1 h. The previously reported forT. elongatus(30, 36, 39, 40),
absorbance of the PS Il sample was-0170 at 1657 cm® indicating the cycling of the S-states. The characteristic
for the measurements in the 1700080 cn1! region and vibrational features of the first- to fourth-flash spectra were
0.3—-0.5 at 925 cm' in the 1006-800 cn1? region after the also evident in the fifth- to eighth-flash spectra, although
dark adaptation for 1 h. The sample temperature wasthe estimated misshit (approximately 18%) from the
maintained at 0C (+£0.03°C) using a homemade cryostat oscillation pattern up to the eighth flash of several bands in
and a temperature controller (Chino, KP10082)( the symmetric carboxylate stretching region was somewhat
FTIR Measurement&TIR spectra were recorded on a larger than that fomhermosynechococc(30, 36, 48). The
Bruker IFS-66v/s spectrophotometer equipped with an MCT S-state dependences were observed in Seechocystis
detector (EG&G Optoelectronics D316/6). A custom-made spectra at 1686(), 1670(), 1662(), 1651(), 1641(),
CdTe band-pass filter (20650 cnT?) was placed in front ~ 1622(), 1610(), 1587(), 1562(), 1543(), 1531(),
of the sample to block any leaks of the Hde laser beam  1522(), 1508(t+), 1438(t+), 1417(), 1400(), 1383(),
from the interferometer compartment. To obtain a high- 1363(), 1340(), 1325(), 1294(-), 1271(), and 1259¢)/
quality spectrum, the spectra for the 170080 and 1006 1248() cm™, in which the bands changed their signs and
800 cm! regions were measured using custom-made Geintensities as the S-state advanced. Despite subtle changes
long-pass>6- and>9.5um filters, respectively. The filter  in their positions and intensities, these bands exhibited
was placed at the exit hole of the cryostat to protect the S-state-dependent trends similar to those for the spinach
detector element from the scattering of laser flashes for the spectra. In this context, because amide | bands tend to change
sample excitation, but the other experimental conditions were rather easily depending on the sample conditions that do not
identical in the spectral measurements for the 170080 strongly influence the @evolving capability, it is noteworthy
and 1006-800 cn! regions. For the measurement of a flash- that some differences between the two spectra in the amide
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most of the bands in respective S-state difference spectra
were markedly affected upoffC-labeling (green lines).
Since the!*>N-insensitive §S; bands at 1438(), 1417¢),
1400(), 1383(), and 1363¢) cm* were downshifted by
32—40 cntt upon 3C-labeling, and furthermore, since
similar trends were found in all the difference spectra, it is
reasonable to assign these bands to the S-state-dependent
symmetric stretching modes of the carboxylate groups.
Similarly, upon3C-labeling, the'®N-insensitive bands at
1583(), 1568 @), 1537(), and 1520¢) cmtin the S/

S spectrum showed downward shifts of -339 cm? to
1549(), 1529¢+), 1500¢), and 1483¢) cm™?, respec-

My tively, hence allowing the assignment of these bands to the
asymmetric stretching modes of the carboxylate groups.
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3 Therefore, it is likely that the &to-S, transition involves
N MA & ¢ changes of the carboxylate ligands but with little structural
MV \m “ / \ / ™M JJ\/‘ rearrangement of the polypeptide backbone. Overall, despite
\ W # some differences, the effects of the univershl- and**C-
NI h d labeling on the mid-frequency FTIR difference spectra during
i oYY /) \c/\,,J\J-fN“\/\\ the S-state cycling were comparable to those reported in
! 3 4 Thermosynechococci(40).
. © The difference spectra for the S-state cyclingsghecho-
! L L ! cystisin the 1306-1080 cn! region and the effects of
1700 1600 1500 1400 1300 1200 universal'®N- (panel A) and*3C-labeling (panel B) on the
Wavenumber / cm’™! spectra are shown in Figure 3. In the unlabeled spectra (red

