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ABSTRACT. The effect of dehydration on the reaction pattern of photosystem Il (PS II) has been studied
by measuring and analyzing spectral changes induced by continuous wavelength illumination in films of
untreated and hydroxylamine-washed PS Il membrane fragments dehydrated to different levels. The obtained
data revealed (i) the extent of light-induced formation of about onRé g@r 230 chlorophylls (Chl)
remains virtually invariant to dehydration down to the lowest values of relative humidit@¥e RH);

(i) a decrease of the RH to 30% leads to severe blockage of the electron transfer ffoon(@ and the
progressive replacement of water oxidation by photooxidation of high potential (HP) cytochrome (Cyt)
b559 in untreated PS Il samples or accessory Chl and carotenoid (Car) molecules in samples with
preoxidized Cyt b559; (iii) photooxidation of Cyt b559 is followed by its photoreduction, concomitant
with photooxidation of Chl and Car; (iv) in dry samples with preoxidized Cyt b559, not more than a half
of total Cyt b559 can be photochemically reduced, independent of the extent of Cyt b559 in the HP form;
(v) at low RH values, Cyt b559 photoreduction in samples with preoxidized heme groups and
photoaccumulation of §J take place with biphasic kinetics with similar rate constants for both
processes; (vi) Cyt b559 photoreduction in dry samples is DCMU insensitive, while the dark rereduction
of photooxidized Cyt b559 is inhibited by DCMU; (vii) fast and slow kinetic phases of Cyt b559
photoreduction dramatically differ in their dependencies on the intensity of CW illumination and are
associated with electron donation to Cyt b559 frogi @d pheophytirr, respectively. The pathways of
light-induced electron transfer in PS Il involving Cyt b559 are discussed.

The key steps of photosynthetic water oxidation take place 7). All cofactors participating in these reaction sequences
in a multimeric protein complex referred to as PSthat is are bound to a heterodimeric protein matrix consisting of
anisotropically embedded into the thylakoid membrane and polypeptides D1 and D2. Recent X-ray crystallographic
enzymatically functions as light-driven wateplastoquinone  studies have elucidated the spatial arrangement of these
oxidoreductase. The overall process comprises three typesofactors 8, 9). The static structure is an indispensable
of reaction sequences: (i) light-induced generation of the prerequisite to address questions on the mechanism of

sufficiently stabilized radical ion pair P68@," (1, 2), (i) electron transfer in biological systems, but a deeper under-
formation of plastoquinol from the quinone via a sequence standing requires information on nuclear dynamics. This most
of two one electron steps with Qas reductant3, 4), and important interplay between protein dynamics and reactivity

(iii) oxidation of two water molecules to molecular oxygen has been thoroughly analyzed by the pioneering work of

and four protons at a manganese-containing WOC throughFrauenfelder and colleagues for ligand binding to heme

a four step sequence with P68Gs oxidant and tyrosine  proteins (0—12).

Yz of polypeptide D1 acting as redox active mediatpr-( Numerous studies have shown that the reaction sequences

