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ABSTRACT: Changes in structural coupling between the Mn cluster and a putative histidine ligand during
the S-state cycling of the oxygen-evolving complex (OEC) have been detected directly by Fourier transform
infrared (FTIR) spectroscopy in photosystem (PS) Il core particles from the cyanobac8maohocystis

sp. PCC6803, in which histidine residues were selectively labeled vjifiNs]histidine. The bands sensitive

to the histidine-specific isotope labeling appeared at M0 cnT?! in the spectra induced upon the
first-, second-, and fourth-flash illumination, for thgS, S/, and /S, differences, at similar frequencies

with different sign and/or intensity depending on the respective S-state transitions. However, no distinctive
band was observed in the third-flash induced spectrum for & Sifference. The results indicate that

a single histidine residue coupled with the structural changes of the OEC during the S-state cycling is
responsible for the observed histidine bands, in which the histidine modes changed duriggat® S
transition are reversed upon thet8-S; and $-to-S; transitions. The 1186()/1178() cm™! bands affected

by L-[**Ng]histidine labeling were observed only for theS difference, but those affected by universal

15N labeling appeared prominently showing a clear S-state dependency. Possible origins of these bands
and changes in the histidine modes during the S-state cycling are discussed.

Photosynthetic water oxidation takes place in the oxygen- OEC predominantly populates in a thermally stahlestate,
evolving complex (OEC},which involves a catalytic metal  oxygen evolves after the third flash.

center (Mn cluster) containing four Mn ions and one  Tphe Mn cluster has been assembled and stabilized by
associated Ca ion located on the lumenal side of the several amino acid ligands mostly from the D1 protein
photosystem (PS) Il. The OEC catalyzes the OX|dat|o.n of (reviewed in ref® and3). The following amino acid residues
two water molecules to one oxygen molecule through a light- o the D1 protein have been proposed to participate in
driven reaction cycle with five intermediate states denoted |igation of the Mn cluster based on site-directed mutagenesis
Sy (n = 0—4), wheren represents the number of oxidizing  sydies: carboxylate side chains from the Asp170, Glu189,
equivalents stored. The cycle starts from the lowest oxidation Glu333, Asp342, and Ala344 and histidine side chains from
state, §, and advances to higher S-states in a stepwise fashior‘Hislgoy His332, and His332¢9). Asp170, Glu189, His332,
by absorbing a photon. The OEC attains the highest oxidationznq Glu333 have been reported to be direct ligands for the
state, 3, by accumulating four oxidizing equivalents, .and cluster in recent X-ray crystallographic models0¢13),
then spontaneously relaxes to thesate concurrent with  gthough the interpretation of the electron density maps
the release of an oxygen molecul§. Since the dark-adapted  jncjudes ambiguity in the location of the amino acid side
chains (3). Spectroscopic evidence of the ligation in the
* This work was supported by grants from the Frontier Research Mn cluster has been provided in several amino acid residues
System and Special Postdoctoral Researchers Programs at RIKEN. in the D1 protein in combination with site-directed mutagen-
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Discovery Research Institute, The Institute of Physical and Chemical S-state transitionslf), and therefore the D1-Asp170 car-
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1 Abbreviations: OEC, oxygen-evolving complex; PS, photosystem; transition (6, 17) and rereduced during the-8-$ transition
Chl, chlorophyll; Q, primary quinone acceptor; FTIR, Fourier (17). In contrast, D1-Glul189 has been suggested to participate

transform infrared;. EPR, electron paramagnetic resonance; ES!E’inanet\Nork of hydrogen bonds that modulates the properties
electron spir-echo; ENDOR, electron nuclear double resonance;