) . . . lines), the bands at 1294}, 1271¢), 1259()/1248(),
Ficure 1: Flash-induced FTIR difference spectra in the frequency
region of 1708-1200 cnT? of PS Il core particles fronynecho-  1228(H), 1196€), 1184(+), 1163(t), 1146(¢), and 1105¢)
cystissp. PCC 6803 (black lines) and spinach (gray lines) during cm* changed their signs and intensities in a flash-number-
the S-state cycling of the OEC. (a)/S;, (b) $/S;, (¢) S/Ss, and dependent manner, indicating that these bands are related to
(d) S/, difference spectra induced upon the first-, second-, third-, the S-state-dependent changes of the OEC. Although the

and fourth-flash illumination, respectively. Samples were il- ] :
luminated with a series of successive flashes provided from a overall spectral features of th#\-labeled spectra (blue lines)

frequency-doubled Nid:YAG laser (532 nm, 67 ns, 10 mJ/ci were relatively similar, distinct isotope shifts were also
pulse) at 0°C. Sample suspension included ferricyanide as an observed. Upori®N-labeling, several bands in the 1300

exogenous electron acceptor. Spectrum e is presented to show tha 200 cnt?! region of the §S; spectrum exhibited slight

noise levels. See text for other details. changes in their intensities, and the bands at 1496(
| region may not reflect the fundamental differences in the 1184(+), 1163(+), 1113¢), and 1105¢) cm clearly
OEC between the two species. showed downward shifts by-6 cm . On the other hand,

The effects of universaPN- (panel A) and'*C-labeling a majority of the §S; bands were markedly affected B{C-
(panel B) on the difference spectra for the S-state cycling of labeling (green lines), suggesting that the above bands
Synechocystim the 1706-1300 cm? region are shown in  correspond to groups that contain both nitrogen and carbon
Figure 2. Thé®N-labeled (blue lines) £S5, spectrum showed  atoms. Upon'3C-labeling, the®N-insensitive bands at
prominent isotope shifts in the amide Il region (16Q&%00 1294() and 1146¢) cm ! downshifted to 1269¢) and
cm™1), which includes the CN stretching and NH bending 1132() cm?, indicating that these bands correspond to
modes of the polypeptide backbone. The bands at 2574(  nitrogen-free moieties.

1552@), 1543(), and 1508¢) cm™tin the unlabeled (red Negative bands at 1113 crhand near 1173 cn were
lines) S/S; spectrum were downshifted to 1562( 1537¢), observed in the unlabeled spectra after the second, third, and
1527(), and 1493¢) by 12—16 cnt?, comparable to the  fourth flashes with the same sign and intensity. A large
downward shifts 16 cnt?) for the amide Il bands. Isotope  portion of these bands were affected by neiftiir nor 13C-
shifts of the amide Il bands were clearly observed not only labeling, as clearly depicted in the spectra after the fourth
in the S/S; spectrum (a) but also in theyS, (b) and 9/Ss flash, although it is rather ambiguous in the 1173 &m

(c) spectra, accompanied with changes in the signs andregion after the second and third flashes due to the overlap
intensities, indicating that the polypeptide backbone changesof other isotopic bands. The absence of both the isotope
characteristically during the S-state transitions. In contrast, effects and the flash-number dependency indicates that the
the effects of®N-labeling were not as apparent in thg$g bands at 1113 cm and near 1173 cm found in the second-,
spectrum (d), indicating that the protein moieties representedthird-, and fourth-flash spectra are caused by some compo-
by the amide Il modes undergo minor structural changes nents other than those of PS Il. It is of note that the 1+)1(
upon the $to-S transition. Isotope shifts due teN-labeling and 1170¢) cm ! bands appeared in the difference spectrum
were scarcely observed through the S-state cycling in the obtained by subtracting the absorption spectrum of buffer A
symmetric (1456-1300 cn1?t) and asymmetric (16661500 at pH 6.0 from that at pH 5.5 (data not shown). Therefore,
cm™ 1) stretching modes of the carboxylate groups; however, the isotope-insensitive bands at 1113 érand near 1173
large isotopic bands due to the amide Il modes causedcm ! may be ascribed to the protonation of buffer molecules,
ambiguity in the latter region. In contrast to t¥#l-labeling, such as Mes. Apart from the isotope-insensitive mode, the
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Ficure 2: Effects of1>N- (panel A) and'®C-labeling (panel B) on the flash-induced FTIR difference spectra in the frequency region of
1700-1300 cnt? of PS Il core particles fronSynechocystisp. PCC 6803. (a) 551, (b) S/S,, (€) S/Ss, and (d) /S, difference spectra
induced upon the first-, second-, third-, and fourth-flash illumination of unlabeled (red Ilitbislabeled (blue lines), ané*C-labeled

(green lines) PS Il core particles, respectively. Spectra d are presented after magnification in intensity by a factor of 1.5 to clarify the
effects of isotopes.
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Ficure 3: Effects of1>N- (panel A) and'C-labeling (panel B) on the flash-induced FTIR difference spectra in the frequency region of
1300-1080 cnt? of PS Il core particles fronsynechocystisp. PCC 6803. (a) 55, (b) S/S,, (€) S/Ss, and (d) 9/S difference spectra
induced upon the first-, second-, third-, and fourth-flash illumination of unlabeled (red IlitBislabeled (blue lines), anéC-labeled
(green lines) PS Il core particles, respectively. Spectra e are presented to show the noise levels.