i—iii in PS 1l exhibit quite different dependencies on a degree
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the isoprenoid side chairy). Although these data prove of this effect depends on the redox statefS8he WOC (38).
that the position of @ can be drastically shifted, it is not It therefore appears worth analyzing in more detail the effects
yet clear whether this is the only structural change that limits of dehydration on the reaction pattern of PS IlI, especially
the Q," reoxidation rate by @(22). In PS I, the analogous  the turnover of redox active components on the donor side
reaction was also shown to be intimately coupled with protein that is normally dominated by the physiological function of
flexibility (23) but detailed structural information as in the Wwater oxidation in the WOC.
case of purple bacteria is still lacking. With respect to redox components of PS Il other than
Another way to restrict the protein dynamics is to diminish P680, Q, Qs, Yz, and the WOC, the heme protein Cyt b559
the water activity in biological samples. The latter can be is of special interest. Cyt b559 is an integral constituent of
achieved by either dehydration or suspension of proteins inthe PS Il core complex3@—41) that intimately interacts with
high osmotic media, organic solvents, or incorporation in the heterodimeric protein matrix consisting of polypeptides
reversed micelles. In these “low water systems” proteins D1 and D2 and carrying all cofactors of photosynthetic water
exhibit high conformational rigidity because the transitions cleavage. The protein matrix of the heme group of Cyt b559
between conformational substates and “breathing” modes ards built by two polypeptides o- and S-subunit) each
highly restricted because of hindered medium reorganizationcontaining a single His residue acting as an axial ligand of
(24—27). This gives rise to effects similar to those observed the heme iron cente#@—47). Cyt b559 is unique among
by “freezing” protein modes at low temperatures. It has to the b-type cytochromes by the existence of a form with an
be emphasized that the features observed strongly dependinusually high midpoint potential ef380 to+400 mV (HP
on the mode of samples freezing and dehydration. Rapidform). Several treatments are known that transform the HP
freezing and sharp decrease of water activity give rise to Cyt b559 into forms with lower g values. Typical redox
the locking of proteins in a set of conformational substates. titrations of PS || membrane fragments with a functionally
As a consequence, a distribution of rate constants emergesompetent WOC indicate the existence of three forms with
thus leading to complex kinetics of the ensemble for a distinctly different redox potentialgl8—51). The functional
unimolecular reaction as illustrated for the recombination role of Cyt b559 is not yet clarified, but it seems most likely
reaction between P and @ in samples of bacterial thatitis involved in protective reactions to deletereous light
reaction centers rapidly frozen2® or dehydrated by  stress responses especially after de novo synthesis of PS II
trehalose addition29). On the other hand, sufficiently slow ~ complexes without intact WOC5@—59).
freezing or dehydration close to equilibrium conditions leads  One of the most important problems in understanding the
to protein ensembles in well-defined conformational states. function of Cyt b559 is related to the long standing
Therefore, in the present study, the latter type of sample controversy on the question of whether PS Il contains only
treatment was used. one or two Cyt b559 heme groups. This problem originates
The effect of dehydration has been analyzed under well- from discrepancies of estimations based on spectrophoto-
defined conditions of water activity in samples of anoxygenic metric measurements, especially because of uncertainties of
purple bacteria. It was shown that in dehydrated samplesthe correct differential extinction coefficient (see Discussion).
the electron transfer from £Xo Qs is impaired 80, 31) and It is now widely assumed that recent X-ray crystallographic
the rate of recombination betweeri*Rand Q" is several-  Structure analyses have unambiguously answered all ques-
fold increased 30). Likewise, the extent of photooxidation ~ tions on the stoichiometry of Cyt b559. PS II complexes
of membrane-bound Cyt ¢ becomes diminish&®).(These isolated from thermophilic cyanobacteria contain only one
changes of electron transfer processes correlate with altered'eme group that is located in the membrane spanning region

conformational dynamics of the reaction center protadr{  Of the complex toward the stromal side in closer proximity
35). to Qs than to Q (8, 9). X-ray structure data of sufficient

resolution are so far lacking for PS 1l complexes from higher
plants. Therefore, at present, the possibility of a different
Cyt b559 content in thermophilic cyanobacteria and higher
?plants cannot be entirely ruled out. However, the situation
is even more puzzling because recent proteomics analyses
claimed that two Cyt b559 were found in PS Il from both
mesophilic and thermophilic cyanobacterg0,(61). As a

