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ABSTRACT. Two redox active tyrosines are present in the homologous polypeptides D1 and D2 of photo-
system Il (PS 1l). Tys (D1—161) is involved in the electron transfer reactions resulting in oxygen evolu-
tion, while Ty, (D2—160) usually forms a dark-stable radical. In Mn-depleted PS llp*Tgan be slowly
reduced by exogenous reductants. Charge separation then results in the oxidatianafd¥iye and

the reduction of the primary electron acceptqr. Qrhe semiquinone £ can be reoxidized by oxidants

like ferricyanide. In the present work, experimental conditions leading to the generation of puf@.Q

or Tyrp*/Tyrp FTIR difference spectra have been optimized. Therefore, single-turnover flashes or short
illuminations were performed on PS Il samples in the presence of exogenous reductants or oxidants. The
Qa~ and Tyk" radicals were generated with high yield and with a lifetime of several seconds or minutes
allowing averaging of FTIR difference spectra with high signal to noise ratio. Bathf@mation and
contributions at the electron donor side of PS Il were monitored by EPR spectroscopy. In PS Il samples
at pH 6 in the presence of PMS, MBIH, and DCMU, EPR measurements show that @ formed with

high yield upon a 1 s illumination at 18C, while no radical from the electron donor side of PS Il is
detected. Therefore theaQQa FTIR spectrum obtained in these conditions shows only vibrational changes
due to Q reduction in PS Il. In contrast, a similar spectrum was recently interpreted in terms of dominant
contributions from Chl/Chl signals [MacDonald, G. M., Steenhuis, J. J., & Barry, B. A. (1923iol.

Chem. 2708420-8428], although the contribution from the electron acceptom@s not quantified. In
particular, it is shown here that the large positive signal at 1478 ¢sndue to the @~ state and not to

a Chi* mode. This band is not downshifted up8iN-labeling of spinach PS Il membranes within the

+1 cnr! accuracy of the method and is therefore tentatively assigned te(€re=O) mode of the
plastosemiquinone £J. Also unchanged upotiN-labeling, signals at 1644 and/or1630cnare possible
candidates for the(C=0) mode(s) of neutral Qin PS Il. The Typ*/Tyrp FTIR spectrum is recorded

at 4°C on Tris-washed PS Il membranes from spinach at pH 6 in the presence of phosphate, formate, and
ferricyanide. EPR experiments performed on these samples show that almostals Tgrmed upon a

1 s illumination at 4£°C and that Tys* is then reduced within 12 min in the dark. No contributions from
Tyrz* or Qa~ are detected 2 s after illumination. It is thus possible to optimize experimental conditions
to record the FTIR difference spectrum only due topfghotooxidation in PS ll-enriched membranes of
spinach. The Tyw/Tyrp FTIR spectrum is compared to a cresoksol FTIR difference spectrum obtained

by UV irradiation at 10 K of cresol at pH 8. The spectral analogies observed betwegrnilve andin

vitro spectra recorded either in@8 or in D,O suggest that IR modes of Tycontribute at 1513 and

1252 cntl. These frequencies are characteristic of a protonated tyrosine. A positive signal is observed
at 1506 cm? for cresot and at 1504 cmt for the Ty state. This suggests contribution of the gryr

side chain at 1504 cmd. A band at 1473 cmt was previously assigned to th€CO) mode of Typ*
[MacDonald, G. M., Bixby, K. A., & Barry, B. A. (1993Proc. Natl. Acad. SciU.S.A. 90 11024~
11028]. In contrast, no positive signal is observed at 1473 amthe Ty /Tyrp FTIR difference spectrum
presented here. The TyfTyrp spectrum also shows vibrational changes from peptide groups and amino
acid side chains which are modified upon gyformation. Proton release at the PS Il protein surface
upon Typ* formation is deduced from differential signals at th@®0O) modes of phosphate.

Photosystem Il (PS R)is the membrane protein complex reactions [see Michel and Deisenhofer (1988) for a review].
of higher plants, some algae, and cyanobacteria where lightin PS IlI, absorption of a photon results in the oxidation of
energy is converted into a transmenbrane proton gradient
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a chlorophyllic electron donor ¢g) and the reduction of a  surrounding Tyf and Typ in tuning the tyrosine properties
bound plastoquinone () which is reoxidized by the is not clearly determined.
exchangeable plastoquinong.QPsgs™ is reduced by a redox The nature of the chemical groups involved in the different
active tyrosine of the D1 polypeptide, ByD1—-161, amino events of protonation and/or proton transfer uponpTgr
acid numbering fromSynechocystisp. PCC 6803; Debus  Tyr; oxidation as well as the conformation and interactions
et al., 1988b; Metz et al., 1989). Tyforms a transient  of the tyrosine residues can be addressed by FTIR difference
radical that is reduced on the micro- to millisecond time scale spectroscopy. Vibrational modes of a molecule are very
by a cluster of four manganese ions acting probably both assensitive to its geometry and the dipolar interactions or
the active site and as a charge-accumulating device of thehydrogen bonds formed with the environment. In contrast
water-splitting enzyme [reviewed in Debus (1992), Diner and to magnetic spectroscopies which selectively address the
Babcock (1996), Rutherford (1989)]. On the homologous structure and interactions of the radicals, light-induced FTIR
polypeptide D2, a symmetry-related tyrosine, JybD2— difference spectroscopy is not selective and will provide not
160; Debus et al., 1988a; Vermaas et al., 1988) also formsonly a complementary method for the detailed structural
a neutral radical (Ty). This radical is stable on the hour analysis of the tyrosines both in their reduced and radical
time scale in oxygen-evolving PS Il (Babcock & Sauer, states but also information with regard to all the cofactors
1973). Tyg" has still unknown functionality but is involved ~ and protein residues perturbed upon tyrosine oxidation [for
in slow redox reactions with the Mn cluster under special a review on the method, see"Nale (1993)]. In particular,
circumstances [Vass and Styring (1991) and references(de)protonation or hydrogen bond formation can be directly
therein]. The midpoint potential of TyWTyrp was deter- probed at the IR modes of the amino acids involved. The
mined at 760 mV, while that of Ty Tyr; was estimated at ~ contributions of the tyrosine radicals in PS Il can also be
~1 V (Boussac & Etienne, 1984; Hoganson & Babcock, analyzed by comparison with the IR modes of tyrosine and
1994). The two tyrosine radicals have been identified Phenoxyl radicals generated by UV irradiatiom vitro
spectroscopically by the EPR study of PS Il preparations of (Berthomieu & Boussac, 1995). The assignment of IR
Synechocystisp. PCC 6803 with specifically labeled ty- Signals to a particular residue can be complicated, however,
rosines (Barry & Babcock, 1987; Barry et al., 1990). by complex signal overlaps. Thus, a prerequisite for the
To explain the different properties of Tyand Typ, the vibrational analysis is the optimization of experimental

structure and interactions of the two tyrosine radicals have conditions to observe changes due to the oxidation (reduc-

. . . tion) of only one redox active intermediate during the FTIR
been extensively studied by magnetic resonance spec-

troscopiesincluding comparison with model compounds data acquisition.
bies daing pa . b ' It is difficult to obtain independently the TyWTyrp or
Both radicals give almost identical cw-EPR spectra, char- . . S
7 : S R Tyr/Tyr; FTIR spectra and avoid contamination fromm @
acteristic of neutral radicals with similar spin distribution . : : .
. ) i Qa IR signals, since @ is formed concomitantly to the
(Diner et al., 1995; Hoganson & Babcock, 1994; Tang et =. .. . ;
. oxidation of species at the electron donor side of PS Il. In
al., 1996). The presence of a hydrogen bond to the,Tyr . o .
h . certain conditions, a chlorophyll cation (Chlcan also be
oxygen was evidenced by electron spin echo envelope

modulation (ESEEM; Evelo et al., 1989) and ENDOR (Mino gt;?frveldgguzn.da agggtr'gljg UZt |!1L|Jm|;-133851 (I\.I{Igcg\?ggldthi
et al.,, 1993; Rodriguez et al., 1987; Tang et al., 1993) 4 ' 2 '

spectroscopies and was also concluded from high-field EPRphotoaccumulatlon of different charge-separated states under

. s (S tal 1996). Th t a hvd continuous illumination, we have used flash or short il-
gxp?jr![m?_n S ( ILtjr? € ?\" gl: de prgstﬁncetr(]) tat y. rO9€Nymination of samples in the presence of exogenous electron
hon IO byﬁ’ a oug more tlsgrngSENDaor;e _?ngf—gr donors or acceptors. These conditions were optimized to
aﬁz ﬁi;ﬁ ﬁi-? dnlégclsr;x);/):zrgn%istseon Mn depletea PS || (F,o rce stabilize preferentially only one charged intermediate. Since

. A EPR signals from both the electron acceptor side and donor
etal., 1995; Sun et al., 1996; Tang et al., 1996). It has been g P

dqf ESEEM . s that th ¢ . side are well characterized, and since EPR measurements
proposed from & experiments that thé contormation ., e performed in samples in which protein concentration
of Tyrp® is well defined, while for Ty, different orientations

of the ring with respect to the tyrosine alkyl chain could and water content are close to those of IR samples, EPR
o oo spectroscopy was used as an independent method to identi
exist in Mn- or C&"-depleted PS Il (Gilchrist et al., 1995; P by P fy

_ o the different light-induced intermediates and estimate their
Tommos etal., 1995; Hoganson et al., 1995). ziyidation lifetimes. We have thus optimized different experimental
induces proton release at the PS Il membrane surface (Rengeg,qitions to record the Q/Qa (Berthomieu et al., 1990,

& Volker, 1982; Bgershausen & Junge, 1995). To our j9974) and Tys/Tyrp (Hienerwadel et al., 1995a,b) FTIR
knowledge, proton release upon gyformation has notbeen ittarence spectra free from contributions of other reaction
measured so far. intermediates.

