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ABSTRACT. FTIR difference spectra due to light-induced Tformation were measured in control PS |l
membrane fragments and in samples where the magnetic interaction with the non-heme iron center in its
high-spin Fé* state is eliminated by three different methods, i.e., extraction of the non-heme iron center,
treatment with cyanide, and incubation at high pH (gHL1). The results obtained reveal that (i) the
most pronounced band at 1479 chreflecting the G-O stretching mode of Q" in the semiquinone

anion radical remains invariant to “iron depletion” while it shifts by 4 and 2 tto lower frequencies

upon cyanide and high pH treatments, respectively, (ii) peaks observed in the 2800 cnT?! region

which arise from Fermi resonance of harmonics and combinations of the imidazole ring modes with the
hydrogen-bonding NH stretching vibrations are not affected upon iron depletion but are lost in cyanide
and high pH-treated samples, and (iii) all three treatments give rise to some similar changes in the
amide | bands of the protein backbones and in imidazole ring modes of the coupled histidine. These
results show that the hydrogen-bonding interaction @f @ virtually unaffected upon non-heme iron
depletion; in particular, the strong hydrogen bond betwegmi@ a histidine side chain (most likely His

215 of the D2 subunit) is not changed. In marked contrast, drastic changes take place in the hydrogen
bonding between Qand His upon CN and high pH treatments. The straightforward interpretation is
that the hydrogen bond is lost upon these treatments. Despite the striking difference in the effect of
hydrogen-bonding interaction, all three treatments lead to similar structural pertubations on the protein
conformational changes due tg Qformation and ring vibrations of the coupled histidine side chain. On

the basis of the data presented in the study, it is inferred that, concerning the hydrogen bond interaction,
the microenvironment of Q" is close to the native state when a suitable iron depletion is performed.
Accordingly, the previously reported conclusion on the hydrogen-bonding pattern, ofirQPS Il
[MacMillan, F., Lendzian, F., Renger, G., and Lubitz, W. (198%)chemistry 348144-8156] studied

by using iron-depleted preparations most likely reflects the situation in an intact PS Il

The essential steps of photosynthetic water cleavage takgPQH,) (for a recent review, see rdf). The latter process
place in a multimeric protein complex, photosystem Il occurs via a sequence of two single electron transfer steps
(PS 1)} which is anisotropically incorporated into the at a plastoquinone (PQ) molecule transiently bound to a
thylakoid membrane. The overall reaction in PS Il leads to special protein pocket referred to as these. This process
formation of molecular oxygen which is released into the is driven by the semiquinone anion radical Qacting as
atmosphere and bound hydrogen in the form of plastoquinol reductant (for reviews, see refaand3). The functional and
structural organization of PQHormation in PS 1l closely

T This work was supported by the Eminent Scientist Program of rasembles that of UQHnN anoxygenic purple bacteri@
RIKEN (to G.R.), by the Deutsche Forschungsgemeinschaft (G.R. and 5) Likewi in both the elect t fer fromt
J.K.), and by grants for Photosynthetic Sciences and the Biodesign D). Likewise, in both cases, the electron transfer from'Q

Research Program at RIKEN given by the Science and Technology to Qg appears to be coupled with marked dynamic structural

Agency (STA) of Japan (T.N. and Y.1.). changes of @ (6—8). Another characteristic feature is the
Corresponding author. ; resence of a high-spin non-heme iron which is located
*The Institute of Physical and Chemical Research. p gh-sp _ _
8 Technical University Berlin. between Q and (. In purple bacterial reaction centers (RC)

! Abbreviations: Chl, chlorophyll; CW, continuous wave; DCMU,  this Fe&* is known to be coordinated by four histidine

3-(3,4-dichlorophenyl)-1,1-dimethylurea; ENDOR, electron nuclear : :
double resonance; EPR, electron paramagnetic resonance; ESEEMreSIdueS (two from each of the L and M subunits of the

electron spin-echo envelope modulation; FTIR, Fourier transform heterodimer forming the RC apoprotein) and one glutamate

infrared; PS I, photosystem II; P680, primary donor of PS Ii;&hd (9, 10). An analogous ligation of F& by four histidines from

Qs, p”ma%au”dlsetconqaﬁlf Quinone acceptors '“UP(;H'J'B.PQ’ Fl"aSto‘ polypeptides D1 and D2 is assumed to exist in PS}/5]
quinone; plastoquinol; , reaction center; Iquinol; h . . .