S,/S; band at 1113¢) cm™! was apparently downshifted to  intensities during the S-state cycling; however, the presence
1107¢) and 1105€) cm™t upon ®N- and *3C-labeling, of the isotope-insensitive anomalous bands at 1418 *
respectively. This observation is consistent with the reported obscured the S-state-dependent changes of the isotopic bands.
assignment of this band to the ring CN stretching mode of It is of note in this context that the presend g spectrum
histidine residues that are coupled to the Mn clusgs).( of the unlabeledSynechocystidoes not involve the modes
The isotopic bands seemed to change their signs andfrom the non-heme ironl{, 18) and/or Q (24) that reside
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difference spectrum for the /&, difference exhibited the
I 10° 1111¢)/1105C) cm* bands, which showed the opposite
sign as compared to the corresponding bands for tf& S
and $/S;. It is, therefore, likely that the putative histidine
mode that changes upon thet8-S, and $-to-S; transitions
reverses upon they$o-S, transition. Apart from the histidine
modes, there are several bands that changed their intensities
depending on the S-state cycling; however, the dependency
for some of these bands was not distinctively observed in
the difference spectra shown in Figure 3A. Although the
1184¢)/1173() cm* bands in the difference spectra in
Figure 3A (spectra a) exhibited some S-state dependency,
their changes were inexplicit because of the presence of the
S-state-independent negative band near 1173 aiffter the
second, third, and fourth flashes. In contrast, these bands
appeared prominently in thé*N/!®>N double-difference
spectrum for §S; as the 1186{)/1178() cm* differential
band that revealed distinct changes upon the S-state cycling.
The bands were absent in the double-difference spectrum
for S3/S; but evident with opposite signs fop/Ss, and then
€ they disappeared again for/S,.
W\—\/\/\/\/-/\/\/\/\/\/\,\/\/\/\/\ The difference spectra for the S-state cycling of
' ' ' L Synechocystim the 1000-800 cnt?! range and the effects
1300 1250 1200 “50_1 1100 of universal'>N- (panel A) and'3C-labeling (panel B) on
Wavenumber / cm the spectra are shown in Figure 5. FTIR measurements were
Ficure 4: “N/*N double-difference spectra of PS Il core particles conducted under experimental conditions identical to those

from Synechocystisp. PCC 6803 for the S-state cycling. Double- | ,sed in the 17001080 cnt? region, with the exception of
difference spectra for (a)5%;, (b) S/S,, (€) S/S;, and (d) 9 ~ o . )
difference. The double-difference spectra were obtained by sub- the u§e of 6! 9.ptm long-pass filter tlo improve the signal
tracting'*N-labeled S-state difference spectra from unlabeled S-state to-noise ratio of the 1066800 cnv spectra. The £S5,
difference spectra. Spectrum e is presented to show the noise levelspectrum of the unlabeleSlynechocystiged lines) showed