The difference in midpoint potential and in oxidoreduction In studies aimed at detecting vibrational modes ofpTyr
kinetics of the two tyrosine radicals may rely on local and Tyg, light-induced FTIR difference spectra were
structural asymmetry as discussed from structural modelsobtained by steady-state illumination of core PS Il samples
(Ruffle et al., 1992; Svensson, 1995; Svensson et al., 1990).isolated from spinach (MacDonald & Barry, 1992) or
Itis proposed that the side chain of His D289 is involved Synechocystisp. PCC 6803 (Bernard et al., 1995; Mac-
in the hydrogen bond to Tyr(Debus et al., 1988a; Svensson Donald et al., 1993) These spectra appear to contain
et al., 1990; Tang et al., 1993; Tommos et al., 1993). The contributions from Q~/Qa and/or from Cht/Chl that are
implication of the homologous histidine residue on D1 (His discussed but not fully quantified. Indeed, the difference
D1-190) in the hydrogen bond to Tyiis still controversial spectra reported in these studies and attributed tg"/Myrp
(Bernard et al., 1995; Diner et al., 1991; Roffey et al., 1994; and/or Tyg*/Tyr; transitions (Bernard et al., 1995; Mac-
Tang et al., 1996), and the specific role of the amino acids Donald & Barry, 1992; MacDonald et al., 1993) or to Chl
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Chl (MacDonald et al., 1995) present similarities to our was obtained as described (Zimmermann et al., 1993). From
previously reported spectrum 0o, QQa (Berthomieu et al., ESEEM experiments, the extent &N-labeling was esti-
1990, 1992a) particularly with respect to large positive mated to be larger than 85% in these membranes (Deligian-
contributions at 14771480 cnt!. Recently, MacDonald  nakis et al., 1995). The Q/Qa FTIR difference spectra

et al. (1995) have proposed that the FTIR difference spectrumwere obtained by taking 64 scans (11 s duration) before and
that we previously assigned tonQQa (Berthomieu et al., after illumination by a saturating flash from a Nd-Yag laser.
1990, 1992a) originates mainly from CHChl. In particular, Spectra were recorded at 1G.

whereas we (Berthomieu et al., 1990, 1992a) and others The cresol radical was obtained by UV irradiation at 10
(Araga et al., 1993; Noguchi et al., 1992) have assigned theK as described for phenol (Berthomieu & Boussac, 1995).
largest positive band in our spectrum (at 1478 énto the Cresol (0.2 M) was dissolved in borate buffer (0.2 M) at pH
Qa~ state, MacDonald et al. (1995) assign this band to'Chl 8 in H,O or at pD 8 in BO. The FTIR difference spectra
Unfortunately, MacDonald et al. (1995) did not monitor the were obtained by taking 768 scans before and after illumina-

contributions of Q™ to their spectra. tion (Berthomieu & Boussac, 1995). Spectra obtained with
We describe herein the details of the EPR control 9—11 samples were averaged.
experiments that show that oura,@Qa FTIR difference FTIR spectra were recorded on a Bruker IFS 88 SX

spectrum contains no detectable contributions from either spectrometer equipped with a thermostated sample wheel and
ChIt/Chl or Tyr*/Tyrp. In addition, we present a compari- a Ny- or He-cooled cryostat. lllumination of the sample was
son between a Ty Tyrp FTIR spectrum free from contribu-  either performed by the broad band emission of sulfor-
tions of other reaction intermediates and the radmgdus hodamine 101 pumped by the 15 ns pulse of a frequency-
non-radical FTIR difference spectra obtained by UV irradia- doubled Nd-Yag laser (Quantel YG 780-50) or by a 1 s
tion at 10 K of cresolg-methylphenol), a model compound illumination with a 680 nm laser diode of 20 mW output

of the tyrosine side chain. power (LaserMax Inc.). Spectra were recorded with 4tm
resolution.
MATERIALS AND METHODS The EPR sample consisted of a fraction of the membrane

pellet (same as used for FTIR) deposited on a mylar strip in
an EPR tube closed under helium atmosphere. For experi-
ments performed at 4C, the samples were illuminated
directly in the EPR cavity. Illumination at 200 K was
performed in a glass Dewar filled with GOethanol mixture.
Continuous or short illumination was performed with a 800
W tungsten lamp through water, red, and Calflex filters. Flash
illumination was performed by a Nd-Yag laser (Quantel; 300
mJ at 532 nm, 15 ns pulse duration).

cw-EPR spectra were recorded at°@ or at helium
temperature on a Bruker ER 200D X-band spectrometer
equipped with an Oxford Instruments cryostat or a Bruker
B-VT1000 N, gas flow system, a HP5350B microwave
frequency counter, and a Bruker ER 35 NMR gaussmeter
for the detection of the values.

PS ll-enriched membranes were prepared from spinach,
and Mn depletion was performed by Tris treatment as
previously described (Hienerwadel & Berthomieu, 1995). For
the study of Typ, Tris-treated PS llI-enriched membranes
were incubated for 1 h at 4C in N,-degassed buffer A (50
mM phosphate, 10 mM NacCl, 5 mM Mgglat pH 6 in the
presence of 100 mM formate followed by centrifugation
(10000®, 15 min) and two successive washing steps in
buffer A at pH 6 in the presence of 50 mM formate. The
membranes were then pelleted. H/D exchange was per-
formed by incubation of the sample at’8 overnight in a
phosphate buffer in D at pD 8 in the presence of 100 mM
formate followed by centrifugation and two successive
washing steps in buffer A in D at pD 6 in the presence of
50 mM formate.

The FTIR sample consisted of a fraction of the membrane pegy TS
pellets deposited between two Gakindows (chlorophyll
concentration larger than 15 mg/mL). For the Jexperi- Experimental conditions have been developed to obtain
ments, 5uL of a 0.5 M ferricyanide solution was first dried  independently the light-induced FTIR difference spectra
onto one of the windows. The membrane pellet was then corresponding either to Tyroxidation or to the primary
deposited and squeezed between the two windows. Thequinone Q reduction. The formation and decay of Fyr
Tyro*/Tyrp FTIR difference spectrum was obtained by taking and Q~ were monitored with EPR spectroscopy on samples
80 scans (corresponding to a recording time:@# s) before ~ which consisted of a fraction of the same pellet treated with
and 2 s after illumination of the sample. The same FTIR the same procedure as used for the FTIR measurements and
difference spectra were obtained with single laser flash or awhich were deposited on mylar strips in the EPR tubes.

1 s illumination with a 680 nm laser diode, the latter = Recording the Ty/Tyrp FTIR difference spectrum
illumination giving larger signals. The acquisitions were requires that (i) Ty is reduced in a large fraction of PS I
cycled during about 15 h, with dark periods ®fl2 min centers in the dark-adapted state, (ii) Jypecomes photo-
between successive illuminations. No alteration of the FTIR oxidized with high yield, and (i) Tys® decays after
difference signals was observed during the acquisition illumination with kinetics suitable both for the acquisition
duration. Spectra obtained with-80 samples were aver-  of the FTIR spectrum and for the cycling of the light-induced
aged. The measurements were performed @t #r samples experiment, i.e., in the minute time range. These measure-
in H,O and at 6°C for samples in BO. ments also necessitate that the semiquinogef@rmed by

For the study of @, PS Il-enriched membranes were the light-induced charge separation is reoxidized rapidly and
resuspended in Mes/NaOH buffer (50 mM Mes, 10 mM completely before the acquisition of the FTIR spectrum is
NaCl) at pH 6.4 in the presence of 10 mM MBH, 0.1 mM  started.