WOC, water-oxidizing complex; ¥and Yo, tyrosine 161 of the D1 while the glutamate is replaced by bicarbonate as a bidentate

and D2 proteins, respectively. ligand (11). The latter change is probably a major factor
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which is mainly responsible for the marked shift of the redox membrane fragments. FTIR difference spectroscopy provides

potential of the non-heme iron toward lower values in PS Il the most promising tool to achieve this goal. The present

(12—-14). study provides results obtained in iron-depleted and-CN
The functional role of this iron center is not yet clarified, treated samples and of PS Il membrane fragments where the

but regardless of this unresolved problem, it is very important magnetic interaction of Q" with high-spin Fé* is elimi-

for the application of different spectroscopic techniques as nated by pH= 11 treatment Z0). They show that the

analytical tools for studies of PS Il. Two opposite effects hydrogen bonding of Q" remains virtually unaffected by

arise: (i) the “replacement” by/Fe offers the possibility of  removal of the non-heme iron, whereas more severe changes

applying Massbauer spectroscopy to analyze the coordination arise due to pH= 11 and especially CNtreatment.

sphere of the non-heme iron centd5) and the protein

dynamics and studying its correlation with electron transfer MATERIALS AND METHODS

from Q,° to Qg in both purple bacterial@) and PS Il 8,

17); (i) on the other hand, the magnetic moment of the high-

spin F&" leads to strong magnetic coupling with other radical

species and thereby hampers the application of sensitive

magnetic resonance methods. In principle, three basically

different methods can be used to circumvent the latter . . .

problem: (i) transfer of the high-spin to the low-s[@8r= 0 the PS Il membrane fragments twice with LIGICL10-

form by treatment with high concentrations of cyanidg, ( phhepanlthrollin.e, and cohnalbumilj ?S outlined iném(;Aft(]e-g M
19) or high pH (pH 11) 20), (ii) replacement of F& by the final isolation step the material was suspended in 10 m

diamagnetic cations like 2h (21, 22), or (iii) removal of MES—NaOH (pH= 6.5), 15 mM NaCl, 4 mM MGl anq
the non-heme iron centeRd, 24). The latter goal was 0.4 M sucrose. These samples were frozen in small aliquots

achieved by the development of a specific method which " !iquid nitrogen and stored at80 °C until used.

permits the extraction of the non-heme iron below the After thawing, 60uL of the control (8.3 mg of Chi/mL)

detection limit of Mssbauer spectroscopg4). The heme  Or 1004L of iron-depleted PS Il membrane fragments (5

iron is not extracted. Therefore, this sample type is referred Mg Chl/mL) was washed once with a buffer solution

to as “iron depleted” to indicate that they are lacking only C€ontaining 20 mM NaCl, 400 mM sucrose, and either 40

the non-heme iron. mM MES—NaOH (pH= 6.5) or 40 mM Tris-HCI (pH=
Using the “iron depletion” method, pulsed EPR spectro- 8.5), centrifuged, and resuspended in 1 mL of the same

scopic studies could be performed to unravel the distancesPuffer- For the cyanide treatment, the Mn cluster was
from Qj * to P680* and @ * to yOX A precise value of 27 removed by incubating the membranes (0.5 mg of Chl/mL)
A z -

+ 0.3 A was determined for the distance betweet @nd in 0.8 M Tris-HCl (pH 8.'5) fq 1hon |ceunder_rqom light
P680- wh O A followed by resuspension in a buffer containing 60 mM