ESEEM, electron spinecho envelope modulation; Mes, 2-morpholi-  Of the Mn cluster and ¥ tyrosine but is less likely as a direct
noethanesulfonic acid. ligand for the Mn cluster8, 19).
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ESEEM @0) and ENDOR 21) studies on the Sstate EPR The histidine-tolerant strain obtained was grown photoau-
multiline signal in PS 1l preparations froirhermosynecho-  totrophically in liquid BG-11 medium containinghistidine
coccus elongatusniversally labeled with®N demonstrated  (**N-His) or L-[**Nz]histidine (@°N-His) (**Ns;, 98% °N
that at least one nitrogen atom is involved in coordination enrichment, Cambridge Isotope Laboratories Inc.) atG0
of the S-state Mn cluster. Further ESEEMZ) studies under 20-100umol of photons m? s in an 8 L Clearboy
provided evidence that the Mn ion is ligated by at least one (Nalgene). Incorporation of°N-His into thylakoid mem-
histidine residue using cyanobacteriuBynechocystisp. branes was determined to be approximately 88% by liquid
PCC6803, which contained imidazole nitrogen atoms selec-chromatography/mass spectrometry. Harvested cells were
tively labeled with>N. A light-induced FTIR difference  disrupted using a Bead-beater (Bio-Spec Products), and
spectrum for the Sto-S; transition in this sample showed a resulting thylakoid membranes were solubilized with 0.8%
band affected by the histidine-specific isotope labeling. The (w/v) n-dodecyls-p-maltoside. After centrifugation, the
appearance of the band was interpreted to mean that a Mrresulting supernatant was loaded onto a Ni-NTA column
ion oxidizable upon the &0-S$ transition is coordinated by  (Qiagen) for purification as described previousBi), The

the Nr site of the imidazole ring of a histidine residuzsj. resulting PS 1l core particles were concentrated by ultra-
Most of the D1-His190 mutants produced no oxygen filtration to approximately 2 mg of Chl/mL and stored in
evolution with the exception of retention of Q3% activity liquid N. The Q-evolving activity of the PS Il core particles
in the Arg and Lys mutants8( 24). The D1-His190 acting  was approximately 220@mol of O, (mg of Chl)* h™* at

as a proton acceptor from oxidized ¥D1-Tyr161) @, 24— 25 °C using 4 mM potassium ferricyanide as an electron

26) or participating in the redox reactions related to the acceptor.

assembly of the Mn cluste2() also was suggested. The Sample Preparation for FTIR Measuremerfgar FTIR
D1-His337Arg, GIn, Phe, and Asn mutants grew photoau- measurements, the sample medium was replaced with
totrophically with 18-51% oxygen-evolving activityd). The medium A (40 mM sucrose, 5 mM NaCl, 5 mM CaCand
relatively normal phenotypes of the Arg and Gln mutants 10 mM Mes/NaOH, pH 6.0) using repeated ultrafiltration in
suggested ligation of the arginine or glutamine side group the presence of 0.06% (w/w)dodecyl$-p-maltoside, and

as a replacement for the imidazole group of D1-His337 ( the PS Il core suspensions were concentrated to ap-
7, 9). However, it was also proposed that the D1-His337 proximately 3 mg of Chl/mL. PS Il core suspension-&
participates in a hydrogen-bond network to be coupled with uL, 3 mg of Chl/mL) supplemented with sodium ferricyanide
the Mn cluster indirectly as a hydrogen-bond dor@r9). (1 uL, 100 mM stock) as an electron acceptor was deposited
None of the D1-His332 mutants grew photoautotrophically on a Bak disk (20 mm diameter) and then partially dried
other than the His332GIn and His332Ser mutants which under a nitrogen stream (£). After placing an aliquot (1

evolved oxygen at rates-315% of the control9). The D1- uL) of 20% (v/v) glycerol/water solution adjacent to the
His332Glu mutant showed no ,@volving activity and sample for control of the water conte®( 33), the sample
abnormal magnetic properties of the-Sate OEC 28). on the disk was covered by another Baksk with a greased

