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ABSTRACT: Fourier transform infrared (FTIR) signals of a histidine side chain were identified in flash-
induced 9/S; difference spectra of the oxygen-evolving complex (OEC) of photosystem Il (PS II) using
PS Il membranes from globall?N-labeled spinach and PS Il core complexes fidymechocystisells

in which both the imidazole nitrogens of histidine were selectively labeled ®RRhA negative band at
1113-1114 cn1! was downshifted by 7 cmt upon both global®N-labeling and selectivéiN]His labeling,

and assigned to the-€N stretching mode of the imidazole ring. This band was unaffected by{pH
exchange in the PS Il preparations. In addition, several peaks observed at28500cnT? all downshifted

upon global and selectiveN-labeling. These were ascribed to Fermi resonance peaks on a hydrogen-
bonding N-H stretching band of the histidine side chain. FTIR measurements of model compounds of
the histidine side chain showed that the-Ig stretching band around 1100 chcan be a useful IR
marker of the protonation form of the imidazole ring. The band appeared with frequencies in the following
order: Nrt-protonated ¥ 1100 cnt?) > imidazolate> imidazolium> Nz-protonated £1095 cnt?l). The
frequency shift upon N-deuteration was occurred in the following order: imidazoliumZQEnT?) >
Nz-protonated (510 cnt!) > Nz-protonated~ imidazolate €0 cnT1). On the basis of these findings
together with the Fermi resonance peaks~2500 cnt! as a marker of NH hydrogen-bonding, we
concluded that the histidine residue in th#Sp spectrum is protonated at therite and that this k-H

is hydrogen bonded. This histidine side chain probably ligated the redox-active Mn ion at #ite Nand

thus, oxidation of the Mn cluster upon rmation perturbed the histidine vibrations, causing this histidine
to appear in the $S; difference spectrum.

Photosynthetic oxygen evolves on the electron-donor side The structure of the Mn cluster has been studied by EXAFS
of photosystem Il (PS II}.The catalytic site is the oxygen- and EPR, and a dimer of a dioxo dimer has been proposed
evolving complex (OEC) consisting of a tetranuclear Mn as the skeletal structuré,(6). Site-directed mutanf’(-11)
cluster, where two water molecules are oxidized to form one and chemical modificationl@—15) studies suggested that
oxygen molecule and four protons. This reaction proceeds aspartate, glutamate, and histidine side chains are involved
through a light-driven cycle of five intermediates; 5, in in the amino acid ligands. Coordination of histidine residues
which the $ state is dark stable and oxygen is evolved in has been also suggested by ESEEM and ENDOR studies
the S-to-S transition (—4). The chemical mechanism of (16, 17), and ESEEM measurements using the cyanobacte-
oxygen evolution, however, is not yet completely understood. rium Synechocystiselectively labeled with!>SN at the

nitrogen sites of the imidazole side chain of histidine residues

T This research was supported by grants for Photosynthetic Sciences(18) have provided further evidence of such coordination.
and Biodesign Research Program at The Institute of Physical and Light-induced FTIR difference spectroscopy is also a
Chemical Research (RIKEN) provided by the Science and Technology powerful means of investigating OEC structure and reactions.

Agency (STA) of Japan and was partially supported by the Central . . . o .
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7810). acid residues as well as polypeptide chains, and thus can
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SE. I. du Pont de Nemours & Co. molecular level. FTIR spectroscopy is especially useful in

1 Abbreviations: Cyt, cytochrome; ENDOR, electron nuclear double detecting the hydrogen bonding interactions between polar
resonance; EPR, electron paramagnetic resonance; ESEEM, electrorgroups that play important roles in enzymatic reactions,

spin-echo envelope modulation; EXAFS, extended X-ray absorption . - .
fine structure; FePP(4-Melm)bis(4-methylimidazole) complex of iron especially those involving proton transfer. FTIR spectra of

protoporphyrin 1X; FTIR, Fourier transform infrared; 4- and 5-Melm, OEC have been obtained as the difference between&
4- and 5-methylimidazole, respectively; Mes,NHforpholino)ethane- S, states {9—23). Analyses of ¥S; difference spectra have

sulfonic acid; IR, infrared; OEC, oxygen-evolving complex; PS I, i - ; _
photosystem |I; @, primary quinone electron acceptor of PS lI3,Q revealed carboxylate ligand$g-22), changes in conforma

secondary quinone electron acceptor of PS J; Fédox-active tyrosine  tions of the polypeptide chaind§, 21, 22), and structural
161 of the D1 polypeptide. coupling of a tyrosine residue with the Mn clust@g).
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exchange in OEC, PS Il membranes suspended@iffer
(pD 5.5), including 40 mM Mes, 400 mM sucrose, 20 mM
NaCl, and 20 mM CagG] were incubated at 8C for 24 h.