o whereas only an e§t|mat|g>[1 of 35 3 A could pe Hepes-NaOH (pH 8.0), 400 mM sucrose, and 10 mM NacCl.
achieved for the rac:hcal pairQ Yz ° (25). A more precise The Tris-treated membranes were then incubated with 350
value for the latter distance (34 1 A) was recently obtained mM KCN at pH 8.0 for 3 h orice. The high pH treatment
f(?r pH = 11 trfeate%d samplesP%Lé%:[o ggsarklzeﬂggécebéated was done by resuspending the Tris-treated PS Il membranes
electron transfer from Y10 . (26). an in a buffer containing 50 mM glycineNaOH (pH 11), 400
ESEEM spectroscopies were applied to probe the microen- .\ sucrose, 10 mM NaCl, and 1 mM NaEDTA. Following
vironment of Q °. It was found that in iron-depleted PS Il 444ition of NHOH (10 mM) and DCMU (0.1 mM), the
membrane fragments the hydrogen bonding of" Qs above PS Il suspensions were centrifuged for 40 min at
somewhat altered compared with that of PQ-%n frozen 17000@. The pellet obtained was finally sandwiched be-
solution but similar to that of Q" in reaction centers from  tween a pair of Bafplates.
purple bacteriaq7). Likewise, the interaction with nitrogen FTIR spectra were measured with a JEOL JIR-6500
from the peptide backbone and possibly also with the N spectrophotometer equipped with a MCT detector (EG & G
of a histidine residue exhibits striking similarities in PS I Judson IR-DET 101) as described previous, (32). The
and purple bacteri&g). However, the above mentioned data sample temperature was adjusted to 250 K in a liquid N
might not reflect the in situ interactions of the intact system cryostat (Oxford DN 1704) using a controller (Oxford ITC
because the removal of the non-heme iron center is expectedyy pifference spectra were obtained by subtraction between
to F:hange its microenvironment. .ThIS mlghF also affect the e two single beam spectra (150 s accumulation for each)
neighborhood of Q°. A comparative analysis of the func-  measured before and after illumination with red CW light
tional pattern revealed that the kinetics of @rmation by (>600 nm) for 5 s. Two spectra measured with different
electron transfer from Pheo remain almost unaffected in  samples were averaged for each final spectrum.
iron-depleted PS Il membrane fragments whereas a marked
retardation is observed in CNreated samples2g). This RESULTS AND DISCUSSION
finding suggests that the iron-depleted preparation is superior _
for analyzing the environment of @, but it does not ~Iron-Depleted Samplesin order to obtain an FTIR
provide direct information on the extent of deviation from a difference spectrum of £ which s not “contag])!nated” by
native PS II. Therefore, it is highly desirable to use other redox-active species, e.g.2YYz or Y5 /Yp, the
complementary methods which are sensitive to structural samples were preincubated with DCMU (10W) and NH-
modifications near Q" and simultaneously permit com- OH (10 mM). The former substance prevents Q@eoxida-
parative studies between untreated and iron-depleted PS Ition by Qs (Qg°), and the latter one destroys the water-

PS Il membrane fragments from spinach were prepared
according to the method of Berthold et &9] with slight
modifications as described in ref 30. Iron depletion was
performed by a method that is described in r28sand 27.

The iron depletion procedure was improved by incubating
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a closer inspection, the difference of the difference spectra
a and b (spectrum b minus spectrum a) was calculated and
depicted at the bottom (trace c) of Figure 1. The following
features emerge from these data: (i) Changes of theOC
stretching mode of Q" caused by the removal of the non-
heme iron are below the detection limit of the measurements.
(i) Some changes arise in the amide | region of the protein
backbone vibrations: a positive peak at 1637 trmand a
negative peak at 1658 crhbecome more pronounced, and
a negative peak at 1683 cfrbecomes less pronounced. (i)
Several peaks are detectable in the lower frequency region
at 1367/1336, 1251, 1183, 1105/1093, and 1046'dmthe
double difference spectrum.
The first result is of high relevance because it indicates
that the hydrogen bonding of the semiquinong®(see ref
- 27 and references therein) remains virtually unaffected by
s removal of the non-heme iron center. As a consequence, the
previously reported highly asymmetric hydrogen bonding of
Q, ° in iron-depleted sample27) most likely reflects the
g8 & g 8 pattern of native PS Il containing the non-heme iron.
’ A Ak The changes in the amide | region indicate some perturba-
tion of the protein conformation and/or its rearrangement
upon @ ° formation in iron-depleted samples. When con-
sidering possible changes in the structural response owing
e R A R to Q, " formation in iron-depleted PS Il membrane frag-
1800 1600 1400 1200 1000 ments, it appears worth taking into account modeling studies
on the geometry of the environment of theFand Q.. On
o ] the basis of recent proposal3s( 36) removal of the non-
FiGURE 1. Light-induced FTIR difference spectra of PS Il upon - heme jron center is expected to cause a loss of bicarbonate
Q, " formation measured in PS Il membrane fragments from 5,4 rearrangement of histidines 215 and 272 of polypeptide