Further ESEEM study for this mutant indicated the ligation Teflon spacer. The absorbance of the PS Il sample was 0.8
of the histidine residue to the Mn clust@9j. Recent X-ray 1.0 at 1657 cm! after dark-incubation for 1.5 h. Sample
crystallographic models1@, 13) showed that D1-His332  temperature was maintained at°Q (+£0.03 °C) using a
provides a direct ligand to the Mn ion, suggesting that D1- homemade cryostat and temperature controller (Chino,
His332 could be the most plausible candidate for the histidine KP1000) @1).
ligand of the Mn cluster detected by pulsed EPR<22) FTIR Measurement&TIR spectra were recorded on a
and FTIR @3) measurements. Bruker IFS-66V/s spectrophotometer equipped with an MCT
A histidine residue fulfills critical functional and structural  detector (EG&G Optoelectronics D316/61j. A custom-
roles as a ligand in many metalloenzymes and has beenmade CdTe band-pass filter (206850 cnt') was placed
proposed to participate in proton and/or electron-transfer in front of the sample to block HeNe laser beam leakage
reactions during water oxidatiol@). In the present study, from the interferometer compartment. A custom-made Ge
we report for the first time a complete set of FTIR difference long-pass filter £6 um) was placed behind the sample to
spectra during four S-state transition steps of the OEC usingobtain a high-quality spectrum and to protect the detector
PS Il core particles from the cyanobacteri@ynechocystis  element from laser scattering at the sample excitatd@ (
sp. PCC 6803 in which histidine residues were selectively Excitation flashes were provided by a frequency-doubled
labeled with.-[**Ng]histidine. Bands of the histidine ligands  Nd**:YAG laser (Spectra Physics INDI-50, 532 nm, pulse
detected by histidine-specific isotope labeling showed char- width 6—7 ns) with a flash energy of10 mJ/cm at the
acteristic changes during the S-state cycling of the OEC. sample surface. For measurements of the flash-induced FTIR
Results indicate changes in structural coupling between thedifference spectrum of each S-state transition, a dark-adapted
histidine ligand and Mn cluster during photosynthetic water sample was preflashed to enrich thgg8pulation and reduce
oxidation. the oxidized non-heme iron at the acceptor side of the PS
[I. After subsequent incubation for 5 min in the dark, the
MATERIALS AND METHODS sample was subjected to four successive flashes at 10-s
Sample MaterialsA spontaneous histidine-tolerant mutant intervals, and single-beam spectra (20 scans) were collected
was isolated from the cyanobacteri@ynechocystisp. PCC at 4 cn1?! resolution before the first flash and after each
6803 strain retaining a histidine-tag on the C-terminal of subsequent flash. This sequence was repeateld Simes
CP47 @1) by repeated plating and selection of a single with a 30-min interval for the dark adaptation for each
colony on BG-11 agar plates supplemented with increasing sample. The single-beam spectrum before each flash was
concentrations af-histidine (36-240uM) as reportedZ2). subtracted from that after the flash to obtain the flash-induced



16074 Biochemistry, Vol. 44, No. 49, 2005 Kimura et al.

(c) third-, and (d) fourth-flash illumination of PS Il core
particles from unlabeled control (black lines) atl-His
labeled (magenta lines§ynechocystisp. PCC 6803 cells

of the histidine-tolerant strain. The unlabeled spectra upon
the first- to fourth-flash illumination showed characteristic
vibrational features mainly composed of amide | (1700
1600 cm?) and Il (1606-1500 cnt') modes from the
polypeptide backbones as well as symmetric (45800
cm 1) and asymmetric (16061500 cn1?) stretching modes
from the putative carboxylate ligands for the Mn cluster as
reported previouslyl, 17, 32—34). Apparent miss-hit factor
for the S-state cycling was estimated to be approximately
18% from the oscillation pattern of several bands in the

E g g X 28 %8 g symmetric carboxylate stretching regio83|. The spectra
d ~ g8 g® CTA B induced by the first-, second-, third-, and fourth-flash are
v A _ thought to be contributed by the spectra for thSS100%),
e £ R iE SIS, (82%), $/Ss (67%), and §S (55%) difference,
. . . s . respectively, and can be also referred to as 8, SSy/S,,
1700 1600 1500 1400 - 1300 1200 gys; and S/ difference spectra®N-His labeling of two
Wavenumber / cm: imidazole nitrogen atoms and one peptide nitrogen atom in

histidine residues, minimally affected the S-state dependent
vibrational features as shown in Figure 1A. However, some
small but distinctive differences in peak positions and band
intensities compared to those of unlabeled control spectra
were observed.