DCMU, and 2 mM PMS as described (Berthomieu et al.,  In Mn-depleted PS ll-enriched membranes,pFyrecomes
1992a). 1°N-Labeling of spinach PS Il-enriched membranes reduced in the minute time range at high pH or in the
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presence of reductants [see, for example, Boussac and
Etienne (1982a,b), Vass et al. (1990)]. To obtain the IR
changes induced by Tyrformation, we have investigated
Tris-washed PS Il membranes at pH 6 in the presence of
ferricyanide and ferrocyanide. Ferricyanide was added to
the sample as efficient exogenous electron acceptor from
Qa~. It was observed in the IR absorption of the sample at
2150-2050 cn1?! that 5-10% of the ferricyanide was
converted into ferrocyanide in the dark-adapted sample
before starting the FTIR experiment (not shown). This
fraction of ferrocyanide is probably at the origin of Byr
reduction. Ferricyanide and ferrocyanide signals are easy 3330 3360 3390
to follow since they absorb in a specific IR frequency range, Magnetic Field (gauss)
which is distinct from the absorption region of interest for

the study of cofactors and protein modes. Ferricyanide can S —
however oxidize the non-heme iron located between the B
quinones Q and ¢ (lkegami & Katoh, 1973; Petrouleas &
Diner, 1986), which in turn can be rapidly reduced by Q
The iron photoreduction is stable for several seconds and
gives a characteristic FTIR difference spectrum (Hienerwadel
et al., 1993; Hienerwadel & Berthomieu, 1995; Noguchi &
Inoue, 1995a). To avoid this reaction, formate was added
to the sample. Bicarbonate displacement by formate in the
non-heme iron environment results in an increase of the
midpoint potential of the iron above 500 mV at pH 6

(Deligiannakis et al., 1994) such that the non-heme iron can 0 30 60 90 120 150
no longer be oxidized by ferricyanide. It was observed that Time (s)
addition of formate allows a fast reoxidation ofaQby FiIGURE 1: (A) EPR spectra recorded with Tris-washed PS II-

ferricyanide in the FTIR sample conditions. The presence enriched membranes from spinach at pH 6, in the presence of
of phosphate in the buffer also seems to accelerate thebhosphate, formate, and ferricyanide. The membrane pellet is

. . e . deposited on mylar strips in the EPR tube, and the spectra are
reduction of Typ" in the dark within 12 min at pH 6 (see |- deq ot 4°C. Spectrum a is recorded under continuous

below). This was essential for cycling the light-induced jjymination, spectrum b is recorded directly after a 1 s illumination,
FTIR difference spectra in order to obtain highly resolved spectrum c is recorded 8 min after the 1 s illumination, and spectrum

Tyro'/Tyrp spectra at £C without contributions from the  d (dashed line) is recorded 12 min after the 1 s illumination.
electron acceptor side of PS II. Experimental conditions: microwave power, 1.6 mW; modulation
EPR Controls for the ETIR Study of FviOxidati amplitude, 2.65 G; modulation frequency, 100 kHz; microwave
) ontrois ftor the u y_ of fyOxida '(_)n frequency, 9.42 GHz. (B) Decay kinetic of the tyrosine radical EPR
Figure 1A shows the EPR spectra in tge= 2 region signal recorded at 3340 G (at the position of the arrow in part A)
recorded at 4C with Tris-washed PS llI-enriched membranes after illumination by three laser flashes spaced by 1.6 s. Average

isolated from spinach and resuspended at pH 6 in theof 12 kinetic traces, recorded every 200 s &Gt Experimental
presence of phosphate, formate, and ferricyanide. Spectrunf;c?r;gg'dour;;iorg'f?eowa"e power, 20 mW; modulation amplitude, 6.6

. . . ; guency, 100 kHz; microwave frequency, 9.4 GHz;
a in Figure 1A shows the TyEPR signal recorded under  ime constant, 40 ms. Inset: EPR difference spectrum calculated
continuous illumination of the sample directly in the EPR  from spectrum b minus spectrum c of part A.
cavity. Spectrum a is about 1.5 times larger than spectrum
b, which is recorded just after a 1 s illumination of the sample three successive laser flashes spaced by 1.6 s. On each flash,
directly in the EPR cavity (acquisition time ¢£20 s) the decay of the signal is biphasic, with a fast component
Contributions from both Ty and Tyg® are expected in  (t32 < 1 s) and a slow component with a half-time~70
spectrum a recorded under illuminatio®nly contributions s, as determined after the third flash. The two components
from Tyrp* are expected in spectrum b, since Fydecays are formed in comparable amount on the first flash. The
in the millisecond time range after illumination in Tris- presence of two components with different reduction kinetics,
washed PS Il membranes in the presence of ferricyanide andormed in equivalent amounts on the first flash, and the total
ferrocyanide (Dekker et al., 1984). In Mn-depleted PS I, disappearance of the TYEPR signal within 12 min (Figure
Tyrz* reduction occurs in the millisecond to second time 1A) argue that the fast disappearing component corresponds
range either by recombination withaQ or Qg™ or by the to Tyrz while the slow decaying species corresponds to
action of exogenous reductants [reviewed in Hoganson andTyrp'. Similar decay kinetics were obtained after a 1 s
Babcock (1994)]. Spectrum c in Figure 1A was recorded continuous illumination (not shown). This procedure matches
after a dark period of 8 min following the 1 s illumination. that used for FTIR spectroscopy. Spectra ¢ and d reveal
Almost no Tyr EPR signal is observed in this spectrum. the presence of a small narrow signalgats 2 in a small
The Tyr EPR signal has completely decayed within 12 min fraction of PS Il centers. The origin of this signal is at
(spectrum d) The decay of the photoinduced TyEPR present unknown. By contrast with the T¥PR signal,
signal is more precisely described by the decay kinetic this signal is stable. The inset of Figure 1B shows the
recorded following flash light illumination (Figure 1B) at 4 difference spectrum obtained by subtracting spectrum b from
°C and at the field position indicated by the arrow in Figure spectrum c. The shape of this difference signal matches
1A (3340 G). The dark-adapted sample was illuminated by perfectly the one expected for ByfHoganson and Babcock
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(1994) and references therein]. Thus it is concluded that
only Tyrp® is formed after 1 s illumination.

With repetitive flashes as in Figure 1B or with a short
continuous illumination, Ty can be accumulated in a large
fraction of PS Il centers. The fraction of Tyrthat can be
generated at 4C has been estimated as follows. The sample
illuminated at 4°C for 1 s was rapidly frozen to 77 K, and
the Tyr® EPR signal recorded at 15 K was integrated two
times. The sample was then rewarmed to 200 K and further
illuminated. It was observed in a parallel experiment on Tris-
washed PS ll-enriched membranes at pH 6.5 that illumination
at 200 K will form Chl* in PS Il centers in which Tyt is
already present in the dark or predominantlygFyn centers
in which it was reduced [data not shown, see Buser et al.
(1992)]. Therefore, after the 200 K illumination Tyris
expected in the majority of the PS Il centers. In the EPR
spectrum recorded at 15 K, the narrow CBIPR signal AH
= 10 G, g = 2.0025) appears superimposed to thepTyr
EPR signal AH = 24 G,g = 2.0044). The amount of Tyr
formed after illumination at 200 K was estimated after
subtraction of this CHl narrow EPR signal from the EPR
spectrum recorded @ ~ 2. To obtain a pure CHIEPR
signal, the Tyg* contributions from the EPR spectrum
recorded at 15 K after the 200 K illumination were canceled
by interactive subtraction of the TYfEPR spectrum obtained
after illumination at £C. A similar protocol has been used
to identify the different radicals induced by low-temperature
illumination (Buser et al., 1992). The TyrEPR signal
formed upon the 1 s illumination at 4 was estimated to
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about 9(_)% of that_recorded aftgr the 200 K illumination (0N Fgure 2: Q,~—Fe?* EPR signals recorded at 4.6 K on the same
the basis of the integrated signal areas). The EPR dataPSs Il sample as described in Figure 1. (A) Spectrum a (thick line)
described in Figure 1 indicate that Fyis formed with high ~ was generated by a 1 min illumination at 200 K. Spectrum b (thin

yield in the conditions used for FTIR spectroscopy. It is lin€) was generated by a 1 s illumination at°@ followed by
also shown that no contribution from Tyiis expected 2 s
after illumination. The acquisition of the FTIR spectrum
for the illuminated sample is therefore started 2 s after the
end of the illumination (see below) to avoid contribution from
Tyrz/Tyrz signals.