spinach (trace a) and samples deprived from the non-heme iron L -
center (trace b). Trace c is the difference of the difference spectraP1 @nd histidines 215 and 269 of polypeptide D2 (for

a and b (spectrum b minus spectrum a). For experimental details,numbering of residues for higher plants, see B85).
see Materials and Methods. Accordingly, bands assigned to histidine vibrations are of

special interest. Recently, histidine bands were identified in
oxidizing complex (WOC) of the control sample (iron- the Q */Qa FTIR difference spectrum using PS Il core
depleted samples are already completely deprived of oxygenpreparations formSynechocystiPCC 6803 where the
evolution capacity; see ref 28) and simutaneously acts as anmidazole nitrogens of histidine side chains are selectively
electron donor, thus suppressing contributions due to light- |abeled with5N. The double difference spectrum of the
induced oxidation of tyrosinesz¥and Yo. This procedure g */Q, FTIR spectra betweetN-labeled and unlabeled
assures that J remains reduced for a long time. samples exhibits bands at 1474/1456/1444, 1359, 1256/1249,

The light-induced FTIR difference spectrum obtained in 1179/1169, 1109/1102/1090, 983/968, and 942 c(87).

the control samples at pH 6.5 is shown as the top trace The bands at 1367/1336, 1251, 1183, and 1105/1093 in
(a) of Figure 1. An inspection of these data readily shows Figure 1c are in correspondence with the above mentioned
that a band pattern emerges which is characteristic for thefrequencies of 1359, 1256/1249, 1179/1169, and 1109/1102/
difference spectrum of J/Qa in PS Il (33, 34), the most 1090 cn1* and are therefore most likely reflecting imidazole
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prominent positive peak at 1479 chreflecting the G-O ring modes of a histidine side chain. As a consequence of
stretching mode of Q' and the negative bands at 1644 and this assignment, the state of histidine residue(s) coupled with
1632 cnt! which are possible candidates for the=O Qa is inferred to become somewhat altered when the non-

stretching modes of neutral,QThe 1725/19 cmt bands in ~ heme iron center is extracted.

the range of protonated carboxylic group(s) (Asp, Glu  With respect to the nature of the histidines, the residues
residues) and of the ;=0 ester bond of pheophytin and which coordinate the non-heme iron appear to be the most
the characteristic changes at 1683 and 1673cim the likely candidates. Among them, His 215 and 269 of polypep-
amide | region and at 1559/1551/1544¢nn the amide || tide D2 are closest to [J. On the basis of recent Q-band
region are assigned as outlined in r&f8 and 34. The EPR spectroscopy in Zn-substituted reaction centers from
corresponding light-induced difference spectrum of iron- the purple bacteriumRhodobacter sphaeroideand the
depleted PS Il membrane fragments is shown in the middle known crystal structure, the,&-O oxygen was inferred to
trace (b) of Figure 1. At first glance it is readily seen that, form a strong hydrogen bond with His 219 of the M-subunit
with respect to the typical J/Qa bands, the spectrum (38). If one assumes an analogous structure for PS Il and
exhibits striking similarities to that of the control containing takes into account the similarities of the hydrogen bond
the non-heme iron whereas in the region of the amide | band pattern of Q * in purple bacteria and PS Il (see 12T and
differences between both samples emerge. In order to permitreferences therein), it is expected that His 215 of polypeptide
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Ficure 2: FTIR difference spectra of £J/Qa in the region of
hydrogen-bonding NH stretching modes (25@D00 cnt?): (a)
control sample at pk= 6.5; (b) non-heme iron-depleted sample at
pH = 6.5; (c) control sample at pH 8.0; (d) cyanide-treated
sample at pH= 8.0; (e) high pH-treated (pH= 11) sample
measured at pH= 11. For experimental details, see Materials and
Methods.

3000 2500

D2, which is equivalent to the above mentioned His 219 of
Rh. sphaeroidesexhibits the strongest interaction of the
histidine residues with Q". Accordingly, the vibrations of
His 215 (D2) are likely to be the most seriously affected
upon @ ° formation in PS I, thus giving rise to bands in
the Q, "/Qa FTIR difference spectrum. Upon removal of
the non-heme iron the vibrational modes of this histidine

Biochemistry, Vol. 38, No. 15, 19991849

iron-depleted PS Il preparation is depicted as spectrum b in
Figure 2. A comparison with the untreated control (spectrum
a) readily shows that the peaks on the hydrogen-bonding His
NH are not changed when the non-heme iron is properly
removed. This indicates that hydrogen bonding betwegn Q
and His (most likely His 215 of the D2 subunit) is hardly
affected by iron removal.