The difference induced b¥’N-His labeling can be seen
clearly in the “N-His/*>N-His double difference spectra
(Figure 1B, blue lines) obtained by subtracting thig-His
labeled spectra from the unlabeled spectra for the respective
S-state transitions after normalization with respect to the
intensity of symmetric carboxylate stretching bands, which
are insensitive to universaiN labeling @3, 34). Figure 1B
also shows thé&N-U/*N-U double difference spectra (gray
lines), induced by universaN labeling @3), plotted after
normalization as a reference. Several bands int4ReHis/
IN-His double difference were observed in the amide |
(1700-1600 cm't) and amide 11 (16061500 cnt?) regions
and appeared to change in sign and intensity during S-state
959 500 1500 7350 300 1300 transitipns. Since a_mide lorll bands are ascri_bed to CO

Wavenumber / cm’! stretching mogies slightly couple_d with NH bending mogjes
, ) or CN stretching and NH bending modes of polypeptide
Ficure 1: (A) Mid-frequency (1756-1200 cnt?) FTIR difference backbones33, 34), the structural change in the polypeptide

spectra induced by the (a) first-, (b) second-, (c) third-, and (d) . . - N . . -
fourth-flash illumination of PS Il core particles from unlabeled Packbone moiety including the histidine nitrogen is a likely

(black lines) andL-[15N3]histidine labeled (magenta line§yn- cause of the bands observed. However, band amplitudes were
echocystisp. PCC 6803 cells. A dark-minus-dark spectrum (e) is significantly smaller in the'*N-His/**N-His than in the
presented to show the noise level. ([B])*Ns]Histidine/I-[**N3]- 14N-U/N-U double difference spectra, and band posi-

histidine double difference spectra (blue lines) for the differences ;; ;
upon the (a) first-, (b) second-, (c) third-, and (d) fourth-flash tions were markedly different between the two spectra. The

illumination, obtained by subtracting the[*®NJhistidine labeled - N-U/**N-U double difference spectrum for the/S, dif-
S-state difference spectra from the unlabeled S-state differenceference revealed the bands which have intensities that are
spectra after normalization with respect to peak intensity of considerably smaller than those for thegSp, S/S,, and

EBr/]fiI‘/glrggliﬁ '\f/?gﬁoggbégg (SjE:‘fengngé% gsggtsra(%;ggolﬁlggf% g Ié‘sepec SY/S: differences. This contrasts with comparable appearance
- 14N -Hi< /15N -Hi i - i

tive S-state transitions were calculated from the spectra iB3ef of the N HIS/. N .HIS bands 7dur|ng the S-state cycling.

Spectrum e was presented to show the noise level for the doubleNOtably, contribution from @7/Qa bands to the present

subtraction. S,/S; difference (first-flash) spectra for the unlabeled and

) N 15N-His labeled OECs can be excluded because of the
FTIR difference spectrum for each S-state transition. To gpsence of a prominent CO stretching band at 1478'cm
improve the signal-to-noise ratio, 889 difference spectra  fom Qu~ (35). Therefore, structural changes in the polypep-
(1640-1780 scans) were averaged. tide moiety including histidine residues may be responsible
for the ®N-His sensitive amide | and Il bands during the
RESULTS S-state cycling. ’
Figure 1A shows the mid-frequency (1750200 cnr?) Figure 2 shows the effects 8N-His labeling (A, magenta
FTIR difference spectra induced by the (a) first-, (b) second-, lines) and**N-U labeling (B, light-blue lines) on the mid-
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FIGURE 2: Effects ofL-[15Ng]histidine labeling (A, magenta lines) 1200 1160 1120 . 1080
and universal®N labeling (B, light-blue lines) on FTIR difference Wavenumber / cm

spectra (12061080 cm*) upon the (a) first, (b) second:, (¢) third-,  Figure 3:  L-[1UNgJHistidine/-[*Nghistidine (blue lines) and
and (d) fourth-flash |IIum|n_at|on of PS Il core parjflcles from | niversal “4N/5N (gray lines) double difference spectra for the
unlabeled (black lines) and isotope labef&¢hechocystisp. PCC differences upon the (a) first-, (b) second-, (c) third-, and (d) fourth-
6803 cells. The spectra presented in panel B were reproduced fromfjash jjlumination. The double difference spectra were obtained by
ref 33. Dark-minus-dark spectra (e) are presented to show the noisegpiracting the isotope labeled S-state difference spectra from the
level. unlabeled S-state difference spectra shown in Figure 2 after
normalization with respect to peak intensity of symmetric carboxy-
frequency (12061080 cm?') FTIR difference spectfa late stretching bands (1452300 cnt?). Spectrum e was presented

induced by the (a) first-, (b) second-, (c) third-, and to show the noise level for the double subtraction.