A histidine-tolerant strain of the cyanobacteri@ynechocys-
tis PCC 6803 was isolated as described previousdy. Cells

of this strain were grown photoautotrophically at 3D for

5 days in 10 L carboys by using cool-white fluorescent lamps
(7 W/md). BG-11 medium 26) was supplemented with either
0.24 mMbL-histidine containing only natural-abundariés

or 0.24 mMpL-histidine containing twd'>N atoms in its
imidazole group. The growth medium was bubbled with 5%
CO, in air. Under these experimental conditions, ap-
proximately 85% of the histidine molecules incorporated into
thylakoid proteins were from the histidine supplemented in

b
the growth medium as shown previously by mass analysis
H of histidine (L8). Oxygen-evolving PS Il core complexes
N/ N from Synechocystiwere purified as described by Tang and
T n Diner (27).
FTIR spectra were measured on a JEOL JIR-6500 or a
@ @ Bruker IFS-66/S spectrophotometer equipped with an MCT
detector. S, difference spectra were measured as described
T previously 1—23). Spinach membranes were suspended in
N 40 mM Mes-NaOH (pH 5.5) buffer containing 400 mM

sucrose, 20 mM NacCl, 20 mM Cag£l18 mM potassium
ferrocyanide, and 2 mM potassium ferricyanide, and sedi-
mented by centrifugation. The pellet was then squeezed
C d between a pair of Bafplates. The sample was loaded so

FiGURe 1: Structural diagram of a histidine side chain and 4- and that the absorbance at the selected wavenumber regions of
5-Melm as model compounds: (ay#rotonated form or 4-Melm, ~ 1000-1200 and 24062850 cnt! did not exceed 0.8. At

(b) Nz-protonated form or 5-Melm, (c) imidazolium form, and (d)  that moment, the absorbance of the band in the amide | region
forms of miazolé ring folows that o 4-Vieim. Note that accoring 20UNd 1650 o was about 1.6SynechocystiBs If core

imiaaz | - . :

to the original numbe?ing of 5-Melm, the protonated nitrogen)(Ng complexes v_vgre suspended in 5 mM Mes-NaOH (pH 6.0)
is numbered 1 and thus the methyl group is attached to C5. buffer containing 50 mM sucrose, 5 mM NacCl, and 5 mM
CacCl, and concentrated to about 6 mg of Chl/mL. An aliquot

The imidazole ring of a histidine side chain has two ©Of core suspension (%L) was mixed with 4ul of
nitrogen atoms (Kand Nr; see Figure 1) that serve as sites ferricyanide/ferrocyanide (2 mM/18 mM) solution, lightly
of protonation as well as of coordination to a metal ion(s). dried on a Bak plate under N gas flow passed through
Thus, histidine is expected to be directly involved in the O  Water, and covered with another Baftate. The absorbance
evolving reaction not only as a ligand of the Mn cluster but Of the amide | band around 1650 chwas below 1.0. The
also as a mediator of proton transfer. It is therefore important Sample temperature was adjusted to 250 K in a liquid N
to study the structures and reactions of histidine residues incryostat (Oxford model DN1704) equipped with ZnSe and

the OEC to clarify the mechanism of,@volution. To do ~ KRS-5 windows. Two single-beam spectra (330 s
so, the method of monitoring the histidine structure in the accumulation for each) were measured before and 10 s after

OEC during Q evolution must be established. single-pulse illumination from a frequency-doubled Nd:YAG
laser (Quanta-Ray model GCR-130; 532 nm, 7 ns pulse
width, 20 mJ pulse/chat the sample point), and the
difference spectrum was calculated by subtracting the

histidine side chains of PS Il core particles fr@ynechocys- spectrum obtained before from that obtained after illumina-
tis PCC 6803. In addition. measurements of model com- fion- The interval of 10 s after illumination was taken to
pounds of histidine side chains provided IR markers of €NSU'€ that there was no contamination bzy./YZ s!gnals
protonation forms and hydrogen bonding interaction of the and to complete electron abstraction by ferricyanide on the

imidazole ring. The structure and interaction of the histidine electron acceptor side. The spectral reS(_)Iutlon was #.cm
residue in the OEC are discussed with reference to these>€Veral spectra were averaged for the final data.
markers. The Fé*/Fe*" difference spectrum of Mn-depleted PS I
core complexes frorBynechocystiwas measured following
MATERIALS AND METHODS the method by Hienerwadel and Berthomi28)( Manganese
was depleted using 10 mM NBH. An aliquot of core
BBY-type O-evolving PS Il membranes from spinac#) suspension (6 mg of Chl/mL, bL) in 5 mM Mes-NaOH
were prepared as described by Ono and In@% Spinach (pH 6.0) buffer containing 50 mM sucrose, 5 mM NacCl, and
in which nitrogen was globally replaced wittPN was 5 mM CaC} was mixed with 3uL of 20 mM ferricyanide
hydroponically cultured in medium containing¥O; and and then lightly dried on a Cafplate. The absorbance of
Ca(®NO;), as nitrogen sources. To examine the-Bi the amide | band around 1650 chwas 0.9. The sample

I—2 -

In this study, we identified histidine signals in the/
FTIR difference spectrum by glob&iN-labeling of PS I
membranes from spinach and by selecti®g-labeling of
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temperature was maintained at about@ by circulating
chilled water through a copper holder. The?HEe*"
spectrum was taken as the difference between two single-
beam spectra (10 s scans each) measured befdr2 siafter

flash illumination from a Nd:YAG laser (532 nm, 3 mJ/&m
Under this condition, signals of the electron donor side were
eliminated by re-reduction of ¥ by ferrocyanide, which had
been produced during preoxidation of the non-heme iron by
ferricyanide. The reaction was cycled with an interval of 80 a An M k
s between flashes, and spectra measured over the course of LRI
12 h were averaged. The spectral resolution was 4*cm