for the double subtraction. major bands at 945%(), 922(-), 870(), 854(), 845(),
822(*), and 812¢-) cm ! and less intense bands at 980
at the acceptor side of the PS Il (see Figure 7A, below). 960(-), 910¢), and 895¢) cm L. Among them, the 854f),
These bands, therefore, do not contribute to the light-inducedg45(-), 822¢+), and 812¢) cm! bands showed flash-
spectral changes of the OEC under the present experimentahumber-dependent changes and were similarly induced in
conditions. the fifth-flash spectra despite having reduced intensities (data
The S-state dependences of the band for the putativenot shown). The resulting.£; spectrum is roughly com-
histidine ligand as well as other bands were more clearly parable to the previously reported spectrum of spinach PS
revealed in thé*N/*>N double-difference spectra (Figure 4), Il core particles, although bands other than those at-850(
which were obtained by subtracting tH&-labeled S-state  850(—), and 820¢-) cm™* were not resolved in it25). Upon
difference spectra from the unlabeled S-state difference >N-labeling, bands in the range of 106900 cm* were
spectra. Although the resultinfN/*>N double-difference  considerably affected, whereas the bands at-8y@&54),
spectra allowed us to detect the S-state-dependent change®45(—), 822(), and 812¢) cm ! were only slightly
of the modes relating to nitrogen, it is difficult to explicitly — affected. Upori®C-labeling, significant downward shifts were
determine the changes that occur in the respective bands irobserved for most of the &, bands, including thé®N-
the S-state difference spectra. TAd/*N double-difference  insensitive bands in the 96@00 cnt? region. Accordingly,
spectrum for the $S; difference (spectrum a) shows a the 900-800 cnm! bands are attributable to the carbon-
distinct differential band at 1113(/1105&) cm! that containing but not the nitrogen-containing groups. Several
corresponds to the histidine modes at 1H34nd 1107¢) bands in the 1000900 cn1? region were affected by both
cmtin the unlabeled antPN-labeled $/S; spectra (Figure  isotopes and therefore can be assigned to the vibrational
3A, spectra a). The band similarly appeared in the double- modes of the amino acid side chains that contain both carbon
difference spectrum for thesS, difference (spectrum b), and nitrogen atoms since none of the protein modes are
indicating that the putative histidine mode changed similarly expected to appear in this frequency regiat9)( The
upon both $to-S; and $-to-S; transitions; however, some  spectrum after the second, third, or fourth flash was
differences were evident, as depicted by the smaller intensity considerably different from the £, spectrum. However,
of the 1113¢) cm™* band in the 9S; double-difference in contrast to the spectra in the 1700300 (Figure 2) and
spectrum than that of,£5,. In contrast, the 1113()/1105¢) 1300-1080 cnr! (Figure 3) regions, only a few bands
cm! bands were nearly absent in the double-difference showed distinct S-state dependency. One may presume that
spectrum for the $S; difference (spectrum c), suggesting the higher S-state is scrambling due to nonoptimal excitation
only small structural changes of the putative histidine ligand of the samples for the measurements of the 28I cn1!
upon the $to-S transition or that other bands overlap with  spectra. However, this is not the case because the-1700
the histidine band to obscure the change. The double-1080 and 10006800 cnt! spectra were measured under
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1000 950 900 850 800 1000 950 900 850 800
Wavenumber / cm’’ Wavenumber / cm’’
Ficure 5: Effects of15N- (panel A) and3C-labeling (panel B) on the flash-induced FTIR difference spectra in the frequency region of
1000-800 cntt of PS Il core particles fronBynechocystisp. PCC 6803. (a) 4551, (b) S/Ss, (¢) /Ss, and (d) /S, difference spectra

induced upon the first-, second-, third-, and fourth-flash illumination of unlabeled (red IittBislabeled (blue lines), ané*C-labeled
(green lines) PS Il core particles, respectively. Spectra e are presented to show the noise levels.

identical conditions, with the exception of the difference in with those for the““N/*>N double-difference. Among them,
the cutoff wavenumber of the Ge filter, as described in the the bands near 847), 833(+), and 822¢) cm ! seemed

Materials and Methods section. In fact, 160800 cnt? to change sign and intensity in the double-difference spectra
S-state spectra with identical spectral features were observedor the S/S, (spectrum b) and ¢85; difference (spectrum
despite having lower quality when the 176800 cm? c), but the presence of the isotopic bands was not obvious
spectra were measured using®long-pass filter (data not  in the spectrum for the &, difference (spectrum d) due to
shown). rather high background noise resulting from the double

The intensity of the prominent 854§/845(~) cm™ bands subtraction (spectrum e). Although other bands seem to be
in the unlabeled $S; spectrum decreased with the same sign showing the S-state dependency, the relatively lower spectral
in the S/S, spectrum. These bands, however, seemed toquality prevented us from inspecting those bands closely.
appear with the opposite sign in thgs and S/S, spectra. These results indicate that the carbon-containing but not
Unfortunately, the S-state-dependent behavior of the-Bp4(  nitrogen-containing groups of the PS Il components are
cm ! band was rather ambiguous due to the presence of apredominantly responsible for the S-state-dependent bands
prominent band at 865() cm™!. This negative band was at 850-820 cnt™.
scarcely induced after the first flash but appeared constantly The light-minus-dark difference spectra of the PS Il core
after the second and successive flashes and was insensitivparticles fromSynechocystiare shown in Figure 7, in which
to >N- and '3C-labeling. The isotope-insensitive band at the sample cores were illuminated with a single flash under
980() cm~* was similarly induced in all difference spectra. conditions that preferentially induce the oxidation of the Mn
These bands may be attributable to some light-induced cluster from $to S (spectrum a) or ¥ tyrosine (spectrum
changes that are not directly related to the PS Il components,d) and the reduction of Q(spectrum b) or the non-heme
such as proton uptake by the buffer molecules. iron (spectrum c). Except for some minor differences in the