(d) fourth-flash illumination of PS Il core particles from . .
: : to the Mn cluster. Uporit®N-His labeling of the OEC, the
Synechocystisp. PCC 6803 cells. Unlabeled spectra induced 11201099 cmi® bands in the first-flash ) spectrum

upon the first- to fourth-flash illumination of the histidine- ; CL . \

tolerantSynechocysti@, black lines) showed characteristic dOWgSh'ftehqﬂby 625;\3]”'1 blrll' co:cnp?rt]lblgl\\/lv 't? t?eh_ext%nt %f

vibrational features and S-state dependent changes thatwer[ahe ownshift uporivfabeting for the stretching bands
of the histidine residue ligating the metal cent8r{39).

similar to those of the wild-typ&ynechocysti¢B, black dThe 1113¢)/1107¢-) om ® and 1113¢€)/1103¢) cm .

lines), despite considerable overlaps of buffer bands an ; :
different contributions of the acceptor-side histidine band bands in the first-flash @8,;) and second-flash ¢£5,)

. . 1 —1 d
33). The 1113¢) cm* band in the first-flash ($S; spectra seemed to qownshn‘t to 1183fL101(+) cm™ an
gpe)ctrum was a(;s)cribed to the CN stretching mo(de ())f the 1107¢)/1097(+) e, respectlvely, in théN-His Iabeled_
histidine imidazole ring ligating the Mn cluste23). A small  SPectra. The effects 6fN-His labeling also can be seen in
band at 1099¢) cm may be ascribed to the mode of the fourth-flaslh (FS) spectra where a portion of_the band
histidine due to the reduction of the oxidized non-heme iron &t ~1109 CrITl was downshifted to 1097 crh Iea\{lng the
(Fe¥™) at the acceptor side28, 36, 37). This assignment is 1113() e butfer b?‘”_d SI?). I;Ifowe:j/eﬁr, tr|1_|e_ tlh'Ld'lf.laSh
compatible with the finding that this band intensified when (S/Sy) spectrum was minimally affected BiN-His labeling.

: As shown in panel B*N-U labeling affected more bands
the spectrum was measured without preflash (data not ' . .
showrl?). The intensity of the non—hemg iron brfmd was & the 1206-1120 cnt* range which was not much influ-

5N . . : .
relatively higher in the histidine-tolerant strain than in the e?fce? g{hNlesdlab?ITféQv(\;glée bozh labelings similarly
wild-type strain. However, the intensity was much smaller attected the bands & e

- - : ; As shown in Figure 3, th&N/*N isotopic bands can be
than that reported in the previous studg), in which the . y . )
non-heme irpon band Iesspthan 20% of t)ﬁe full population S€€N clearly in thé4N-H|s/15N.—H|s (blue lines) and“l\!-U/
was induced N-U (gray lines) double difference spectra obtained by

The 15N-His labeled spectra (magenta) possessed Similarsubtracting the labeled spectrum from the unlabeled spectrum

vibrational features as the unlabeled spectra for each S-statéglil_e&(:h (?-st;te t(;?f?sr't'ﬁn shown tlrn Flgui;]e iil. z%‘;;f/ h
transition. However, the bands distinctively affected#y- S _double erence spectra coincide €

- . . - . MN-U/MSN-U double difference spectra at 1120090
His labeling can be assigned to histidine residue(s) coupledcm_l, indicating that most of the bands influenced by

universal®N labeling in this region can be predominantly

2 imi i i - i . TRT] . . .
" The detectable limitation in the low-frequency region was 1080 4qcriped to histidine residues. THN-His/SN-His double
cm ! because of a much reduced signal-to-noise ratio of the spectrum

lower than 1080 crmi due to the large absorption by water and buffer ~ difference spectra for the,, difference contained bands
molecules. at 1113¢)/1105()/1099(-)/1090¢) cm™*. The first two




16076 Biochemistry, Vol. 44, No. 49, 2005 Kimura et al.

bands and a large part of the 1099 ¢nband may result light-induced FTIR difference spectra. If the histidine bands
from a downshift of the histidine bands at 11+3( for the S/S; difference reflected the changes that canceled
1107¢) cm™® to 1107()/1101¢) cmt upon N-His those upon the &0-S, and $-to-S; transitions, the assumed
labeling. The 1099¢)/1090(-) cm™* double difference bands  Sy/S; histidine bands (67%) would be hard to conceal by
may partly include the acceptor side non-heme iron band 33% S/S; and $/S; histidine bands in the third-flash
that was downshifted from 1099 to 1092¢) cm* by the spectrum to appear as distinct bands with signs opposite to
labeling (Figure 2A), but this contribution seemed to be small those for the 8S; and S$/S, bands. Therefore, the first
because the 1099) cm™! band was similarly induced in  possibility is a preferable scenario, although the second
the “N-U/'*N-U double difference spectrum for the/S; possibility cannot be excluded completely.