FTIR spectra of 4- and 5-Melm anol -histidine were
measured at room temperature unless otherwise stated.
Solution samples were measured between a pair of ZnSe
plates with an optical path of7 um. 4-Melm (0.5 M) or
pL-histidine (0.2 M) was dissolved in H(B) and 1 M H(D)-

Clin neutral and imidazolium forms, respectively. In aqueous
solution, 4-Melm is in tautomeric equilibrium with 5-Melm.
For an imidazolate form, 4-Melm (0.2 M) an_-histidine

(0.2 M) was dissolvedn 5 M NaOH(D) solution. The
spectrum of each solvent was measured and subtracted from
that of the sample to eliminate high background absorption.
Crystalline pL-histidine was measured as a KBr disk.
Crystalline N-deuteratedL-histidine was prepared by re-
crystallization from a RO solution. The spectral resolution

was 2 cnrl. T T T
1800 1700 1600 1500 1400 1300 1200

RESULTS Wavenumber/cm™
FiGure 2: Flash-induced $S; FTIR difference spectra (1260
Identification of a Histidine Band around 1100 cin 1800 cn1?) of the OEC in PS Il preparations: (a) PS Il membranes
Figure 2a shows flash-induced FTIR difference spectra from unlabeled (solid line) and globallyN-labeled spinach (dotted

1 ) " line) and (b) PS Il core complexes from unlabefyghechocystis
(1200-1800 cnt”) upon the $to-S; transition of the OEC  gg33" jis (solid line) and from cells in which both imidazole

measured using PS Il membranes from unlabeled andpitrogen atoms of histidine were selectively labeled with (dotted
globally **N-labeled spinach (solid and dotted lines, respec- line). Samples included ferri- and ferrocyanide (1:9). The sample

tively). The spectra in this region exhibit only the OEC temperature was 250 K, and a difference spectrum was obtained
signals, because ferricyanide in the sample functions as arg®> 2" after-rlnlnus-lbefore S'”%Je'ﬁﬁ’]“'se illumination (532 nm, 7 ns).
exogenous electron acceptor and the non-heme iron, which e spectral resolution was 4 Cf

could be an endogenous electron acceptor if preoxidized, wag30). A similar band at 1104 cnt appeared in the same type
maintained in a reduced state by controlling the pH (pH 5.5) of difference spectrum obtained from isolated @y, of
of the buffer and its redox potential using ferrocyanide ps || (30). The light-induced difference spectrum of the non-
(ferrocyanide:ferricyanide ratio of 9:1p9). Because this  heme iron of PS I (FE/Fe*) (28, 29) also exhibited
study focused on relatively weak bands in the regions of prominent bands at 1111/1102 and 1094 &mvhich have
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1000-1200 and 24062850 cm* (vide infra), the PS Il peen assigned to the neutral and deprotonated forms of
sample was loaded with an amount such that the absorptionnistidine, respectively28). Thus, a band representing a
at the amide | peak¢1650 cnt) was saturatedX~ 1.6). histidine side chain around 1100 chshould also appear

Hence, the relative intensities of the bands were not reliablen the S/S, difference spectrum if the histidine ligand is
around 1650 cm', although the overall features of the attached to the redox-active Mn ion in OEC.

spectrum and the peak positions were identical to those The spectral region of 10501150 cnit of the S/S;
reported 21, 22). Signals were prominent in the amide | spectra of PS Il membranes from unlabeled ¥htlabeled
region (1606-1700 cn1™), in the amide Il and asymmetric  spinach is presented in traces a and b of Figure 3,
carboxylate stretching region (1560600 cn?), and inthe  yespectively. A dark-minus-dark difference spectrum of
symmetric carboxylate stretching region (135450 cn™) unlabeled PS Il membranes is also presented in Figure 3c,
(21, 22). Upon**N-labeling, significant changes around 1550 showing the noise level of the./S, spectra in Figure 3a.
cm™* were caused by the contribution of the amide Il bands The most prominent change up8il-labeling was the shift
(coupled mode of NH bending and €N stretching  of a negative band at 1114 cinto a lower frequency by 7
vibrations) of backbone amide&3). cm! (Figure 3a,b). This downshift value was the same as
Metal complexes with histidine ligands have been reported those of the 1111/1102 and 1094 ¢hbands observed in
to exhibit characteristic FTIR signals of the imidazole ring the Fé"/Fe** spectrum of PS Il and a band at 1066 ¢rof
around 1100 cm! upon redox change of the metal id2B- imidazole upon'®N-labeling 8). Thus, the band at 1114
30). The oxidized-minus-reduced FTIR difference spectrum cm™in the S/S; spectrum probably represented the imida-
of the bis(4-methylimidazole) complex of iron protoporphyrin - zole mode of a histidine side chain. A positive counterpart
IX [FePP(4-Melm)] exhibited a strong band at 1103 cin of the negative band at 1114 chwas not discernible around
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histidine were selectively labeled witPN (dotted line). The
spectral features were basically the same as those of spinach
(Figure 2a), although the amide | region differed somewhat,
probably due to species specificity (higher plants vs cyano-
a bacteria) and the nature of the preparations (membranes vs
core complexes). In contrast to globdN-labeling of the
spinach membranes (Figure 2a), selecfitid-labeling of