To minimize the contribution from components other than peak positions and relative band intensities, the resulting
PS II, we calculated thé“N/*®N and *°C/*C double- spectra in the 17001080 cm? region (panel A) were
difference spectrum for each S-state transition in the rangecomparable to the previously reported @ (24, 25), Fet/
of 1000-800 cn1! by subtracting the isotope-labeled S-state Fe*™ (17, 18), and Yp'/Yp (20, 21) spectra. The absence of
difference spectra from the unlabeled ones. The results arethe typical CO stretching mode of Q at 1477¢) cm™*
shown in Figure 6. Thé*N/'®N double-difference spectra clearly demonstrated the absence of any contributions of the
(panel A) showed that severdPN-sensitive bands at Qa/Qa bands to the S, spectrum. In addition, the &,
962(—), 945(), 931(), 922(-), and 910¢) cm™* were spectrum scarcely showed the 1183cm™! band, which
induced in the spectrum for the/S; difference (spectrum  has been assigned to the side-chain modes from the histidine
a). However, bands corresponding to these were not apparentigands of the non-heme iron. This, therefore, indicated only
in the spectra for the £, (spectrum b), 8S; (spectrum c), minor contributions of the Fe/Fe’t band to the 8S;
and S/S, difference (spectrum d). Th&C/A3C double- spectrum. Although several bands that appeared in the Y
difference spectra (panel B) showed more bands as compared p spectrum (spectrum d) seemed to be present in ##8& S
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FiGurE 6: N/'5N (panel A) and'?C/*3C (panel B) double-difference spectra of PS Il core particles f8ymechocystisp. PCC 6803 for

the S-state cycling. Double-difference spectra for (#@BS (b) S/S,, (€) S/Ss, and (d) /S difference. The“N/N or 12C/3C double-
difference spectra were obtained by subtracfitig- or 13C-labeled S-state difference spectra from unlabeled S-state difference spectra.
Spectra e are presented to show the noise levels for the double subtraction.
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FiIGURE 7: Flash-induced (a) 851, (b) Qa=/Qa, (c) FEt/Fe*t, and (d) /Y p difference spectra of PS Il core particles fr@pnechocystis

in the frequency range of 176A.080 cnt? (panel A) and 1008800 cnT! (panel B). Samples cores were illuminated with a single-pulse
from a frequency-doubled Nt:YAG laser (532 nm, 67 ns, 10 mJ/ciipulse) at 273 K. Spectra a in panels A and B are reproductions

of spectrum a (black line) of Figure 1 and spectrum a (red line) of Figure 5, respectively. See text for details of conditions for respective
measurements.

spectrum (spectrum a), the distinct 1183(cm* band in in the spectrum. However, we cannot completely exclude
the Yp*/Yp spectrum was not detected in thgS spectrum, the contribution of the ¥*/Yp bands from the present results
which may suggest that thepYYp modes are not involved  since the 1103¢) cm ! band may not be necessarily ascribed
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to the Yo' /Yp mode @1). Nevertheless, the contribution of opposite sign in the &S; and /S, spectra. This S-state

the Yp'/Yp bands to the $S; spectrum seems negligibly dependency of the bands cannot be explained by assuming
small since apparent differences were not observed in thea single carboxylate group because the change in force
S,/S; spectra between the wild-type ang-¥ssSynechocys-  constant of the carboxylate upon the Mn oxidation should
tis (unpublished results). Accordingly, we can conclude that be accompanied by the shift of the band. Therefore, the
the obtained 8S; spectrum has eliminated the bands from results suggested that each band’s behavior during the S-state
the Q7 /Qa, FETIFE, and Yo/Yp spectra, and therefore, cycling is attributable to several individual carboxylate
redox reactions of @ non-heme iron, and Ydo not occur groups with similar force constants, which change equally