Less detailed information is available for PS Il. So far,
the effect of dehydration was mainly studied in plant leaves
in order to analyze consequences of drought stress by usin
noninvasive fluorescence techniques and the method o
thermoluminescence (see r86 and references therein).
However, it is difficult to draw sound conclusions on the
specific modulation of the PS Il reaction pattern because in .
dissicated plant tissue the extent of thylakoid membrane consequence, the dogmq of only one Cyt b559 n qll PS I
hydration is not well-defined. Despite these problems, it can complexes needs unambiguous proof (see Discussion).
be inferred that drying leads to impairment in PS Il of both ~ The present study describes the results of thorough
WOC function and plastoquinol formation. It was found that investigations on the photoaccumulation of‘Qand the
in whole leaves exposed to water stress of different durationslight-induced redox reactions of Cyt b559 in films of PS ||
photooxidation of Cyt b559 takes placg7j. This effect can membrane fragments that are dehydrated to well-defined
be expected as a consequence of inhibition of the WOC. levels by using suitable conditions. The data obtained reveal
Recently, a first detailed report was presented on dehydrationthat the water content of PS Il membrane fragments does
effects on the WOC in PS Il complexes from the thermo- not affect the light-induced charge separation but seriously
philic cyanobacteriunThermosynechococcus elongatBs). impairs both the reduction of by Q," and the reactions
Using FTIR spectroscopy, it was convincingly shown that of the WOC thus giving rise to redox turnover of Cyt b559
the oxidation steps of the WOC are progressively blocked and the oxidation of Chl and Car. Attempts are made to
when the water content of the sample decreases. The extenéxplain the data within the framework of the “one Cyt b559”
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dogma, but a better interpretation is achieved by the The average number of Chis per PS Il was obtained by

assumption of two Cyt b559. measurements of the flash-induced oxygen vyield under
repetitive excitation as outlined in r@D. The values of 230
MATERIALS AND METHODS + 20 obtained for samples with full oxygen-evolving

capacity are in excellent agreement with most reports in the
literature {1—74). The total amount of Cyt b559 in PS II
membrane fragments was determined by anaerobic redox
titration of the heme group through monitoring ofitsband

PS Il membrane fragments were obtained from spinach
and sugar beet according to the method of Berthold et al.
(62) with some modifications §3). All assays were per-

formed in a buffer containing 50 mM MES (pH 6.5), 0.4 M ( . oS :
. 51). For rapid estimation of the concentration of the HP
sucrose, 15 mM NaCl, and 10 mM Ca@tandard medium). form of Cyt b559 in a sample, the absorbance increase at

Hydroxylamine-treated PS Il membranes were obtained 5gq nm was measured after addition of 20 mMAE(CN)]
by using the procedure described in 8dfwith modifications to the sample preincubated with 0.2 mM[Re(CN)]. On
(65). Samples were incubated in a buffer containing 50 MM ¢ pasis of the widely used difference extinction coefficient
MES (pH 6.5), 0.4 M sucrose, 15 mM NaCl, 1 mM CaCl ot cyt h559 reported in ref39 and44, both oxygen-evolving
1 mM ascorbate, and 5 mM hydroxylamine hydrochloride 5nq”hydroxylamine-treated PS Il membrane preparations
for 1 h in thedarkness at 4C and a Chl concentration of \yere calculated to contain approximately 1.8 Cyt b559 per

0.5 mg/mL. To check that the content of HP Cyt b559 did 230 Chl, with 55-65% and 56-55% of Cyt b559 present
not drastically decrease after hydroxylamine treatment, redoX;, the HP form (initially reduced in the dark) in oxygen-
titration of heme b559 in the treated PS Il membranes was evolving and hydroxylamine-treated PS I membranes

performed as described earliéd). Typically, the distribu- respectively.
tion of heme b559 redox forms was observed as follows:
388+ 11 mV (554 3%), 233+ 15 mV (29 + 4%), and
100+ 17 mV (16=£ 3%). These values are similar to those
of untreated oxygen-evolving PS Il membrarg851) and
well agree with data reported earlier for hydroxylamine-
treated PS Il membraned9). Untreated PS Il membrane hiah . 623 f I .
fragments exhibited typical average oxygen evolution rates \gher scatt.ermg at nm qr Sa”.‘p € suspensions. .
under saturating CW light of around 6@@nol of O, (mg of The amplitude of the C550 signal in cases pf concomitant
Chl)~* h™1, measured at pH 6.5 with 0.5 mM 2,6-dichloro- changes of the Cyt b558-band at 560 nm in the light-
1.4-benzoquinone and 1 mMyfEe(CN)] as acceptors. After mducgd difference absorption _spectra was det_ermmeq py the
hydroxylamine treatment, the rate of oxygen evolution in following procedure. A normalized reduced minus oxidized