Upon sample illumination, the primary electron acceptor
Qa is reduced simultaneously to Tyyand Tyg oxidation.
The semiguinoneiron complex (Q~—Fe&**) gives rise to
an EPR signal detected gt~ 1.9-1.82 and 4.6 K in Tris-
washed PS Il samples (Rutherford & Zimmermann, 1984).
lllumination at 200 K is expected to form,Q in almost all
PS Il centers (Rutherford & Zimmermann, 1984). Therefore,
the maximum amount of  present in the samples was
determined by the size of the semiquinefi®n EPR signal
obtained by illumination at 200 K. This signal is shown in
spectrum a of Figure 2A. TheQ—F¢&*" EPR signal at 4.6
K is clearly observed afj = 1.82 3700 G) despite the
intense signal of ferricyanide which is responsible for a slope
of the base line in this magnetic field region. Spectrum b
shows the EPR signal at 4.6 K obtained after illumination
at 4 °C followed by fast freezing of the sample. This
procedure is expected to trap the Qstate which has not
been reoxidized within the approximate 2 s required to freeze
the EPR sample. The absence of a detectahle-®@e**
EPR signal in spectrum b (thin line) demonstrates that Q
is reoxidized by ferricyanide within about 2 s for almost all
(if not all) PS 1l centers. In the presence of formate, it is
known that the F&—Qa~ EPR signal is considerably
enhanced (Vermaas & Rutherford, 1984) which seems not
to be the case in spectrum a (Figure 2A). To address this

freezing to 77 K. Experimental conditions: microwave power, 32
mW; amplitude modulation, 32 G; modulation frequency, 100 kHz;
microwave frequency, 9.4 GHz. (B) Q—Fe&* EPR spectra
generated by 1 min illumination at 200 K in Tris-washed PS Il
samples in Mes buffer at pH 6: spectrum c (thick line), sample
with 0.5 mM ferricyanide; spectrum d (thin line), sample in the
presence of phosphate and 50 mM formate; spectrum e (dashed
line), sample in the presence of phosphate, formate, and ferricya-
nide. The samples consist of membrane pellets deposited on a mylar
strip. The signals are calibrated to the same PS Il center concentra-
tion, as estimated by the size of the Fiystable EPR signal obtained
after a 200 K illumination. Experimental conditions: microwave
power, 32 mW; amplitude modulation, 32 G; modulation frequency,
100 kHz; microwave frequency, 9.4 GHz.

guestion, the @ —Fe&*" EPR spectra obtained by illumina-
tion at 200 K have been compared for Tris-washed PS I
membranes resuspended in Mes buffer at pH 6 in the
presence of (i) 0.5 mM ferricyanide (spectrum c, Figure 2B),
(ii) phosphate and formate (spectrum d, Figure 2B), and (iii)
phosphate, formate, and ferricyanide (spectrum e, Figure 2B).
The Q~—F¢e&" EPR spectra displayed in Figure 2B have
been scaled to the same concentration of PS Il centers,
estimated by the size of the TYEPR signal (measured as
described above). The Q—Fe&* EPR signal recorded in
the sample with formate and without ferricyanide (Figure
2B, spectrum d) is largely enhanced, as compared to the
signal obtained in the Tris-washed PS Il sample (spectrum
c). The Q —F¢&" EPR signal observed in the sample with
formate and ferricyanide (spectrum €) is comparable in size
to the Q~—F¢&" EPR signal obtained with the Tris-washed
PS Il sample (spectrum c). This indicates that the
Fe* EPR signal obtained by illumination at 200 K of the
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PS 1l sample in the presence of formate, phosphate, and
ferricyanide indeed corresponds t@ Qformation in almost
all PS Il centers but that addition of ferricyanide suppresses
the enhancement effect on thg @-Fe** EPR signal due to
formate binding. In samples with bound formate, the
magnetic coupling between the semiquinone and the iron is
probably modified by binding of ferricyanide in a specific
site around Q. The reoxidation of @ by ferricyanide in
these samples is fast, as demonstrated by the absence of a
detectable @ —Fe&*" EPR signal 2 s after illumination at 4
°C. No light-induced EPR signal was observed in the field
region of the F& EPR signal (not shown).

In conclusion, the EPR measurements performed on Tris-
washed PS Il membranes in the presence of phosphate,
formate, and ferricyanide show that only IR changes due to

4000 4400
Magnetic Field (gauss)

Tyrp oxidation and ferricyanide reduction will contribute to
the illuminatedminusdark-adapted FTIR difference spectra
if the acquisition of the illuminated spectrum is started 2 s
after illumination (1 s) at £#C. In addition, the decay of
Tyrp® within 12 min presents a major advantage for the
cycling of the light-induced FTIR experiments. Finally, the
shape of the light-induced TyrEPR signal (Figure 1B, inset)
was identical in these conditions as with Tris-washed PS II-

enriched membranes at pH 6, indicating that these experi-

mental conditions induce no change of the ghstructure.
EPR Controls for the FTIR Study of \QReduction

Previously, we have reported FTIR difference spectra as-
signed to IR changes induced by the photoreduction of the

plastoquinone @ (Berthomieu et al., 1990, 1992a). The
Qa7 /Qa FTIR difference spectra were obtained at@lusing

PS ll-enriched membranes isolated from spinach and incu-

bated in the presence of hydroxylamine (}HH) as fast
electron donor and DCMU to block electron transfer from
Qa~ to Qs. In Berthomieu et al. (1992a), phenazine

1 1

60 3390
Magnetic Field (gauss)

Ficure 3: Tris-treated PS Il membranes at pH 6.4 in the presence
of 10 mM hydroxylamine, 2 mM PMS, and 0.5 mM DCMU.
Membrane pellets are deposited on a mylar strip. (A) - QFe*+

EPR signals recorded at 4.6 K: spectrum a (thin line), sample dark-
adapted for 2 min at 1€C before freezing; spectrum b (thick line),
sample illuminated for 2 s at 1% and frozen at 77 K and then to
4.6 K; spectrum c (dashed line), sample after a further illumination
for 1 min at 200 K. Experimental conditions: microwave power,
32 mW; amplitude modulation, 32 G; modulation frequency, 100
kHz; microwave frequency, 9.4 GHz. (B) EPR spectra recorded at
g~ 2 at 10°C in the conditions used for FTIR experiments. Spectra
d and e (12 s sweep time) are recorded before and immediately

3360 3390

3330
Magnetic Field {gauss)

1 ! 1 Il
3330 33

methosulfate (PMS) was added as electron acceptor fromafter a 1 s illumination directly in the EPR spectrometer cavity.

Qa~ to cycle the light-induced experiments. Recently, a
similar FTIR difference spectrum was obtained by Mac-
Donald et al. (1995) with different experimental conditions
and interpreted as dominated by @i&hl contributions. We
present in Figure 3 the EPR controls performed in the
experimental conditions that were previously developed to
record the Q=/Qa FTIR spectrum (Berthomieu et al., 1990,
1992a). The spectral regions of both thg @ Fe?™ and the
Chl* or Tyr EPR signals have been investigated.

Figure 3A shows the  —F&" EPR signals recorded at
4.6 Kiin a Tris-washed PS Il sample in the presence of-NH
OH, PMS, and DCMU. No signal is observed in spectrum
a (thin line) which is obtained for the sample dark-adapted
for 2 min at 10°C before freezing. Spectrum b (thick line)
is recorded on the sample which was illuminated for 1 s at
10°C and then quickly frozen to 77 K. This procedure will
trap the photoreducedQ still present in the sample after
the time required to freeze the sampte2(s). Spectrum c
(dashed line) is recorded after a further illumination (1 min)

Spectra d and e are the result of the average of 16 subsequent
measurements with 1 min delay between consecutive illuminations.
Spectrum f (dashed line) shows the PMBSPR signal recorded in

the resuspension buffer in the absence of the PS Il membranes.
The scale of this spectrum was adjusted to that of spectrum d.
Spectrum g is calculated by the difference spectrum e minus
spectrum d. Experimental conditions: microwave power, 8 mW;
modulation amplitude, 2.6 G; modulation frequency, 100 kHz;
microwave frequency, 9.4 GHz. (C) Spectrum g (same as in part
B) compared to the EPR spectrum of the dark-stable ERR
signal (spectrum i, thin line) measured on a Tris-washed PS Il
sample with the same RC concentration and compared toEPIR
spectrum h (dashed line), scaled to correspond to 5% of the number
of spins of spectrum i (calculated by double integration of the
signals). Experimental conditions were as described for part B.

a significant fraction of PS Il RCs in the sample conditions
used for the FTIR measurements.

In the same sample, the electron donor side has been
monitored by EPR measurements arogng 2 and at 10
°C. The EPR spectra were recorded before (dark-adapted
sample) and immediately after (illuminated sample) a 1 s

of the sample at 200 K. In these conditions, we expect an continuous illumination directly in the EPR cavity. The

almost complete reduction ofQsince no electron transfer

sweep time for each spectrum is 12 s, and the spectra result

from Qa~ to PMS occurs at 200 K (see below). Thus, the from the average of 16 traces with a 1 min delay between
Qa~—Fe*t EPR signal in spectrum c represents the maximum two subsequent illuminations. The acquisition duration and
amount of Q~ that can be photoreduced in the sample. The the dark period between consecutive illuminations are almost
amplitude of spectrum b corresponds 140% of the identical with those used to record the FTIR difference
amplitude of spectrum c. Therefore? s after illumination spectra. The EPR spectra d and e in Figure 3B correspond
at 10°C, Qx~ can be trapped in about 40% of the PS Il to the dark-adapted and illuminated samples, respectively.
RCs. These results confirm thah Qis actually formed in These spectra are almost superimposable. Spectrum f is
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recorded in the PS Il resuspension buffer but in the absence | T | T |

AA
0.05*1073

of PS Il sample. This spectrum corresponds to the EPR
signal of PMS, probably due to partial PMS reduction by
NH2OH in the buffer. The hyperfine coupling agdvalue