difference, of which non-heme iron band was negligibly  As the fourth-flash spectrum includes 55%< signals,
small as shown in Figure 2B. Therefore, it is reasonable to and 45% §S; and S$/S; signals, it is reasonable to consider
consider that the 1099() cm* double difference band is that the pure double difference spectrum for thgS$
mainly caused by the isotopic downshift of the histidine band difference would contain much intense 118%cm* band
from 1107¢) to 1101(+) cm™?, despite a small contribution  and distinct 1113¢)/1095¢) cm™ bands. If this is the case,

of the non-heme iron band to the 109Q(cm* double the observed S-state dependence of the double difference

difference band. spectra may be interpreted as the spectral changes of a single
histidine residue ligating the Mn cluster, that is, the histidine
DISCUSSION bands at 1113()/1105()/1095¢) cm™* that occur upon

the $-to-S transition were reversed upon thets-S, and
Th?. present rgsults cllearly demqngtrate that the bands&_to_% transitions as revealed by the appearance of the
sensitive to*N-His labeling show distinct S-state depen- 1113(-)/1105¢+)/1099¢) cm-* bands in the first-flash (&

dency. The results provide the first evidence that a histidine S)) spectrum and the 111:3§/1105¢+)/1097¢) cm™* bands
residue is coupled to the structural changes of the OEC; "\ha second-flash 5,) spectrum. The Mn cluster is

during the S-state cycling and are compatible with the view considered to be oxidized upon thet6-S, and S-to-
that a histidine residue provides a direct ligand to the Mn transitions but may not bepoxidizzd l?é)on thse-té‘rgz
cluster. Therefore, these bands are attributable to the S-state,, \sition @¢1—44). Therefore, the observed changes of the

dependent structural changes of the histidine ligand to the histidine bands during the S-state cycling cannot be a simple
Mn cluster. reflection of the change in oxidation state of the Mn cluster
As shown in Figure 3, th&N-His/**N-His double differ-  put may include a large contribution from the structural
ence bands at 1113/1105/1099 ¢rfor the S/S; difference changes of the OEC.
were also evident at almost the same frequencies in the ETIR measurements along with[1-'3C]alanine labeling
double difference spectra for the/S; and §/S, differences (16, 17, 45) and site-directed mutagenesis of D1-Ala348, (
showing changes in their sign and intensity depending on 47) strongly indicate that the C-terminatcarboxylate of
the respective S-state transitions. In contrast, th&S  the D1 protein ligates the Mn ion oxidized upon thet&
spectrum did not show any cle&tN-His/*N-His double s, transition and re-reduced upon thet6-S, transition (7).
difference bands. These results indicate that the samerecent X-ray models suggested that D1-His332 ligates the
histidine residue is responsible for these bands during thepn ion which is not directly associated with D1-Ala34¥2(
S-state cycling. X-ray crystallographic models of PS Il at 13). These results indicate that D1-His332 ligates the Mn
3.2 and 3.5 A indicated that D1-His332 acted as a direct jon which is different from the oxidizable Mn ion directly
ligand for the Mn ion, which is also coordinated by the coupled to D1-Ala344. Therefore, the histidine bands for the
carboxylate side group of D1-Glu1897 13). The 35 A g5, difference are not likely to arise from the change of
model further indicated that D1-His337 was not a direct the D1-His332 mode directly induced by the oxidation of
ligand for the Mn cluster but could interact with one of the the coordinating Mn ion. This view is consistent with no
oxygen atoms in the cubane-like cluster core through appearance of the histidine bands in th¢S$(third-flash)
hydrogen bonding1(2). Therefore, these two residues can gpectrum, which may be accompanied by the reduction of
be potent candidates of the histidine residue responsible forthe Mn ion ligated by the C-terminat-carboxylate {7).
the detected FTIR bands. However, the 1H)8¢nd 1107-  since resonant inelastic X-ray scattering studies indicated
(+) cm™* histidine bands for the £5, difference were  that electron transfer during the-®-S, transition occurs
insensitive to H/D isotope exchang3], and the histidine-  from a delocalized orbital in the OE@§), some change in
manganese coupling detected by ESEEM showed no pHelectron density of the histidine-bound Mn ion may be
dependence in the range of pH 425 (40). These results  responsible for the £5, histidine bands in part. The Mn
indicate that D1-His332 is a preferable residue reSponSible cluster core was Suggested to undergo Shrinking and expan-
for the observed histidine bands during the S-state cycling. sjon during the $to-S; and S-to-S; transition as detected
There are two possible interpretations for the absence ofby changes in MaMn distances using X-ray absorption
the histidine bands in the third-flash spectrum: (1) No spectroscopy43, 44, 49). If the Mn—histidine interaction
structural change of the histidine residue upon th¢0SS, is affected by the structural shrinking and expansion of the
transition, (2) 9S; histidine bands exist but are concealed Mn cluster core, the CN stretching bands of the histidine
by the overlaps with the 55, and $/S; histidine bands  would be changed conversely by these changes and may
carried over. In the latter case, the third-flash spectrum cancontribute to the appearance of the 1105 &rand with
be composed of 67%f5; signals, and 33% 55, and S/ opposite sign in the fourth- and second-flash spectra for the
S, signals by considering 18% miss-hit for the S-state S)/S;and /S, differences. At present, it is difficult to assign
transition, in which miss-hit OECs do not contribute to the the corresponding histidine bands to respective S-states
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definitively and to evaluate the details of the changes in the
structure and/or oxidation state of the Mn cluster behind the