The data reported so far provide clear evidence for the
conclusion that both the €O interaction of Q° and
hydrogen bonding of the coupled His side chain remain
virtually unaffected upon non-heme iron removal. On the
other hand, vibrational modes of the imidazole ring of the
His and the conformational change of the protein are affected
by iron removal. However, these changes are not surprising
because ring modes of His are expected to be modified when
the metal coordination is lost and also the protein flexibility
around the non-heme iron should increase after its removal.
As a consequence, the response of these vibrationg fo Q
formation will be altered in the iron-depleted sample. The
seemingly puzzling findings of virtually invariant bands in
the NH stretching region together with ring modes which
are changed upon iron removal might be rationalized by the
possibility that the NH stretching mode is highly isolated
from other ring vibrations40) and thus less susceptible to
the change in the imidazole ring. This interpretation,
however, bears some problems because an isolated mode
should not contribute to Fermi resonance and the latter bands
are expected to undergo changes due to alterations of ring
modes. Therefore, it appears attractive to consider the
possibility that two different His residues (possibly His 215
and 269 of D2) contribute to the J/Qa FTIR difference
spectrum. This alternative would explain the incompatible
behavior of ring vibrations and the band in the NH region.

With respect to the histidines, another problem will be
briefly addressed, i.e., possible effects of protonation/
deprotonation reactions. Th&pralue for the protonation
of the imidazole moiety of histidines is about 6 in solution
while that for the deprotonation is much highetl). In
proteins, however, significant changes can arise, especially
by mutual interaction with other protonizable groups as
shown by detailed calculations for bacterial reaction centers
(42). An analogous effect could arise for the histidine ligands
of the non-heme iron center and changes expected after

are somewhat changed, as reflected in the double differencdts removal. Interestingly, the redox equilibrium between

spectrum shown in Figure 1c.
It is well known that a strongly hydrogen-bonding NH

group of imidazole compounds exhibits a broad NH stretch-

ing band at around 2800 crhwith a number of subbands

Q, Qs and QQg* was found to exhibit a marked pH
dependenced43—45) with a K value slightly higher than
7.6 @4). Accordingly, deprotonation of histidine residue(s)
in the alkaline might be involved in this phenomenon. It is

arising from Fermi resonance of overtones or combinations therefore attractive to analyze the FTIR difference spectra

of fundamental vibrations3@). The @, */Qa difference
spectra of the hydrogen-bonding NH stretching region
(2500-3000 cnt) are shown in Figure 2. Spectrum a

of control and iron-depleted PS Il membrane fragments at
higher pH. Check experiments of the flash-induced relative
fluorescence quantum yield revealed that the formation of

measured with control membranes at pH 6.5 exhibits peaksQ, * and its stabilization by addition of DCMU and N&H

at 2611, 2700, 2760, 2810, and 2940 ¢nT his assignment
has been proven by*N]His labeling to be derived from
the His modes37). The appearance of these peaks in the
Q, "/Qa difference spectrum indicates that (i) the His side

are virtually the same in the range from pH6.5 to pH 9

(Christen, Steffen, Kurreck, and Renger, unpublished results).
The FTIR difference spectra gathered at$H.5 for both

the control and iron-depleted samples and the double

chain is engaged in strong hydrogen bonding through the difference spectrum between them closely resemble those

imidazole NH group, probably to thesEarbonyl, and (ii)
the hydrogen-bonding structure is affected by @orma-
tion. The corresponding fJ/Qa difference spectrum of the

monitored at pH= 6.5 (data not shown). In particular, His
bands in the NH stretching region (2568000 cmt) and
the region of ring vibrations (10601400 cnt!) remain
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Ficure 3: Light-induced FTIR difference spectra of PS Il upon
Q, * formation measured in control PS Il membranes ati8.0
(trace a), cyanide-treated samples atpH8.0 (trace b), and high
pH-treated (pH= 11) samples (trace c) measured at gH11.
Traces d and e are the difference of spectra a and b (cyanide-treate
minus control) and spectra a and ¢ (high pH-treated minus control),
respectively. For experimental details, see Materials and Methods.
Inset: CN stretching region of the ,QQa spectrum of the
cyanide-treated sample at pH 8.0.