1114 histidine in the Synechocystiscore complexes did not
b significantly change the )55, spectrum (Figure 2b). This
observation confirms the notion that most of the changes

By that occurred in spinach membranes upon gléidlabeling
M (Figure 2a) are due to isotopic substitution of the backbone
d

[ |
4x107°

nitrogen atoms. The 5, spectra of theSynechocystisore
complexes included some contamination by acceptor-side
signals, which are typically seen at about 1480 tnfue to
Qa/Qa (31, 32) and at about 1330 cm due to Fé"/Fe**

(28, 29) (Figure 2b). Since @ was absent in this core
preparation, electron abstraction from Ky ferricyanide may

be more difficult than in the membrane preparation, causing
a small amount of @ to remain during the measurement.
Also, modification of the @binding site may affect the
redox potential of the non-heme iron, and some of the iron
centers are preoxidized to become functional as an endog-
enous electron acceptor in PS Il. The contamination By/Fe
Fe** signals was also seen in the region around 1100'cm
(vide infra). Amounts of contamination varied among spectra,
resulting in small differences in intensity at about 1480 and

1100 1330 cm? (Figure 2b). Because of interference from these
T T T T T contaminating signals, histidine bands could not be unam-
1140 T120. 1100 1080 1080 biguously identified at 12061800 cn1! by taking the double
Wavenumber/cm: difference between the two spectra in Figure 2b.
Ficure 3: Flash-induced £S, FTIR difference spectra (1050 The S/S; spectrum in the region around 1100 chof

15N-labeled spinach (b) and/S,; spectra of PS Il core complexes : . .
from unlabeledSynechocystisells (d) and from cells in which both presented in Figure 3d. A negative band at 1113“cm

the imidazole nitrogens of histidine were selectively labeled with corresponded to the 1114 ciband of spinach PS II
15N (e). The measuring conditions were the same as those describednembranes (Figure 3a). This band was clearly downshifted
in the legend of Figure 2. (c) Dark-minus-dark difference spectrum by 7 cnt® upon [°N]His labeling (Figure 3e), providing

of urtllabeled A'ES I dq:embranes t;}epresenting t:}he ngise '%V%: fOfdefinitive evidence that the band arises from the vibrational
spectrum a. conaitions were e same as 0Se descripe ormode Of the imidazole ring Of hlSt|d|ne

spectrum a except for the absence of illumination. (f) Flash-induced -
Fe**/Fe difference spectrum of Mn-depleted PS Il core complexes  In the S/S; spectrum ofSynechocystigFigure 3d), there
from unlabeledSynechocystisells. The sample included ferricya-  was another prominent band at 1100 ¢énwhich was absent

nide. The spectrum was measured 404 and the resolution was i the spectrum of the PS Il membranes from spinach (Figure
4 e, 3a). This band was also downshifted by 7¢mpon [5N]-
1100 cnt?, suggesting that the 1114 cfband was due to  His labeling (Figure 3e). The same band appeared at 1100
an intensity change of the underlying original band rather cmin the Fé*/Fe*" spectrum measured using Mn-depleted
than to a shift in peak position. This is in agreement with core complexes odynechocysti@~igure 3f). Therefore, the
the reported examples of FePP(4-Mein@yt bsse, and F&"/ 1100 cnt! band in the 8S; spectrum in Figure 3d originated
Fe*t of PS II, in which the intensity of the imidazole band from histidine ligands of the non-heme iron that arose as
around 1100 cmt changed upon a redox change of the metal contamination from F&/Fe** signals. This frequency of
ion (28—30). 1100 cmt is slightly lower than that of the 1103 crhband
Since in the above experiment, nitrogen atoms in the PSin the spinach membranes at a similar pH (pH3%) 9),
I membranes were globally labeled wittN, the possibility suggesting structural perturbation around the iron center in
that the shifted band arose from moieties other than imidazolethe core preparation ddynechocystisSuch a disturbance
that included nitrogen cannot be excluded. Hence, for could change the redox potential and hence produce a
definitive assignment of the band to histidine, a spectrum of population of preoxidized iron centers. As judged from
the PS Il sample in which only histidine side chains are described §€/S,Fe*" spectra 29), contamination by the
isotope labeled must be measured. We measured the speaon-heme iron signals accounted for less than 20% of the
trum under such conditions using PS Il core complexes from full population. We emphasize that the 1113 énband
the cyanobacteriunBynechocystif€#CC 6803. Figure 2b  assigned to the 45, signal of OEC was absent in the
shows 9/S; spectra (12061800 cm?) of the PS Il core spectrum of the Mn-depleted PS Il (Figure 3f). Although
complexes from unlabele8ynechocystisells (solid line) the observation that the contamination signal of the non-
and from cells in which both the imidazole nitrogens of heme iron at 1100 cnt is larger than the 1113 crhisignal
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of S/S; seems odd, it is explained by the fact that four
histidine ligands contribute to one non-heme iron center. In
addition, the signal intensity in a difference spectrum
generally does not directly reflect the intensity of the original
band.