(g = 2.0031) of spectra d and e of the dark-adapted and
illuminated PS Il samples are very similar to those observed
in spectrum f (dashed line). Therefore, these EPR signals
correspond to spectra of the PMSadical. The slight
difference in shape between spectra d and e and spectrum f
is probably explained by the fact that PMS is immobilized
in the PS Il pellet and freely mobile in solution. The EPR
difference spectrum illuminateshkinusdark-adapted calcu-
lated from spectra d and e is displayed in spectrum g (Figure
3B). This spectrum is almost a base line. Once expanded,
it is similar in shape to spectra d and e (not shown). Figure
3C compares the size of the EPR difference spectrum g
(iluminatedminusdark-adapted) with that of the EPR
spectrum of stable Tyr expected for a Tris-washed sample
at pH 6 with the same RC concentration but not incubated
with NH,OH (spectrumi). The RC concentration in the two
samples has been evaluated using the size of the-©e**

EPR signal obtained by a 200 K illumination in each sample.
It was verified in a parallel experiment performed with liquid
EPR samples with the same concentration of total chlorophyll
(4 mg/mL) that the size of the Q—Fe&" EPR spectrum
obtained by illumination at 200 K was comparable for the
Tris-washed PS Il sample at pH 6 and for the PS Il sample
in the presence of NdOH, PMS, and DCMU. From spectra

i and g in Figure 3C, we conclude that the concentration of
PMS™ increases only marginally upon illumination. Spec- | | | | |
trum h (dashed line) in Figure 3C represents a*GBPR 1700 1600 1500 1400 1300
signal AH = 10 G, g = 2.0025) of PS Il obtained

independently, the size of which has been adjusted to Ficure 4. FTIR difference spectra of the Tyradical formation

0 . . . IGURE 4.
Correspon_d to 5% of the_Tyr EPR signal dlsplaye_d N and Q reduction in Tris-washed PS Il membranes. (A) {a
spectrum i (spectra h and i are compared on the basis of thespectrum obtained on Tris-washed PS Il membranes in Mes buffer
integrated signal area). This signal would be observed if (pH 6.4) in the presence of 10 mM NBH, 2 mM PMS, and 0.1
illumination would form Cht in 5% of the PS Il centers in ~ mM DCMU; 24 000 scans, 1€C, 4 cnt ! resolution. (B) Q7/Qa
the sample. Comparison of spectra g and h in Figure 3C spectrum obtained offN-labeled PS Il membranes in the same

- . - conditions as above; 8000 scans, 4 émesolution. (C) Tys"/Tyrp
confirms that neither Tymor Chi* EPR signals are detected spectrum obtained in phosphate buffer (pH 6) in the presence of

in the samplle upon 1 s illumination at IO: 50 mM formate and ferricyanide; measuring conditions as in Figure
In conclusion, Figure 3 shows that addition of PMS,NH 1B, 374 400 scans,C. Inset 2156-1900 cnt! region of the Tyg"/

OH, and DCMU prevents the formation of any detectable Tyro spectrum.
radical on the donor side of PS Il upon illumination at 10
°C. These experimental conditions lead to the formation of Main absorption band of N¥®H in H,O at 1532 cm* is
Qa~ with a stability suitable for detection by FTIR difference largely downshifted in BO (not shown). The strong
spectroscopy. similarity in this frequency region betweemQ@Qa spectra
FTIR Difference SpectroscopyThe FTIR difference  Obtained in HO (Figure 4A) and in BO (Berthomieu, 1991;
spectrum recorded at I on PS ll-enriched membranes Berthomieu et al., 1990) reveals that bBH does not
at pH 6.4 in the presence of NGH, PMS, and DCMU is contribute to the FTIR difference spectrum. In thﬁ_@A
shown in Figure 4A. It was obtained from two IR absorption FTIR difference spectrum, the negative and positive signals
spectra recorded during 11 s before and after illumination correspond to the Qand Q- states, respectively. The
of the sample by a saturating flash. Spectra from severalcharacteristic features of theaQQa FTIR spectrum are
light cycles were averaged. The dark period between two Positive signals at 1478, 1417, and 1365 ¢pa differential
consecutive illuminations was 1 min. As discussed above, Signal at 1724/1719 cm, and several bands in the 1680
EPR controls demonstrate that only contributions duego Q 1600 and 15661520 cni* regions, negative bands at 1682,
reduction are expected in this FTIR spectrum which is thus 1672, 1657, 1644, 1630, 1560, and 1542 ¢@nd positive
denoted Q/Qa. In particular, it has been shown that no Signals at 1660, 1625, 1550, and 1530 ¢m
Chl* formation was detected in these conditions. We  Figure 4B shows the /Qa spectrum recorded ofiN-
demonstrated previously that there are no common featuredabeled PS Il membranes from spinach. All of the dif-
between this spectrum and a PMBMS FTIR spectrum  ferential signals observed at 1560/1550/1542 tim Figure
generated by electrochemistry (Berthomieu et al., 1992a).4A are downshifted to 1543/1535/1527 chin Figure 4B
In particular, the largest positive band of the PMIEMS for the 1>N-labeled PS Il sample. This downshift by about
spectrum at 1487 cm is not observed in Figure 4A. The 15 cnT! is characteristic for amide lv[CN) + o6(NH)]

1478

Wavenumber (1/cm)
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modes of the peptide backbone (Susi, 1969). The downshift I I I |
of the totality of these signals updfiN-labeling indicates AA
that a very high percentage of the amide nitrogens-ate 10.05 * 100
labeled in the preparation. This is consistent with the

observation that®N-labeling affects the whole amide I
absorption band observed at 1549 and 1536'¢mthe FTIR
absorption spectra of th&N- and *N-labeled samples,
respectively (Berthomieu, 1991). ESEEM spectroscopic
measurements performed on the same PS Il membranes

1157

confirmed that the efficiency of thEN-labeling was above 3 ®lon
85% (Deligianakis et al., 1995). The FTIR spectra were =4 e w g§§

. : . = ©
recorded with 4 (Er;hl resolution, and the frequencies are € g5 1506 1420 1269 1501
given with £1 cnr! accuracy. Additional effects 0fN- B \1574 1499 \1402 | 1167
labeling in the Q~/Qa spectrum consist in the disappearance ! < / !

of the positive band at 1456 crhand in the downshift by

2 cm! of two negative bands at 1682 and 1672 ¢émA 2
cm! downshift is much smaller than that expected fer
(CN) modes of amino acid side chains but is in agreement
with the contribution of peptide carbonyl stretching modes
(amide | mode) at 1682 and 1672 thn In contrast to these
modified modes, some signals are unaltered in the/Qa
spectrum obtained ofPN-labeled PS II. This is the case
for two negative bands at 1644 and 1630 érand for the
positive bands at 1478 and 1417 ©m The frequency
difference of 1 cmt observed in Figure 4A,B at 1743 and
1725 cnm! cannot be considered as significant yet. Since
they are not affected biPN-labeling, the signals at 1644
and 1630 cm! are possible candidates for th¢C=0)

437
1

1
1603 1513 382

vibration of the neutral plastoquinone Qvhile the positive 1511 1246
signal at 1478 cm has been tentatively assigned to the | | | | T | |
v(C==0) vibration of the semiquinone anion,Q (Berth- 1700 1600 1500 1400 1300 1200 1100

omieu et al., 1992a).
The FTIR difference spectrum recorded on Tris-washed

PS ll-enriched membranes at pH 6 in the presence of formateemricheol membranes (A) at pH 6 in®, 374 400 scans (same as

aqd ferricyanide is shown in Figure 4C. This iIIum?nated- in Figure 4C), and (C) at pD 6 in £, 33 600 scans, compared to
minusdark-adapted spectrum corresponds to the differencecresot/cresol FTIR difference spectra obtained by a 1 s UV

between the IR absorption spectra of the sample recordediradiation at 10 K (B) in HO at pH 8, 8448 scans, and (D) at pD
before and 2 s after a 1 s illumination at@. The recording 8 in D0, 6912 scans.

of each absorption spectrum take$4 s. The EPR controls o )
demonstrate that only contributions due to Jyxidation or Tyrp can be studied independently by FTIR difference
and ferricyanide reduction are expected in this FTIR SPECtroscopy.

spectrum, which is therefore denoted F¥Fyrp. The inset The largest difference bands of the #YyTyrp FTIR
shows the 21561900 cn1! frequency region of the spec- spectrum (Figures 4C and 5A) are observed at 1656/1643/
trum, where the ferricyanide and ferrocyaniadéC=N) 1630 and 1553/1545 cmh within the absorption region of
stretching modes contribute at 2115 and 2040cmespec- the amide | and Il modes, respectively. Small reproducible
tively. The negative band at 2115 ciand the positive ~ signals are observed, negative at 1513, 1477, 1397, 1371,
one at 2040 crmt indicate that ferricyanide was reduced after 1350, and 1252 cnt and positive at 1504, 1423, 1408, 1298,
sample illumination and confirm its role as electron acceptor. and 1273 cm’. The contribution at some of these frequen-
In the 1806-1000 cn? range, changes of the order of 16 cies of Typ and Typ" side chain modes, respectively, will
1075 absorption units are observed, which correspond to abe discussed below by comparison with the UV-induced
small number of perturbations of Tyand neighboring or  radicalminusnon-radical spectrum obtained with cresp! (
more distant amino acids or cofactors affected by protonation methylphenol). The Ty /Tyrp FTIR spectrum is further
and/or charge accumulation that occur uponsTyxidation.  characterized by positive signals at 1733 and 1750'cen
The absence of contributions from the electron acceptor sidedifferential signal at 1704/1697 cmh and broad signals,

in the Tyr'/Tyrp spectrum is further demonstrated by positive at~1157 cnt' and negative at 1097 crh (see
comparison of the Ty/Tyrp spectrum (Figure 4C) with the ~ Figure 5A).