1800 1000

virtually unaffected. These findings indicate that no change
of the protonation state of the histidine(s) coupled fatékes
place when the pH is shifted from 6.5 to 8.5, and thus this
His residue is not directly related to the pH dependence of
the redox equilibrium between QQg and QQg .
Cyanide-Treated and High pH-Treated PS Il Membranes.
Figure 3 compiles the J/Qa difference spectra of Tris-

Noguchi et al.
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Ficure 4: Comparison of the €-O stretching band of semiquinone
in the Q, /Qa FTIR difference spectra of various samples: (a)
control sample at pk= 6.5; (b) iron-depleted sample at pH6.5;
(c) control sample at pi= 8.0; (d) cyanide-treated sample at pH
= 8.0; (e) high pH-treated (pH 11) sample measured atpHL.

1440 1420

the Mn cluster (the 33 kDa extrinsic protein is present in
the NH,OH-treated preparation but not in the Tris-treated
one) does not affect the Qa spectrum. A comparison of
spectra b and ¢ with spectrum a readily reveals that noticable
changes arise in the-€0 stretching band of Q" upon
cyanide and high pH treatment: the band at 1479im

the control sample undergoes downshifts to 1475 and 1477
cm ! in the cyanide-treated and high pH-treated samples,
respectively. These shifts are more clearly illustrated in the
expanded spectra in Figure 4. It shows that the@ band
position remains the same in the control at pH 6.5 (a) and
pH 8.0 (c) and in the iron-depleted samples (b). In marked
contrast, a significant shift by 4 and 2 cito lower
frequencies is observed in cyanide-treated (d) and high pH-
treated (e) samples, respectively. This observation indicates
that the mode of the hydrogen bonding 6f© in Q, " is
altered by both the cyanide and high pH treatments, more

%Irastically by the former than the latter treatment. Other

prominent changes in the Q'Qa spectrum upon cyanide
and high pH treatments were observed in the amide | region
(1600-1700 cn1?). Spectral changes were similar in both
spectra of cyanide-treated and high pH-treated samples
(Figure 3b,c): the band at 1683 chin the control spectrum
(Figure 3a) disappeared, and the intensity of the negative
band at 1658 crt and the positive band at 1633635 cn1?
increased.

Double difference spectra of JQa between the control
(pH 8.0) and CN-treated samples and between the control
(pH 8.0) and high pH-treated samples are presented in panels

washed PS Il membranes (spectrum a) and those of sampled and e of Figure 3, respectively. The band pattern was very

that were subsequently treated either with cyanide at pH 8.0
(spectrum b) or with high pH (pH 11) (spectrum c). The
control spectrum (Figure 3a) at pH 8.0 is virtually identical
to the spectrum at pH 6.5 (Figure 1a), indicating that the
difference of Tris washing and NI®H treatment to remove

similar between the two spectra. In particular, several bands
at 1106-1400 cn1?, which are most likely assigned to the
modes of the His side chaiBT), the 1633/1657 cnt bands