Model Compounds of a Histidine Side Chain and the Effect
of N-Deuteration The imidazole side chain of histidine in
its neutral state can take two tautomeric forms depending
on the site of protonated nitrogen. These arepxbtonated
(Figure 1a) and N-protonated forms (Figure 1b). When both

nitrogen sites are protonated and deprotonated, the histidine

side chain assumes cationic imidazolium (Figure 1c) and
anionic imidazolate forms (Figure 1d), respectively. A simple
model compound of the histidine side chain, 4-methylimi-
dazole (Melm), is in tautomeric equilibrium with 5-Melm
in aqueous solution. The structures of 4- and 5-Melm
correspond to i+ and Nz-protonated forms of histidine,
respectively (Figure 1a,b). FTIR bands around 1100%m
of 4- and 5-Melm in HO measured at 278 K are shown in
Figure 4a (thin line). Two bands of nearly equal intensity
appeared at 1087 and 1104 ¢inThese bands have been
attributed to 4- and 5-Melm, respectively3). In fact, only
the band at 1087 cm is observed in crystalline 4-Melm
(33). According to the recent vibrational analysis by Majoube
et al. @3), the 1087 cm! band of 4-Melm and the 1104
cm~! band of 5-Melm arise mainly from C5\1 stretching
vibration. (See Figure 1a for the numbering of atoms. The
numbering of 5-Melm follows that of 4-Melm in this study
for simplicity. The C5-N1 bond in 5-Melm corresponds to
the C4-N3 bond in the original numbering of 5-Melm in
ref 33) An FTIR spectrum of the N-deuterated forms of 4-
and 5-Melm measured inJ solution at 278 K (Figure 4a,
thick line) exhibited two bands at 1097 and 1103 ¢nwhen

the temperature of the solution was lowered to 77 K, the
equilibrium of the two tautomers changed and the relative
intensity of the lower frequency band at 1097 ¢érin D,O

as well as the band at 1087 chin H,O (1090 cm* at 77

K) decreased (Figure 4b). This suggests that the bands a

1097 and 1103 cmt in D,O correspond to the bands at 1087
and 1104 cm! in H,0, respectively. These results indicate
that the G-N band of 4-Melm upshifts by 10 cm upon
N-deuteration while that of 5-Melm is essentially unaffected
by N-deuteration.

This assignment of N-deuterated 4- and 5-Melm was
confirmed by measurements dafL-histidine. An FTIR
spectrum obL-histidine in HO revealed two bands at 1090
and 1106 cm?® (Figure 4e, thin line), which were assigned
to Nz- and Nz-protonated histidine, respectively. Upon
N-deuteration (Figure 4e, thick line), the major band at 1090
cm ! shifted to 1096 cmt, whereas the minor band at 1106
cm~*was essentially unaffected. Furthermore, crystabine
histidine, which has an Nprotonated form34), exhibited
only the lower-frequency band at 1093 thwhich shifted
upward by 5 cm! upon N-deuteration (Figure 4f). From
these observations, it is concluded that theNCband at
1087-1093 cn1! of Nz-protonated histidine or 4-Melm
upshifts by 5-10 cnT? upon N-deuteration, whereas the band
at 1103-1106 cni! of Nzz-protonated histidine or 5-Melm
is essentially insensitive to N-deuteration.

Traces c and g of Figure 4 (thin line) are FTIR spectra of
4-Melm andbL-histidine, respectivelyni1 M HCI. Under
acidic conditions, both imidazole nitrogen atoms are proto-
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FicUrRe 4: C—N stretching region (10601140 cnt?) of FTIR
spectra of 4- and 5-Melm {ad) andpL-histidine (e-h) and the
S,/S; difference spectra of OEC (i). Each panel shows one spectrum
in H,O (or N-protonated form) (thin line) and another in@ (or
i\l-deuterated form) (thick line). (a and b) 4- and 5-Melm (0.5 M)
in H(D),O at 278 (a) and 77 K (b). 4-Melm is in tautomeric
equilibrium with 5-Melm in H(D}O. (c) 4-MelmH(D)" (0.5 M)
in 1 M H(D)CI. (d) 4-MelnT (0.2 M) in 5 M NaOH(D). (e)pL-
His (0.2 M) in H(D)O. (f) CrystallinepL-His and its N-deuterated
form. (g) bL-HisH(D)* (0.2 M) in 1 M H(D)CI. (h) bL-His™ (0.2
M) in 5 M NaOH. Spectra €h were measured at room temperature.
(i) So/S; spectra of PS Il membranes from spinach in B@puffer
measured at 250 K. The inset shows the asymmetric carboxylate
stretching region of the £, spectra, showing the 1579 ciband
characteristic of the deuterated OEZ2),

nated and an imidazolium form is produced (Figure 1c). As
expected, only one band appeared at 1089'cm 4-Me-
ImH* and at 1094 cmt in HisH*. These bands were located
at frequencies slightly higher than those of theotonated
forms of respective compounds measured at similar temper-
atures (traces a and e of Figure 4). Upon N-deuteration, the
bands shifted upward by 19 and 16 ¢hn 4-MelmD* and
pL-HisD", respectively (traces ¢ and g of Figure 4, thick
line). These shifts were about twice as large as those of the
Nz-protonated neutral form (510 cnT?).