spectra. It is of note that D1-His332 is the primary candidate
responsible for the observed histidine bands; we cannot

exclude the possibility that a second histidine residue, which -

is structurally coupled with the Mn cluster, is responsible
for some of the histidine bands.

The N-His/*®N-His double difference spectra (Figure 3,
blue lines) also showed mid-intensity bands at 1#§&{nd
1178() cm™* for the S/S; difference, although the bands
did not show a clear S-state dependency. Previous reports
assigned the 1179, 1109, 1102, 1090, and 1359 trands
in the Q.~/Qa FTIR difference spectrum to side chain modes
of the Qu-coupled histidine (D2-His215) protonated at the
Nz site 35). However, the contribution of theQ/Qa bands
to the spectrum was negligibly small judging from the
absence of other promineHiN-His/*>N-His double differ-
ence bands expected for thex @Qa difference 85). A
possible vibrational candidate is NH deformation and CN
stretching modes of the imidazole group of a histidine residue
based on the DFT calculationSQ) or CN stretching mode
of the polypeptide main chain including the histidine residues
(51). It is of note in this context that théN-U/*>N-U double
difference spectra for the &, difference (Figure 3, gray
line) also showed much intense 1186(1178() cm?®
bands. Corresponding inverse bands appeared at +)/86(
1176() cmtin the double difference spectrum for thg S
S; difference but were not observed for thgS and S/,
differences. Generally, the amide Il (CN stretching and NH
bending) mode of polypeptide backbones does not appear
at frequencies lower than 1200 c(52). Therefore, the
S-state dependent 1186/1178 ¢mbands, sensitive to
universal*®>N labeling but not sensitive t8N-His labeling,
may be ascribed to the CN stretching mode of the polypep-
tide main chain coupled to the Mn cluster and/or a nitrogen-
containing amino acid residue other than histidine. A possible
candidate for the latter is the CN stretching vibrations of
guanidinium group of an arginine side cha88(53), which
is structurally coupled to the Mn ion oxidized during the
Si-to-S transition and reduced during the-8-S, transition.

It was reported that site-directed mutation of the Arg64 and
Arg334 of D1 protein %4, 55) or Arg305 and Arg342 of
CP43 protein %6) influenced the OEC properties. Further-
more, a recent X-ray model indicated that the Arg357 side
chain from CP43 protein is close to the active site of the
Mn cluster @2), and participation of Arg357 in water
oxidation for abstracting protons from a substrate water
molecule was propose®T). Therefore, structural changes
of the guanidinium side chain of arginine may be responsible
for the S-state dependent change®NtU sensitive but®N-

His insensitive bands at 1186 and 1178 ¢ém
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