Qa7 /Qa spectrum (Figure 4A). The characteristic features  Figure 5 compares the TyfTyrp FTIR difference spectra

of the Q. 7/Qa FTIR spectrum are absent in Figure 4C. This obtained in HO at pH 6 (Figure 5A) and in D at pD 6

is particularly well illustrated by the absence in Figure 4C (Figure 5C) with the radicaminusnon-radical (cresdl

of the differential signal at 1724/1719 cfand the large  cresol) FTIR difference spectra obtained by UV irradiation
positive signal at 1478 cm. Together with the EPR controls  of cresol at 10 K in HO at pH 8 (Figure 5B) and in fD at
(Figures 1-3), the spectra displayed in Figure 4 demonstrate pD 8 (Figure 5D). The cresol was dissolved in borate buffer,
that experimental conditions have been achieved whare Q and the radical was formed as described for phenol in (Berth-

Wavenumber (1/cm)
FIGURe 5: Tyrp*/Tyrp spectrum obtained on Tris-washed PS II-
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omieu & Boussac, 1995). It was verified by EPR spectros- of the protonated side chain of an aspartic or glutamic acid
copy in these experimental conditions that UV irradiation (Chirgadze et al., 1975; Venyaminov & Kalnin, 1990). For
results in electron abstraction and formation of neutral experiments performed in the same conditions of illumination
radicals. The absence of contributions from the borate buffer and acquisition duration, the ferricyanide and ferrocyanide
to the UV-induced FTIR difference spectrum is demon- difference bands give an estimate of the amount of PS II
strated, for example, by the shift of all the IR bands of the RCs performing charge separation. The two pfiyrp
FTIR spectrum obtained with phenol upon perdeuteration spectra in HO and BO have been scaled to the same size
of the phenol ring (Berthomieu & Boussac, 1995). of the ferricyanide and ferrocyanide difference bands (not

In the cresolcresol FTIR difference spectrum, the negative shown). The amplitudes of the signals at 1656/1643%cm
signals at 1616, 1603, 1520, 1513, 1241, 1173, and 1105are comparable in the two spectra, while the difference signal
cm* correspond within a few wavenumbers to frequencies at ~1553/1545 cm! is two times smaller in the Tyt/Tyrp
observed for the IR absorption spectrum of cresol (not shown; spectrum in RO than in HO. This effect can be explained
Jakobsen, 1965; Takeuchi et al., 1988) and are assigned tdy the contribution of amide Il mode(s) at these frequencies,
the vg(CC), vgn(CC), v19{ CC), andv;19CC) ring stretching which have exchanged for about 50% of the PS 1l RCs, since
modes andy;4CO), doi(CH), andd;5(CH) modes, respec- the amide Il mode is downshifted by ca. 100 €nupon
tively [Wilson notation, see Cummings and Wood (1974)]. H/D exchange (Susi, 1969). The signal at 1448 &im
The negative signals at 1473, 1437, and 1382'dmFigure Figure 5C could reveal the corresponding amidebdnd.
5B of cresol in HO are not observed for cresol in,O In contrast to this relatively limited exchange, two signals
(Figure 5D) because they are largely downshifted upon H/D at 1690 and 1578 cm are almost totally absent or
exchange, possibly to 1260150 and 1049 cmi. There- downshifted in the Tyy/Tyrp spectrum in RO.
fore, these modes imply COH or OH bending motiod} (
of the cresol hydroxyl, D-labeled upon®&/D,0O exchange. DISCUSSION

The cresolcresol FTIR difference spectra provide the first In the present work, experimental conditions leading to
report of IR modes of cresol The two largest positive  the generation of pure /Qa or Tyry*/Tyrp FTIR difference
signals are observed at 1269 and at 1506 ‘¢crwith a spectra have been optimized. Excitation by single-turnover
shoulder at 1499 cm. Small positive bands are present at flash or short illumination of samples in the presence of an
1595, 1574, 1420, 1402, 1201, and 1167 &mThe changes  exogenous reductant or oxidant was used. These procedures
observed upon H/D exchange are dominated by effects onallow the study of a single radical species and prevents the
the negative bands, in particular in the 15000 cn? photoaccumulation of undesired light-induced states that
region. The positive band of cresalt 1499 cm? (Figure could be generated under continuous illumination. The Q
5B) is not modified in RO (Figure 5D), while the positive  and Tyg® radicals were formed with high yield and a lifetime
signal at 1506 cm' of cresol is not seen in Figure 5D, of several seconds or minutes allowing the averaging of the
probably because of overlap with the large negative band of FTIR difference spectra with high signal to noise ratio.
cresol at 1511 cnt in D2O. Primary Quinone Acceptor  The first Q. ~/Qa spec-

A number of analogies are observed between spectra Atrum was reported in Berthomieu et al. (1990) on spinach
and B in Figure 5. Negative signals at 1520, 1513, and 1252 PS |l-enriched membranes in the presence ob@®H and
cmt in Figure 5A seem to correspond to signals at 1520, DCMU. A Qa/Qa FTIR spectrum with improved signal
1513, and 1241 cnt in Figure 5B. In addition, negative  to noise ratio was later obtained by the addition of PMS as
bands at 1477, 1371, and 1350 ¢énin Figure 5A, which electron acceptor from £ in the presence of DCMU
are absent in the Ty Tyrp FTIR spectrum in RO (Figure (Berthomieu et al., 1992a). In the present work, we show
5C), could correspond to the signal at 1473 ¢érand the the EPR spectra recorded in the same experimental conditions
broad band at 1382 crhin the cresolcresol FTIR spectrum  as for the Q7 /Qa FTIR spectrum. The EPR signals
(Figure 5B), since the latter signals are also absent in theobserved ag ~ 2 correspond to the reduced PM&dical.
cresol/cresol FTIR spectrum in fD (Figure 5D). The  This radical is present already in the dark-adapted sample,
negative signals at 1520, 1513, 1477, 1371, 1350, and 1252and its concentration increases only marginally upon il-
cmtin Figure 5A are possible candidates for FYiR modes. lumination. This is shown by the comparison of the light-
Similarly, analogies between positive bands at 1506, 1420, induced EPR difference spectrumat: 2 with the Typ*
1402, and 1269 cnt in the cresolcresol spectrum (Figure  EPR signal measured on a Tris-washed sample with the same
5B) and positive ones at 1504, 1423, 1408, and 1273'cm PS Il RC concentration (Figure 3C). The light-induced signal
in the Ty /Tyrp spectrum (Figure 5B) suggest that §yr  is also distinctly different from and much smaller than the
could contribute at the latter frequencies. ChIt EPR signal expected if this species would be photo-

Comparison of the Ty/Tyrp and cresolcresol FTIR accumulated in 5% of the PS Il centers. Therefore, it can
spectra both in kD and in BO in Figure 5 also indicates  be concluded that no detectable CRPR signal (i.e., less
that the largest signals of the ByfTyrp FTIR spectrum than even 1%) is observed upon illumination of the sample
which are observed above 1620 ¢hdo not originate from in the conditions used to record the FTIR data. The EPR
the tyrosine side chain. This points to the reorganization of controls also demonstrate that the primary electron acceptor
the peptide backbone, amino acid side chains, and/orQa is photoreduced for about 40% of PS Il centers and is
cofactors upon Ty formation. detectable after a short illumination at 40. Therefore the

The effect of H/D substitution on the positive signals at FTIR difference spectrum presented here is denoted as/a Q
1750-1710 cm! suggests that a positive signal~al733 Qa spectrum and is discussed as contributions from the
cmtis downshifted to 1719 crm in D,O while two signals photoreduction of the quinone itself and from the amino acids
at 1750 and 1736 cm are not modified (Figure 5C). This or other cofactors influenced by the accumulation of a
is consistent with the possible contribution~at733 cnr?! negative charge on Q The Q7/Qa FTIR spectrum is
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characterized by a differential signal at 1724/1719 tend and Barry (1992) show that no Chis photoaccumulated in
its largest positive band at 1478 chin spinach PS  these conditions. This further argues that the 1478%cm
II-enriched membranes. An identicah@Qa spectrum has  signal cannot be assigned to a Chhode. No control of
also been obtained in the presence of,8MH and DCMU the amount of Q photoreduction was reported in this study
by Noguchi et al. (1992), and a similar spectrum was reported aiming at the detection of Tyrand Tyg® modes. However,
by Araga et al. (1993). The diagnostic band at 1478%is in the presence of ferrocyanide, Qphotoaccumulation can
present in the A /S1Qa (Noguchi et al., 1992) and inthe  be expected to occur very efficiently upon illumination at
two Cytb5590x Q~/Cytb559red Q spectra recorded atlow  —9 °C for a large majority of PS Il centers.
temperature (Berthomieu et al., 1992b; Noguchi et al., Anargument presented against the assignment of the 1478
1993a). In these experimental conditions, charge separatiorcm™ band to an IR signal of the Q state was that this
occurred between the primary electron acceptar &pd signal is observed in samples without DCMU (MacDonald
different electron donors togR. Therefore, common IR et al., 1995), which blocks the electron transfer fropT @
spectral features in these spectra are assigned to the phoQg. However, in their study, the authors did not present
toreduction of Q. any evidence for functional electron transfer fromQo