4-Melm (Figure 4d, thin line) andL-histidine (Figure 4h,
thin line) in 5 M NaOH exhibit bands at 1101 and 1104
cm 1, respectively. Under alkaline conditions, the imidazole
ring is deprotonated and an imidazolate form is produced
(Figure 1d). These frequencies were slightly lower than those
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of the Nz-protonated forms of each compound (traces a and
e of Figure 4). The frequency did not shift when these

compounds were dissolved in NaOD (traces d and h of Figure
4, thick line), in agreement with the absence of protons in

the imidazolate form.

The effect of H-D exchange on the histidine band at 1114
cmtin the S/S, difference spectrum of the PS Il membranes
is shown in Figure 4i. Sufficient deuteration of OEC was
confirmed by the appearance of the 1579 ¢imand (inset),
which is typical of a deuterated/S, spectrum and has been
attributed to the asymmetric stretch of a carboxylate ligand
strongly hydrogen-bonded with wate2d). The 1114 cm!
band in HO buffer (Figure 4i, thin line) was not affected
by deuteration (Figure 4i, thick line). The 1113 chband
of Synechocystisore complexes (Figure 3d) also did not
change upon HD exchange (data not shown). This insen-
sitivity to deuteration agrees with the results of the-N
protonated and imidazolate forms of histidine. Note that the
other changes in this region caused byBlexchange (e.g.,
the band appearing at 1095 cinFigure 4i) probably arose
from other protein bands that are sensitive to deuteration.
Only the 1114 cm! band was definitely assigned to histidine
in this spectral region (vide supra).

Hydrogen-Bonding NH Stretching RegianWhen an
N—H group of imidazole compounds is involved in strong
hydrogen bonding, a broad-N\H stretching band appears
around 2800 cmt with a number of sub-bands, while an
N—H group free from hydrogen bonding exhibits a narrow
band at about 3500 crh(33, 35—38). These sub-bands have
been explained to arise from Fermi resonance of overtones
or combinations of fundamental vibrations with the super-
imposing N-H stretching vibration35—37). Figure 5 shows -1
S,/S, difference spectra in the region between 2400 and 2850 Wavenumber/cm

cm L. The spectrum of unlabeled PS Il membranes from g'gGSUgE 5:1)F|?SPrgiTlducedbﬁ FTf'R diﬁe:egc:a gqe)c”ad(zdieg i
. ) : - cntd) o membranes from unlabeled (a) and globally
spinach (Figure 5a) shows a structure with positive or 15N-labeled spinach (b)..£5; spectra of PS Il core complexes from

negative peaks at 2806, 2765, 2758, 2727, 2692, 2638, 2613 nlabeledSynechocystisells (d) and from cells in which both
and 2584 cm! on a broad positive background. Figure 5¢ imidazole nitrogen atoms of histidine were selectively labeled with
shows the noise level of this spectrum as a dark-minus-dark™N (e). Measuring conditions were the same as those described in

difference spectrum. Frequency regions above 2850tem i€ UL BT L OIS B T e o e nose.lovel of
cause extremely high noise due to water absorption and thu%pectrum a. All conditions were the same as those described for

are not shown in Figure 5. Upon globidN-labeling of the  spectrum a except for the absence of illumination. (f) Flash-induced
PS Il membranes, all the above peaks downshifted by 10 Fe**/Fe* difference spectrum of Mn-depleted PS Il core complexes

30 cnt! (Figure 5b). The 8S; spectrum of PS Il core form unlabeledSynechocystisells. Measuring conditions were the
complexes fromBynechocystigFigure 5d) contained peaks same as those described in the legend of Figure 3f. The spectrum

AA

2800 2700 2600 2500 2400

.. . . ... was normalized with spectrum d to adjust the intensity of the
at positions similar to those of the spinach membranes with istidine peak at 1100 crh (Figure 3d.f).

a similar broad background. These peaks also downshifted

upon [N]His labeling (Figure 5e), like they did upon global
15N-labeling. Although the $S; spectra of th&Synechocystis

form) and that this N-H group is hydrogen bonded.
Several explanations can account for the origin of the

core complexes include some contamination from non-hemebroad background observed in frequencies above 2506 cm

iron signals as described above, the*'fiee’ spectrum

(traces a, b, d, and e of Figure 5). One is theH\stretching

measured with Mn-depleted core complexes (Figure 5f) did band itself that should underlie the Fermi resonance peaks.
not reveal either detectable peaks or a broad background. ItStronger hydrogen bonding of the histidine-N upon $
is noted that because the non-heme iron center seemed rathdormation will shift the broad N-H band to a lower
modified in this core complex oSynechocystjsfurther frequency with an increase in intensity, which could result
studies are necessary to confirm the absence of bands in thign the broad positive feature seen in Figure 5. Another
region of an intact Fe/Fe*" spectrum. possibility is that this band arises from-¥H groups other
The above results indicate that the peaks observed in thethan histidine or the ©H groups of water and proteins. The
region of 2508-2850 cnt? originated from the histidine side  broad feature could result from local changes in hydrogen
chain in OEC and can be ascribed to Fermi resonance peak$onding interactions among these groups or from overall
on a hydrogen-bonding NH stretching band. The presence changes in the hydrogen bonding network as seen in various
of these peaks provides evidence that at least one of the twostrongly hydrogen-bonding systeng9). Indeed, Breton and
imidazole nitrogens is protonated (i.e., not in the imidazolate Nabedryk 40) recently observed broad positive bands in the
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Table 1: Frequencies of-€N Stretching Bands of 4- and 5-Methylimidazole and Histidine