upon illumination under the present conditions. upon every S-state step, although the number of the
As shown in panel B of Figure 7, theaQ/Qa spectrum responsible carboxylate groups changes depending on the
(spectrum b) in the 1008800 cnt region showed promi-  respective transition steps. On the other hand, the carboxylate

nent bands at 964(), 955(), 945(), 866(-), 854(+), and bands at 1383() and 1363¢) cm* changed characteristi-
818(—) cm ! which were comparable to those previously cally with S-state dependency that was different from that
reported for spinach2g). The F&'/Fet (spectrum c) and ~ Of the 1438¢), 1417¢), 1400¢-), 1340(t), and 1325¢)
Yo'/Yp spectra (spectrum d) showed the characteristic €™ * bands, indicating that the two bands at 138Band
features; several bands in the 975 cnv region similarly ~ 1363(+) cm™ are attributable to distinct carboxylate groups
appeared in the Q/Qa, F&t/Fet, and Yo/Yp spectra, that respond differently to the S-state transitions. It has been
although the positions and the relative intensities of the bandsréported that, in the case dynechocystisupon L-[1-
were not necessarily coincident. The results may imply that **Clalanine-labeling, the 1326/1356(-) cm™* bands in the
the bands are ascribed to amino acid residues which existS2/S1 spectrum of the unlabeled PS Il cores shifted downward
commonly in the proximity of these redox components. The by 16-18 cnm* to 1304¢+)/1338(-) cm™* (34). These bands
bands at 854¢) and/or 960¢) cm* are similarly induced =~ May correspond to the 1326)/1354(-) cm™* bands in the

in the S/S;, Qa/Qa, FE'/Fe*t, and Yo/Yp spectra. unlabeled §S; spectrum (Figure 2A, red line) and to the
However, none of the redox changes af, Yion-heme iron, ~ 1306(+)/1340(-) cm* band in the'*C-labeled 'S, spec-
and Q. is responsible for these bands in th¢Ssspectrum,  trum (Figure 2B, green line); however, the isotopic band at
since the illumination does not induce the redox reactions 1338¢-) cm™* was not distinctively resolved, presumably
of these components as depicted in the mid-frequency spectrglue to the concurrent isotope shifts of other carboxylate

shown in panel A. bands. Therefore, it is likely that the 1325(1354() and/
or 1340¢) cmt bands may be ascribed to the symmetric
DISCUSSION carboxylate stretching modes of the C-terminal Ala-344,
which is assumed to be a ligand for the Mn cluster.
S-State Spectra in the 1760300 cm* Range The mid-  Interestingly, the replacement of Ala-344 of the D1 protein

frequency FTIR difference spectra for the S-state cycling with Gly affected the 1354f) cm* band (unpublished
have been reported for the PS Il cores from thermophilic result).

cyanobacteriumThermosynechococqu80, 36, 39, 40) and S-State Spectra in the 1300080 cm* Range It is known
BBY-type PS Il membranes from higher plant (spina@l){  that the weak amide Il mode, including the CN stretching
and possible assignments of the detected bands have beegnd NH bending modes of the polypeptide backbone, appears
discussed in detail. The present study showed that FTIR gt 1300-1225 cntt (49). However, in the 13061200 cntt
difference spectra for respective S-state transitions wereregion, considerably smaller isotopic shifts due -
basically compatible between the PS Il cores fiéymecho- |abeling rather thai*C-labeling indicated that the contribu-
cystisand spinach, although slight differences were found tion of the amide Ill mode to the spectra is very small.
in the peak positions and band intensities. Furthermore, theserherefore, a large part of the bands at 130225 cnt can
spectra also showed striking similarity with those obtained pe assigned to the modes from amino acid side chains
for Thermosynechococcy80, 36, 39, 40). These results  containing nitrogen and carbon. As shown in Figure 3, the
Strongly indicate that the oxygen evolution occurs through band appeared positive|y in the/& and negative|y in the
largely identical processes, despite the subtle conformationalsys; and S/S, spectra at 1255 cm, whereas none of the
differences in the protein moieties between cyanobacteriapands were distinct in the,&, spectrum. Despite a slight
and higher plants. It was reported that bands at 1¥)L7(  difference in the peak position, similar S-state dependence
1567(-), and 1401{) cm™* were induced by the protonation  for this mode was found in spinach PS Il cores, as shown in
of carboxylate groups from the PS Il protein when the pH Figure 1. Therefore, the 1255 ciband may be the mode

was decreased during the repetitive S-state cycliB@s3g). closely associated with the S-state. Our results show that
These bands were not induced under the present experimentahis band was insensitive tN-labeling but exhibited a
conditions (Figure 1 and unpublished data). significant downward shift upofC-labeling, indicating that