Recently, MacDonald et al. (1995) obtained a spectrum Qg in the dried samples used for the FTIR experiments.
very similar to the Q=/Qa spectrum reported in Figure 4A.  Another argument against the assignment of the signal at
This spectrum was however interpreted as dominated by1478 cni! to a mode of @~ was that this signal is
ChI*/Chl contributions. In particular, the positive band at downshifted by 2 cm® upon*N-labeling in Synechocystis
1478 cnt! was assigned to a Chimode. In contrastto our  sp. PCC 6803 PS Il (MacDonald et al., 1995), while the
experimental procedure (flash or short illumination at@0 quinone modes should be insensitive'tN-labeling. We
on samples with NkDH, PMS, and DCMU), MacDonald  propose that the 1478 crhsignal may correspond to the
et al. (1995) recorded the IR spectra under continuous »(C=+O) mode of Q- because no shift of this signal is
illumination (more than 5 min) at9 °C on PS ll-enriched  observed in the & /Qa spectrum recorded withN-labeled
membranes in the presence of )\H and ferricyanide. EPR  spinach PS Il (Berthomieu et al., 1992a) (Figure 4A,B). The
control experiments a = 2 in these particular conditions  discrepancy between data in Berthomieu et al. (1992a) and
were taken as indicative that a chlorophyll radical was MacDonald et al. (1995) was explained by the latter authors
reversibly photoaccumulated fet3% or 6% of the PS I by the assumption that we only obtained low level$5f-
centers, when 8 or 90 min dark adaptation was used betweerincorporation in the spinach PS Il membranes. However,
successive illuminations, respectively. On the basis of Chl ESEEM experiments performed on the satfd-labeled
detection by EPR, the largest bands of the FTIR difference spinach preparation indicated an extent of labeling of at least
spectra were interpreted as €/@hl contributions. However,  85% (Deligiannakis et al., 1995). This high extent of
no EPR experiments were performed on the samples tolabeling is also illustrated by the downshift of 15 chupon
measure the amount of,Q that was photoaccumulated in  '5N-labeling (Figure 4B) observed for all of the signals at
these conditions. The influence of the dark adaptation period 1560/1550/1542 cri in “N-labeled samples (Figure 4A).
on the concentration of £ is therefore unknown (Mac-  The !*N-induced downshift indicates that peptidéCN) +
Donald et al., 1995). In the absence of these controls, it is 3(NH) vibrations contribute at these frequencies. In this
not possible to determine the nature of the dominant spectral region, our /Qa spectrum is indeed very similar
photoaccumulated species. Actually, the FTIR difference to the spectrum observed by MacDonald et al. (1995). In
signals are only about 1.2 times larger with 90 min dark addition, the signals at 1682 and 1672 ¢nn Figure 4A
adaptation between illuminations than with 8 min, whereas are reproducibly downshifted by 2 crhupon*N-labeling
the Chi- EPR signal is 2 times larger (MacDonald et al., (Figure 4B). Therefore, we are confident that the 1478%tm
1995). This argues that Chis not the only species seen in  band is not modified by th®N-labeling within thet+1 cn1?
the FTIR spectra and that the largest IR signals are not dueaccuracy of the method. The 2 cindownshift of the
to Chl*. The influence of dark adaptation duration on the positive band at 1478 cm observed upoi®N-labeling in
FTIR difference signals reflects more likely the reoxidation spectra recorded wittBynechocystissp. PCC 6803 in
kinetic of Qu~ by ferricyanide than the reduction of Chl MacDonald et al. (1995) was used as a demonstration that
The absence of signals upon cyclic illumination of PS Il this band corresponds mainly to a Cithode However, it
samples in the presence of MPH and in the absence of should be noted that an IR mode in this region has only been
any exogenous electron acceptor (MacDonald et al., 1995)reported upon photooxidation of the primary electron donor
could be explained by the irreversible photoreduction gf Q of bacterial photosynthetic RC, which is a bacteriochlorophyll
that could occur already under dim green light during sample (BChl) dimer (Matele et al., 1988). No signal was observed
preparation. in this region in the ChY/Chl or BChi*/BChl FTIR difference

In addition, light-induced FTIR difference spectra recorded spectra generated by electrochemistry (kéde et al., 1988;
with a Mn-depleted PS Il core preparation of spinach in the Leonhard et al., 1989; Nabedryk et al., 1990) upon*Chl
presence of ferricyanide or ferrocyanide in MacDonald and formation in PS Il (Noguchi & Inoue, 1995b; unpublished
Barry (1992) present large analogies with spectra obtaineddata), or upon photoxidation of the primary electron donor
by the same group with samples in the presence ofOHH P700 Of PS | (MacDonald et al., 1993; Nabedryk et al., 1990;
(MacDonald et al.,, 1995) as well as with thea @Qa Tavitian et al., 1986). From the EPR control experiments
spectrum presented here. This is illustrated, for example, presented here, we assign the whole band at 1478 tan
by the differential signal at 1724/1718 ckand the positive  the Q™ state. However, the small shift reported in the study
band at 1478 cmt. The EPR control experiments corre- of Synechocystisp. PCC 6803 could indicate that two
sponding to the FTIR difference spectrum obtained with different contributions are superimposed at 1478 tna
samples in the presence of ferrocyanide alone in MacDonaldsmall one from protein side chain mode(s), downshifted upon
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15N-labeling, and the dominant one from the semiquinone Tripathi and Schuler (1984)] are not detected in IR (Berth-
v(C==0) mode. omieu & Boussac, 1995). In particular, analogous down-

Finally, continuous illumination of dried samples -a8 shifts upon uniform D-labeling were reported by IR and RR
°C can indeed cause Chaccumulation in a small fraction  for the signal of the phenoxyl radical at 1505 ¢m It was
of PS Il centers. Comparison of spectra in MacDonald et shown by UV-RR that this mode is sensitive'f®@-labeling
al. (1995) and in Figure 4A, which differ by the-8% Chlt/ (Muckherjee et al., 1995). A downshift of this mode is also
Chl contribution present only in the spectra of MacDonald observed in IR spectra updfiO-labeling (A. Boussac, C.
et al. (1995), suggests that the @hl signals are marginal ~ Berthomieu, and C. Boullais, unpublished). Therefore, the
and responsible for the small spectral differences betweensame mode is observed in IR and RRt505 cntt which
the two spectra, notably in the 1750650 cm! region is assigned to the(CO) mode of the phenoxyl radical. For
(MacDonald et al., 1995). Indeed, the most intense IR modesthe radicals of tyrosing-ethylphenol, and cresol, this mode
of a Chi*/Chl FTIR difference spectrum are expected to is observed between 1515 and 1504 ¢in IR (Berthomieu
contribute in this spectral region (Nabedryk et al., 1990). & Boussac, 1995).

The proper assignment of theaQQa FTIR difference Cresol revealed the best model for detecting the IR signals
signals is essential for the investigation of the IR modes of of the tyrosine side chain in PS I, since the IR modes of
tyrosine or chlorophyll oxidation. In fact, interpretation of cresol are within a few wavenumbers of those of the tyrosine
IR modes from both Ty and Tyg in MacDonald et al. side chain in solution (Dollinger et al., 1986; Takeuchi et
(1992) and Bernard et al. (1995) may be complicated by the al., 1988). Cresol is also soluble at pH below ik pwhile
presence in their spectra of substantial contribution of/Q  tyrosine is hardly soluble below itskp. In addition,

Qx IR signals. We have developed a different approach to differential IR signals from the Tyr amino acid function
obtain the Tys*/Tyrp FTIR difference spectra free from other  overlap with those from the phenolic side chain in the UV-
contributions. induced Tyt Tyr FTIR difference spectra (Berthomieu &

Tyrosine D The Tyk*/Tyrp FTIR spectrum is recorded  Boussac, 1995).
on Tris-washed PS Il membranes from spinach at pH 6 in  Cresol/cresol FTIR spectra were obtained at pH 8 and
the presence of phosphate, formate, and ferricyanide. EPR12, i.e., below and above the&kpof cresol. The spectra
experiments performed on these samples at both the Tyr differ essentially by the frequencies of cresolate at 1504 and
and Q~—F¢&" EPR signals have shown that it is possible 1270 cm! or cresol at 15261513 and 1241 cni (not
to optimize experimental conditions to record the FTIR shown). For cresol in solution, three additional bands are
difference spectrum only due to Typhotooxidation. The  observed at 1473, 1437, and 1382 ¢énmwhich are largely
absence of contributions from the electron acceptor side isdownshifted in DO (Figure 5). The Tw/Tyrp FTIR
also shown by the ferrocyanide and ferricyanide IR signals spectrum compares better with the crésoésol spectrum
and the absence of analogies between the Ty, and obtained at pH 8 (Figure 5). Similarities between the crésol
the Q.7/Qa FTIR difference spectra (Figure 4). The Byr cresol and Ty*/Tyrp spectra suggest that the ringCC)
Tyrp FTIR spectrum shows the vibrational differences due andv(CO) modes of the Tyrside chain contribute at 1513
to Tyrp itself and to amino acids and cofactors of its and 1252 cm?, respectively, and that signals at 1477, 1371,
environment. The contributions of Tyrand Typ® are and 1350 cm! could also be due to Tyr The frequencies
studied by comparison with the cresalesol FTIR difference  of the ring vibrations provide an experimental evidence that
spectrum obtained by UV irradiation at 10 K. reduced Ty is protonated (Dollinger et al., 1986). At