: difference absorption spectrum of Cyt b559 in the 5800
PS I I | of
OfChBET]?{_ane samples did not exceedh®l of O, (mg nm region obtained in DAD2—Cyt b559 preparations (see

Figure 5A in ref51) was added or subtracted, respectively,
to (from) the corresponding light-induced difference spectra
of Cyt b559 photooxidation or photoreduction recorded in

The amplitudes of the redox changes of heme b559 and
Q,° due to illumination or dark incubation of dehydrated
samples of PS Il membrane fragments were presented as
fractions of their 100% levels in buffer suspensions of the
same optical density at “623 minus 750 nm” assuming a 10%

Dehydration was performed at room temperature on thick
films of PS Il membrane fragments, which were deposited
on a quartz slide fixed in a sealed glass cell, adapted for
circulation of a constant flow of air. The RH of the flushing PSCLI mgmllarang i?mplishp Cvt b559 ‘ db
air was measured in the output flow in a constructed chamber. emical oxiaation o y was performed by

: : - incubation of the samples at € for 15 min in standard
equipped with a digital hygrometer. Accuracy of RH . SR o
measurements was3%. PS Il membrane films were buffer medium containing in addition 2 mMafFe(CN)),

incubated in the dark for 10 min and then dried t08%% fﬁllowgéi by X\I/IO Wa?'h fte_ps in the séame 'buﬁl‘er bugwnkhout
RH by air that had passed through Ca®ligher RH levels the oxidant, manlkp])u ations were ?ne |L1'amost ar n?]ss
were achieved by a subsequent film rehydration with air to avoid Cyt b559 pootoreductlon._A ter this treatment, the
equilibrated with saturated salt solutio). After attaining samples retained 50% of Cyt b559 in the HP form, and about

a constant RH value (typically after 1 h), the cell was 90% of this HP Cyt b559 was in the oxidized state.

hermetically sealed. For each measurement at different RH, FOF conversion of the HP into the LP form of Cyt b559,
a new sample was used. oxygen-evolving PS Il membrane fragments were incubated

Obtical measurements were performed at room tem era-at room temperature for 15 min in a medium containing 25
P pertor o0 'eMPEra- 1\ CHES (pH 9.16), 0.4 M sucrose, 15 mM NaCl, 10 mM
ture in a Cary 5 spectrophotometer with an optical slit width

of 2 nm. Light minus dark difference spectra were recorded CaCb, and 0.5 mM K[Fe(CNY]. The pH of this suspension

between 520 and 590 nm with a scan time of 30 s or between\ivgg ;ﬁsﬁgge&?f/esrhgtiﬁgub a?ﬁ;‘;;mH ?éswt;ystvr\]/(;sidedc;tl[f/)vri]cg
370 and 720 nm with a scan time of 90 s. The Cyt b559 and : ' Y, P!

. trati . . £ PS Il b in a standard buffer medium. After this treatment, all Cyt
Qa” concentrations in suspensions ot membrane posg of the sample was in its oxidized LP form.
fragments were determined by measuring reduced minus

2 . I —_ CW illumination was performed with a 150 W halogen
?nxl\'/(ljzic:nf’f Zﬁ%g r:]giinuussmg?ne);tms;gn‘lz)o ggécgr;t?mc\);lﬂ.S projector equipped with a 600 nm cutoff filter at the PFDs

e at “542 minus 550 nm” 7, 68) for Cyt b559 and given in figure legends. Kinetic curves were analyzed by a