H>0O solution or D0 solution shift upon protonated

N—H form or N—D form N-deuteration nitrogen(s)
4,5-Melm in H(DYO at 278 K 1087 1097 10 N(4-Melm)

1104 1103 -1 N (5-Melm)
4,5-Melm in H(DYO at 77 K 1090 1097 7 N(4-Melm)

1106 1106 0 N (5-Melm)
MelmH(D)" in H(D)CI solution 1089 1108 19 N N
Melm~ in NaOH(D) solution. 1101 1101 0 no protonation
pL-His in H(D).O 1090 1096 6 il

1106 1107 1 I
crystallinebL-His 1093 1098 5 Pl
pL-HisH(D)" in H(D)CI solution 1094 1110 16 N N
pL-His™ in NaOH(D) solution 1104 1104 0 no protonation
FePP(4-Melmyat pH(D) & 1103 1103 0 X
FePP(4-Melmyat pH 12 1099 - - no protonation
Cyt bsse (isolated) of PS Il at pH(D) 64 1104 1104 0 I
Fet/Fet of PS Il at pH 5.8 1111/1103 - - \E4
Fet/Fet of PS Il at pH(D) 8 1111/1102 1110/1103 -11 [\

1094 1093 -1 no protonation
OEC (S/S;) of spinach at pH 5.5 1114 1114 0 aN
OEC (S/Sy) of Synechocystiat pH 6.0 1113 1113 0 kol

aBerthomieu et al.30). » Noguchi and Inoue29). ¢ Hienerwadel and Berthomie2§).

region of 24006-3000 cnTtin Qa~/Qa and @ ~/Qg difference the non-heme iron of PS Il (pH 8) exhibits an additional
spectra of bacterial reaction centers and interpreted them asignal at 1094 cmt (28). These decreases in frequency are
being due to the redistribution of protons in a large web of thought to result from imidazolate formatio®g 30). Thus,

polarizable hydrogen bonds. metal binding does not seem to induce a significant change
in C—N frequency. In other words, the-N frequency is
DISCUSSION primarily determined by the protonation structure. Metal

IR Markers of Protonation Forms and Hydrogen Bonding coordination may affect the-€N vibration in a finer way,

of a Histidine Side Chair(1) C—N Stretching Band around but fu.rthe.r detailed studies are necessary to elucidate this
1100 cnt. Previous Raman studies have shown that the coOrdination effect.
C4=CS5 stretching band of the histidyl imidazole ringinthe ~ The effect of N-deuteration on the-@I band more clearly
region of 1565-1610 cm® can be used as a marker with distinguishes the protonation forms of histidine (Figure 4
which to distinguish M- and Nr-protonated forms4l, 42). and Table 1). While the frequency of therMrotonated form
However, the IR spectra of proteins generally have a high was little affected by N-deuteration (less tham cn?), the
level of absorption at this frequency due mainly to amide 1l Nz-protonated form exhibited an upshift of-80 cnm* upon
and carboxylate stretching bands. Therefore, the=C& N-deuteration. The upshift of the imidazolium form was even
band is not a useful marker of histidine structure in proteins larger (16-19 cnt?), whereas N-deuteration did not affect
when using FTIR spectroscopy. This Study shows that the the frequency of the imidazolate form because attached
C—N stretching band around 1100 chtan be a useful IR protons were absent. These results indicate that the tendency
determinant of the protonation form of a histidine side chain Of the N-deuteration effect on the-@\ stretching frequency
(Figure 4 and Table 1). FTIR measurements for the model Of histidine can be summarized as follows: imidazolium
compounds, 4- and 5-Melm amd-histidine, indicated that ~ (15—20 cnt?!) > Nrz-protonated (510 cnt') > Nz-
the Nz-protonated form (Figure 1b) has a band at 1204 protonatedv imidazolate {-0 cnm Y. This relationship holds
1106 cnt?, while the Nr-protonated form (Figure 1a) has a €ven when the imidazole ring coordinates a metal ion, as
band at the lower frequency of 1087093 cm®. Also, the ~ seen in FePP(4-Melm)isolated Cytsse of PS 11 30), and
imidazolium form (Figure 1c) has a band at a frequency the non-heme iron of PS I2@) (Table 1).
slightly higher than that of the Nprotonated form, while The above N-deuteration effect can be explained by normal
the imidazolate form (Figure 1d) has a band at a slightly mode assignment. The bands around 1100%cnf 4- and
lower frequency than the adprotonated form. Thus, the 5-Melm are mainly caused by the €8I1 stretching vibra-
order of C-N frequencies of the imidazole ring of histidine tion (33) (see Figure 1a for numbering). This vibration will
tends to be as follows: atprotonated ¥1100 cn?) > be affected by deuteration at the N1 site in the(NL)-
imidazolate> imidazolium> Nz-protonated £1095 cnt?). protonated form (Figure 1a), but will be rather insensitive
Other studies of imidazotemetal complexes in model to deuteration at N3 in the &{N3)-protonated form (Figure
compounds and proteins also show this tendency (Table 1).1b). The upshifting tendency of the €81 band upon N1-
FePP(4-Melmy) at pH 8 @0), isolated Cythssg of PS Il at deuteration may result from decoupling of the mixee
pH 6.4 30), and the non-heme iron of PS Il at pH 528, bending vibration upon deuteration. Indeed, normal mode
in which imidazole ligands are considered to take anr N calculation of 4-Melm 83) and 4-Etim 43) at the ab initio
protonated form, have-€N stretching bands at 1163111 level predicted an upshift of the E3N1 mode by 46 cn?
cmtin FTIR difference spectra upon a redox change of the upon N1-deuteration. The N-deuteration effect was almost
central metal. When the pH is increased, theNCfrequency doubled in the imidazolium, as compared with that in the
of FePP(4-Melmy) (pH 12) decreases to 1099 ch{30) and Nz-protonated form. Presumably, the-® band around 1100
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cm! of the imidazolium form includes contributions from B
both the C5-N1 and C4-N3 vibrations, and hence, both
N1- and N3-deuteration affect frequency. ,'