Among the S-state-dependent bands, the behaviors of thehe band arises from a group containing carbon but not
symmetric carboxylate stretching modes during the S-statenitrogen. The 1254¢) cm™* (1255(-) cm™? in this study)
cycling are particularly of interest since the structural changes band, which was obstructed by the 126)1246() cm™*
of the putative carboxylate ligands for the Mn cluster can bands (1259¢)/1248() cm™? in this study) in the 8S;
be monitored with minimal interferences from other vibra- spectrum, was assigned to the COH bending and/or CO
tional modes. A typical 8S, carboxylate band at 1438, stretching modes of the tyrosine residue coupled to the Mn
1417(), 1400¢), 1340{), or 1325¢) cm™* (see Figure cluster @0, 23). Therefore, a candidate for the 1255 ¢dm
1) was observed at nearly the same position with the sameband is the ¥ mode that is closely related to the OEC during
sign and lower intensity in thesfs, spectrum, but with the  S-state cycling. It is of note in this context that the 1268(
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1254(), and 1235¢) cm™! bands were induced upon the negative band in the 8, and $/S; spectra, but was not
lowering of the buffer pH without PS Il samples (data not discernible in the 8S; spectrum. This band behavior
shown), suggesting that a small part of the bands insensitivesuggests that the appearance of the histidine band is not a
to either isotope labeling may correspond to the proton simple reflection of the oxidation of the coordinating Mn
release/uptake by the buffer molecules, such as Mes. ion but is ascribed to structural and/or chemical changes of
The bands at 1196(), 1184(+), 1163(t), 1146(), and the interactions between the histidine ligand and the Mn
1105¢) cm! showed changes in their sign and intensity cluster during water oxidation. On the other hand, the origin
depending on the flash number, thus indicating that theseof the isotope-insensitive 1113] cm™! band, which ap-
bands are involved in the S-state processes. The 3)46( peared constantly after the second, third, and fourth flashes,
cm* band was influenced only upd?fC-labeling, suggesting  may be ascribed to the buffer molecules in the FTIR samples.
that this band is derived from carbon-containing but not Although this band was relatively small in the spectrum after
nitrogen-containing group, such as-O stretching modes  the fifth flash, the intensities of the bands induced after the
of Asp, Glu, and/or Thr or CHtwisting modes from some  sixth, seventh, and eighth flashes were comparable to those
alkyl groups B60). On the other hand, the 1196), 1184¢t), induced after the second, third, and fourth flashes (unpub-
and 1163¢) cm™! bands shifted downward by 4 and-21  lished data). If this implies band induction upoat8-S;,
19 cnt! upon ™N- and '3C-labeling, respectively. These Si-to-S, and $-to-S; but not S-to-S; transitions, then a
bands, therefore, are attributable to the nitrogen- and carbon-lausible interpretation is that the band reflects the structural
containing amino acid side chain(s), such as His, Arg, Trp, changes of the buffer molecule due to the proton released
or Lys. Among these amino acids, Lys is an unlikely from the OEC, although the band intensity for each transition
candidate because of the relatively low IR intensities of the may not correspond to the quantity of the proton owing to
bands from Lys side chaing&@-52). The CN stretching  the scrambling of the higher S-state.
vibrations of monoalkylguanidinium give bands at 1180 S-State Spectra in the 100800 cnt! Range In the S/
1170 cm* which show a downward shift of 4 crh upon S, spectrum, the prominent bands in the 9@D0 cnt?
15N-labeling of the two nitrogen atoms in the guanidinium region were affected only by*C-labeling, whereas the
group 63). Accordingly, some of the bands at 1196163 medium-intensity bands in the 108000 cn1?! region were
cm ! may be ascribed to Arg. In addition, the symmetric sensitive to both isotopes, as clearly depicted in'thé'>N
and asymmetric stretching vibrations of the guanidinium and *2C/*3C double-difference spectra shown in Figure 6,
group appear at 16851655 and 16351615 cn1?, respec- where possible contributions from buffer molecules were
tively, which show downward shifts of-89 cn* upon>N- excluded. Since the contribution fromaQQa, FET/FET,
labeling 63). The unlabeled $S; spectrum showed bands and Yp*/Yp bands to the flash-induced,/S; difference
at 1680(), 1670¢), and 1610{) cm* which shifted spectrum can be negligible, as shown from both the mid-
downward by 4 cm* upon**N-labeling and showed S-state frequency and mid- to low-frequency FTIR spectra (Figure