Resonance Raman (RR) spectroscopy has been used:1615-1603 cnt?, the tyrosine signals probably overlap
previously to study radicals of (substituted) phenols obtained with other protein modes.
at room temperature either chemically (Tripathi & Schuler,  The largest IR modes of cres@lt pH 8 are observed at
1984, 1988) or by UV irradiation (Beck & Brus, 1982; 1506, 1420, and 1269 crh(Figure 5B). At pH 12, the 1269
Johnson et al., 1986; Mukherjee et al., 1995). Recently, thecm™ signal is replaced by a larger band at 1285 &ifmot
effect of170- and'3C-labeling was studied on the RR spectra shown). This pH effect was also observed for a band at
of UV-induced phenoxyl radical (Mukherjee et al., 1995). 1275 or 1290 cm' for the phenoxyl radical at pH 8 or 12,
However, the selection rules are not the same for RR andrespectively (Berthomieu & Boussac, 1995). Comparison
IR spectroscopies. This is illustrated by the differences of the Ty /Tyrp spectrum with the UV-induced cresol
between the RR and IR spectra of tyrosine (Ames et al., cresol FTIR spectrum suggests that the pfygide chain
1992; Dollinger et al., 1986). Three modes are principally contributes at 1504 cm in PS Il and, possibly, also at 1423
enhanced at 1615, 1206, and 1174 ¢my RR, while the and 1273 cm?.
largest IR bands are found at 1518 and 1248499 The comparison between the FYTyrp and cresolcresol
and 1269 cm! for tyrosinate). The same differences are FTIR difference spectra reveals that a large number of
also observed for cresol (Ames et al., 1992; Takeuchi et al., signals, and notably the largest ones, are not contributed by
1988). This motivated the investigation of IR modes of the the Ty side chain. The largest bands observed at 1656/
radicals of tyrosine and models of its side chain: phenol 1643 and 1553/1545 crt could be due to amide | and II
and p-ethylphenol by UV-induced FTIR difference spec- modes of the protein backbone and may reflect changes in
troscopy at 10 K (Berthomieu & Boussac, 1995). Common the hydrogen bonding or polarization of peptide carbonyls.
signals are observed by IR and RR for the phenoxyl radical A part of the complex positive signal at 17330 cntt in
at 1556-1552, 1515-1503, and 11671157 cnmtt. Two the Ty*/Tyrp spectrum, modified upon H/D exchange, could
additional modes are observed by FTIR spectroscopy atbe explained by the protonation of Asp or Glu residue(s)
~21500 and 129681270 cn1?, while the RR bands at 1398 upon Typ radical formation. Since Asp and Glu residues
1393 cn1! (Beck & Brus, 1982; Johnson et al.,, 1986; are not present in the models of the immediate environment
Muckherjee et al., 1995) and 1331 chionly observed in of Tyrp (Svensson et al., 1990; Svensson, 1995), either the
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occurrence of a long range charge effect or the implication obtained with PS Il core samples $§nechocystisp. PCC
of another polypeptide docking onto the Fyenvironment 6803 with unlabeled?H-labeled, or**C-labeled tyrosines.
can be postulated. A sharp differential signal is observed atHowever, intensity changes rather than clear frequency
1703/1697 cm! in the Typ*/Tyrp FTIR spectrum. This downshifts of the IR signals were observed upon tyrosine
signal, not modified upon H/D exchange, could correspond labeling so that uncertainty remains whether these signals
to a free peptide carbonyl group. However, the high are properly assigned to the reduced or radical state,
frequency of this signal favors its assignment to the 9-keto respectively. They could also be due to slight variations from
carbonyl of a neutral Chl [Nabedryk et al. (1990) and one spectrum to the other of the IR contributions from
references therein]. Indeed, an electrochromic shi#422 contaminant Bg"/P700 (10% PS | contamination is reported
nm of a chlorophyll electronic transitierpossibly from by the authors) and £3/Qa signals. Large contributions of
Pssg—has been observed upon fyformation (Diner et al., Pz00 signals in the 13081200 cn? region did not allow
1995). A negative signal at 1690 cfin the Tyk'/Tyrp the detection of the/(CO) mode of neutral Tyror Tyrp
FTIR spectrum (Figure 5A), probably downshifted to 1622 expected between 1270 and 1240 érfMacDonald et al.
cm! upon H/D exchange (Figure 5C), could be due to the 1993). Finally, the spectrum in MacDonald et al., (1993)
side chain mode of an arginine residue (Venyaminov & presents strong analogies with a temperature-induced FTIR
Kalnin, 1990). difference spectrum generated upon increasing bg the

The broad signals positive at1157 cnmt and negative  temperature of a sample of PS ll-enriched membranes
at 1097 cm?® most probably arise from phosphatéPO) (Noguchi et al., 1993b). Notably, a large negative band at
modes of HPQ,?~ and HPQ®~, respectively (Chapman & 1562 cni?, followed by a broad positive band at 1540
Thirwell, 1964). These bands indicate that the protonation 1480 cnt?, and negative bands at1630 and~1470 cnr?!
of a phosphate group of the buffer occurs uponpTyr seem common to both spectra. This similarity suggests that
formation. Changes in phosphate IR bands due to protonheating of the sample by the actinic beam has probably taken
release have been reported upon electrochemical reductiorplace in the spectra reported by MacDonald et al. (1993).
of various cytochromecl (Baymann, 1995) and also Thev(CO) mode of the radicals of tyrosingethylphenol,
observed upon the non-heme iron oxidation in PS Il (R. and cresol is always observed above 1500°cim both RR
Hienerwadel, unpublished). The signalsdt157 and 1097  and IR studies (Beck & Brus, 1982; Berthomieu & Boussac,
cmtin Figure 5A indicate that proton release at the PS Il 1995; Johnson et al., 1986; Mukherjee et al., 1995; Tripathi
membrane surface occurs upon ghformation. & Schuler, 1984, 1988). ThgCO) mode of the Tympresent

The Ty*/Tyrp spectrum presented here is very different in ribonucleotide reductase has been reported at 1498 cm
from spectra in the literature where Fyand Tyg® were by RR (Backes et al., 1989). This Tyis not hydrogen
expected to contribute (MacDonald & Barry, 1992; Mac- bonded (Nordlund et al., 1990). MacDonald et al. (1993)
Donald et al., 1993). As explained above, the latter spectraexplained the low frequency (1473 ci proposed for the
exhibit similarities with the @ /Qa FTIR spectrum and  v»(CO) mode of Tyg® by the presence of a hydrogen bond.
spectra obtained with samples incubated with ,QH However, there is no evidence that the mode observed at
(MacDonald et al., 1995) which reduces very efficientlyFyr 1505 cmt in RR and IR is downshifted upon formation of
and Tyg*. This suggests that the contributions from gJyr a hydrogen bond. In contrast to the data reported by
or Tyrz in the spectra by MacDonald and Barry (1992) are MacDonald et al. (1993), no positive signal is observed at
masked by the @/Qa signals. In this work (MacDonald  1478-1470 cnttin the Ty /Tyrp FTIR spectrum presented
& Barry, 1992), lightminusdark FTIR difference spectra here. A broad negative signal is centered at 1477dm
were recorded on dehydrated spinach PS Il core complexeghis spectral range (Figure 5A). The comparison with the
illuminated at—9 °C in the presence of either ferricyanide UV-induced cresolcresol FTIR spectrum suggests that the
or ferrocyanide. EPR control &~ 2 showed that Tyr Tyrp* side chain contributes at 1504 cin
and Cht were photoaccumulated under illumination in the  In conclusion, the Ty*/Tyrp spectrum presented in this
sample with ferricyanide, while only Tyrwas accumulated  work provides the basis for the detailed study of grgnd
in the photosteady state at the electron donor side of PS Ilits environment. This study is underway in collaboration
in the sample with ferrocyanide. However, the FTIR with X.-S. Tang and B. Diner (DuPont de Nemours,
difference spectra obtained for the two samples were very Wilmington, DE) through the use of wild type, specifically
similar. In order to cancel contributions fromaQQa labeled, and mutant PS Il @ynechocystisp. PCC 6803.
signals, interactive subtraction was done between FTIR
difference spectra obtained in the PS Il samples with ACKNOWLEDGMENT
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