(2) Fermi Resonance Peaks on a Hydrogen-BondinrgiN H
Stretching BandA hydrogen-bonding N-H stretching band /
exhibits a broad feature with a number of subpeaks at2400 N
3300 cntl. This feature has been attributed to the Fermi
resonance of overtones and combinations of imidazole ring
modes with the N-H stretching vibration 35—37). While
it is not easy to identify a broad hydrogen-bonding-iN /
band itself in proteins in aqueous solution, the presence of T
Fermi resonance peaks is a good indication of an underlying N
N—H band. Thus, Fermi resonance peaks are a useful marker
of the hydrogen-bonding NH group of a histidine side ;
chain. Indeed, we have recently used the Fermi resonance I
peaks to detect a hydrogen bonding interaction between the Mn
Qa carbonyl and the histidine NH in PS 1l core complexes  FIGUREG: Proposed structure of a histidine ligand of the Mn cluster.
(44). Detection of an N-H group using Fermi resonance B represents an unidentified hydrogen-bond acceptor.
peaks can also distinguish an imidazolate form that does not
have an N-H bond. This procedure is especially useful in
distinguishing between thesNprotonated and imidazolate L) s )
forms, both of which have relatively close-@l frequencies ~ the $/Sispectrum is a ligand of a €aion or is structurally
and exhibit no N-deuteration effect. coupled to the Mn cluster through a hydrogen bonding

Structure of the Histidine Side Chain in the OES&lective ~ N€WOrk. Indeed, we recently showed that signals of a
15\-labeling of histidine side chains of PS Il core complexes Yrosine residue (most likely 2, which is structurally
of Synechocystitogether with globatsN-labeling of PS I poupled to the Mn cluster but is not a ligand, are included
membranes of spinach has identified histidine signalsfn s 1N the $/Si FTIR spectrum 23).

residue or a water molecule (expressed as B in Figure 6).
The possibility cannot yet be ruled out that the histidine in

S, FTIR difference spectra. A negative band at 131314 Site-directed mutant-11) and chemical modification
cm! (1113 cm?! in Synechocystiand 1114 cm! in (13, 15 studies have proposed that D1-His332 and D1-
spinach), which was downshifted by 7 chmupon >N- His337 are candidate histidine ligands of the Mn cluster. D1-

labeling (Figure 3), was assigned to the K stretching mode ~ His190 has also been proposed to be a possible ligand of
of a histidine side chain. Also, several peaks at 252850  the Mn or an immediate proton acceptor foz (8, 45, 46).
cm L, all of which were downshifted upo®N-labeling Thus, one of these residues is most likely responsible for
(Figure 5), were attributed to Fermi resonance peaks the histidin_e signal observed in this study. The presence of
superimposed on a hydrogen-bonding M stretching band ~ ©nly one histidine band of OEC near 1100 chaloes not
of the imidazole ring. The structure of the histidine side chain Necessarily indicate that the Mn cluster has a single histidine
responsible for these signals can be determined using theligand. Because thef5; spectrum detects only the vibra-
above criteria. The relatively high frequency at 121314  tional modes affected by,Sormation, histidine ligands of
cm ! and its insensitivity to HD exchange (Figure 4i)  the redox-inactive Mn ions, if any, may not appear. Also,
indicated that the imidazole ring of this histidine has an N~ more than one histidine residue with a similar structure may
protonated form (Table 1). The observation of Fermi contribute to the 11131114 cn* band.
resonance peaks on the hydrogen-bondirgH\stretching In conclusion, FTIR signals of a histidine side chain were
region also confirms the presence of-N group and identified in the &S, FTIR spectrum and its protonation
provides evidence that the-NH is hydrogen bonded. This  structure and the nature of its hydrogen bonding interaction
structure is considered to remain in botha&hd S states, were determined. The IR markers of histidine presented in
because the negative band at 141314 cmt in the S$/S; this study will be useful for investigating the reactions of
difference spectrum appeared as an intensity decrease of théistidine residues that are expected to be directly involved
original band and no other signals could be assigned toin Oz-evolving reactions in higher S states.
histidine around 1100 cm.
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