dependency (Figure 2A). Accordingly, despite the relatively 7), the bands observed in thg S spectrum can be attributed
small 1>N-dependent downward shifts, these bands may beto the consequences of the oxidation of the Mn cluster upon
attributable to the modes of Arg. It has been reported that the S-to-S; transition, which includes the structural changes
the 1668¢-) cm™* (1670(+) cm™ in this study) band in  of the amino acid side chains and/or the backbone polypep-
the S/S; spectrum was specifically suppressed when the tides. Although a weak protein mode due to the symmetric
functional CI site was occupied by monovalent anions CNC stretching vibration generally appears in the frequency
(CHsCOO, I, Br, and CfI in order of band suppression) region of 906-800 cni* (49), this is not the case since the
(38). Interestingly, this trend is compatible with that of anion *C-sensitive bands at 870), 854(+), 845(-), 822¢), and
effectiveness, which induced the characteristic shifts of the 812(+) cm ! showed minimal*N-induced isotope shifts.
CN stretching modes of the guanidino group in ethylguani- Therefore, thé*C-sensitive S-state-dependent bands at the
dinium salts $3). Based on the results, a possible interpreta- 850—-820 cn1! range in Figure 6B may be attributable to
tion is that the band is ascribed to Arg residue, which the modes of amino acid side chains that are free of nitrogen
participates in the binding of Cl atoms. A possible assignment for these modes includes out-
The S/S; band at 1113¢) cm™! has been assigned to the of-plane CH vibrations of aromatic ringd9), such as those
CN stretching mode of the putative histidine ligand for the of Tyr and Phe. The 1254() cm™* (1255() cm™ in this
Mn cluster 6). The band showed downward shifts upon study) band hidden in the&; spectrum has been assigned
15N- and 3C-labeling similar to those shown in Figure 3. to the mode of tyrosine that is structurally coupled with the
Close inspection of the isotopic bands revealed that%ie Mn cluster @0). Taking into account our unpublished result
and®*C-effected bands appear at 11V —6 cm?) and that Yp deficiency did not affect the mid- to low-frequency
1105 cmt (A = —8 cnT?), respectively, with good  SJ/S; spectrum, the tyrosine Ymode may be included in
reproducibility. The small difference between the isotopic the 906-800 cni? bands. It has been suggested that#e
shifts can be reasonably explained by the fact that the isotopicsensitive S-state-dependent bands at 3148 and 3130 cm
effect on the CN stretching mode is slightly smaller ¥t/ can be ascribed to the CH stretching modes of an imidazole
15N than for'2C/*3C due to the difference in their reduced group of His 40). Therefore, the CH wagging modes of the
masses. Furthermore, the isotopic bands seemed to changinidazole ring of the His side chain§4) may be another
their sign and intensity in an S-state-dependent manner, agpossible candidate for thi€-sensitive bands that show the
shown in the"N/**N double-difference spectra (see Figure S-state dependency in the 96800 cn1? region.
4), supporting the view that the mode of the histidine ligand  Although the spectra for the 10600 cm! region
for the Mn cluster is responsible for the band. The mode changed depending on the flash number, their S-state
appeared as a positive band in théSsspectrum and as a  dependence in terms of respective IR bands was not clear
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as compared with the spectra in the 17A080 cn1* region.
The presence of the anomalous bands and extensive overlaps

of many small bands in this frequency region may be the 44
inherent reason for the absence of a clear S-state dependence

for the observed bands. Generally, the interactions between

Mn ions and water molecules are detectable in the frequency -

range of 906-300 cm! (25, 44, 45). However, the 1000
800 cn1! spectra were scarcely affected by the'S%

substitution (unpublished results), suggesting that the vibra- 18-

tional modes from the Mnawater interactions in the OEC
are undetectable or entirely absent in this frequency region.

Amino-acid-specific isotope labeling will help further char-  19.

acterize the observed bands. The 980and 865() cm™
bands appeared with the same sign during the S-state cycling

and were not influenced by the isotope labeling, indicating 20.

that these bands originated from some components other than
those of PS Il due to the consequences of the S-state

transitions indirectly. Some changes of buffer molecules, 21,

such as the protonation of Mes, are presumed to be
responsible for these bands.
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