in the amide | region, and 154%/1552-4 cm ! bands in

the amide Il region are basically identical. Differential signals
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at 1472/1480 cm' (Figure 3d) and at 1473/1481 c
(Figure 3e) reflect shifts of the 1479 cfrband of the €-0 4). The smaller shift observed in the high pH-treated PS I
vibration of @, *. In marked contrast, such a shift is not membrane fragments might be due to the formation of new
observed for the iron-depleted sample (see Figure 1c). Onhydrogen bonding between a hydroxyl anion and" Qrhe
the other hand, the spectral features of the double differenceshift of the GO band to lower frequencies caused by the
spectra for all three sample types (iron depleted, CN treated,breakage of a hydrogen bond seems to be peculiar. However,
and high pH) are very similar (compare Figure 1c with Figure since this band is a coupled mode of twe~© and two
3d,e) in the amide | region and the region of imidazole ring C=C vibrations, a change in the symmetry of the molecular
vibrations. The latter observation indicates that all three interactions may significantly affect the direction of the shift.
treatments give rise to similar structural effects on the Further experimental and theoretical studies of this effect of
conformations of the surrounding protein and the imidazole symmetry are necessary in order to draw an unequivocal
ring coupled to Q whereas the effect on the hydrogen conclusion about the change in the=@© interaction.
bonding of Q is quite different (vide supra). In order to Previous ESEEM studies showed that magnetic coupling of
explain these phenomena, one could assume that the CN Q,* with an imidazole nitrogen was present in iron-
and high pH treatments lead to a break of the coordination depleted 28) and high pH-treated PS I2(), whereas in
of His 215 (D2) to the non-heme iron by ligation with CN  CN~-treated PS Il the coupling was abseh®,(28, 46, 47)
and OH anions, thus causing perturbations of His and its or significantly altered Z2). The present FTIR results
microenvironment similar to those caused by Fe depletion, indicating that the hydrogen bonding of, Qwith a His NH
except that the hydrogen bonding ta @mains unaffected  group is unaffected upon Fe depletion but ruptured upon CN
in the latter sample (vide infra). Coordination of the CN  treatment are basically consistent with the ESEEM results.
anion was in fact revealed in the CN stretching region of On the other hand, in the high pH-treated sample, the FTIR
the Q, "/Qa spectrum of the CN+treated sample (Figure result of the absence of hydrogen bonding is in disagreement
3Db, inset). Two differential signals at 2070/2057 and 2043/ with the conclusion from the ESEEM study. This inconsis-
2018 cm! were clearly observed. This result suggests that tency may be explained by deprotonation of the His
at least two CN ions are attached to the non-heme iron or imidazole at high pH (pH 11); i.e., although hydrogen
present in the vicinity of @ in the CN -treated PS II. bonding between Q" and His is lost by this deprotonation,
The NH stretching regions of the Q/Qa difference the imidazole nit.rogen may stay at the same pos.ition and
spectra of the control (pH 8.0), cyanide-treated, and high thus the magnetic coupling with Q could still remain.
pH-treated samples are presented in panels c, d, and e of
Figure 2, respectively. In the control spectrum at pH 8.0, CONCLUDING REMARKS

several peaks in this region were ba;ically identical to those e present study reveals that, after suitable depletion of
of the _control sample at pH 6.5 (Figure 2a) and the non- {he non-heme iron from PS Il membrane fragmeraé),(
hem(_adlron-geﬁlert]ed sample (F'g“rﬁ 2b). In lgontrast, lljpo? the hydrogen-bonding interaction of,Qis virtually unaf-
cyanide and high pH treatments, these peaks were clear Yfected, especially the hydrogen bond with a His side chain
lost, indicating that the hydrogen-bonding interaction of the (most likely His 215 of the D2 subunit). In marked contrast,

His side chain is drastically changed. The most plausible upon cyanide and high pH treatments, the hydrogen bonding

explanation for this phenomenon is the assumption that between Q° and His seems to be lost. Although all three

Eydl:oge(? b(t)nctj;]ng btetW(:‘enAtQand dlrpr:daz’[(r)lle Nhﬁs .Eeetﬂ treatments show some alteration in the protein conformation
roken due fo these treaiments and thus the VIoralionS 44 imidazole ring modes, it is suggested that the immediate

of His do not respond to the Q formation. The appear- o0 jar interaction of Q" is rather intact in the iron-

ance of His bands in the double difference spectra (Figure 4, : : - L
. . ; pleted sample. This conclusion gains support by the finding
3d,e) might also be explained by a loss of the His bands that the kinetics of electron transfer from Phedo Qa (28,

upon cyanide and _high pH treatments. I.t is noted that in the 48) remains almost unaffected (within a span of 25%) after
spectra of the cyanide-treated sample (Figure 2d) a few bands 4] of the non-heme iron center. As a consequence, it

remain in different positions compared with the His peaks is inferred that the information gathered from EPRI-
of the control spectra. Although the origin of these bands is ENDOR (7), and ESEEM studie2@) on the interaction
not known, it is unlikely that they arise from a different form of Q:° with the protein environment in iron-depleted

of the His side chain th‘?‘t IS generat_ed by Ctﬁeatmen';. samples mainly reflects the normal situation in the presence
Because the peak positions are attributed to harmonics or

combinations of the fundamental mod@&8)( drastic changes of the non-heme iron center.
of the His vibrations are necessary to explain the large REFERENCES
frequency shifts. If the fundamental vibrations would largely

consistent with the shift of the-€0O band of Q * (Figure
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these modes will appear in the double difference spectrum
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