C550, respectively. The amplitudes of the signals were nonlinear curve-fitting Origin program.

determined relative to a straight line connecting the points RESULTS

at 546 and 573 nm5(). The Chl concentration of suspen-

sions of PS Il membrane fragments was determined accord- On the basis of a difference extinction coefficient at
ing to the method described in ré#. 560 nm of 17.5 mM?* cm™ (39, 44), stoichiometric ratios
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- L papers, corresponds to the C550 sigré8, (/5—78). The
latter indicates ¢ formation due to the electrochromic
effect on Pheoq5, 76).

A comparison of the separated contributions ¢ and d with
the experimental difference spectra a and b in Figure 1
readily shows that the amplitude of the C550 signal is smaller
but the extent of photooxidized Cyt b559 is much higher in
the dry as compared to the wet film. The amplitudes of the
C550 signals, gathered from curves ¢ and d, correspond with
a photoreduction of 0.79 and 0.53,Qper 230 Chl,
respectively. Correspondingly, the amplitudes of Cyt b559
oxidation in curves a and b of Figure 1 reflect redox changes
in 7 and 29% of total Cyt b559, respectively. In marked
_ ‘ . contrast, analogous experiments carried out in buffer suspen-

520 540 560 580 600 sion of oxygen-evolving PS || membrane fragments did not
wavelengh, nm lead to any Cyt b559 oxidation upon illumination, in
Ficure 1: Light-induced difference spectra of “wet” (trace a) and agreement with previous finding8g, 56, 79). '”Ste?‘d’ avery
“dry” (trace b) films prepared with oxygen-evolving PS II small but reproducible Cyt b559 photoreduction was ob-
membrane fragments. Films of PS Il membrane suspended inserved that usually did not exceed 5% of Cyt b559 popula-

standard buffer were dehydrated to a RH of 8% (“dry film”) and tion. The latter probably reflects a small fraction of reaction
then rehydrated back to 81% RH (“wet film”) as indicated in the centers with HP Cyt b559 initially oxidized.

Materials and Methods. Spectra were monitored before and after . - L
10 s of actinic illumination with red light; PFD 22Q0Em 2 s™1. For the relevance of the above-mentioned findings, it is

Optical density of the samples at 623 minus 750 nm was 0.81 A. most important to note that the dehydration effect is largely
Two measurements were averaged for each curve. Dotted linesreversible. This is already illustrated in Figure 1 because the

represent the oxidized minus reduced difference spectrum of Cyt sample used for measuring curve a was obtained by rehy-
b559 normalized to the peak at 560 nm (for details, see the Materialsdration of a dried film of PS Il membrane fragments

and Methods). Curves c and d represent the difference between ) .
experimental data and dotted curves for samples a and b, respec- The results of Figure 1 can be explained by the general
tively. Smoothing of curves ¢ and d was done in the Origin program. conclusion that normal redox reactions of PS Il are reversibly

. modified upon dehydration of PS Il membrane fragments,
of about 1.8 Cyt b559 per PS Il were obtained for th? but the process of light-induced charge separation is still
membrane fragments used in the_ present s_tudy (see Iv'ate”al?unctioning. Under these conditions, Cyt b559 oxidation is
and I_\/Iethgds_)_. However, to_avo-|d conqumps because _Of 4pbserved, which indicates that the WOC function is impaired.
possible significant underestimation of this difference extinc- On the basis of the data of Figure 1, it can be concluded
tion coefficient (G. Brudvig, personal communication), in . '
the following description, all data for the light-induced that in dry samples of PS Il membrane fragments only about

) X . ; S 30% of the PS Il complexes are transformed into state
reactions of Cyt b559 will be presented in relative units, i.e., Cyth553Q;" by illumination. Therefore, in the followin
as a percentage of the total content. Y A OY ' ' 9

As described in the Materials and Methods, about 60% of experiments, we tried to find out whether the decrease of
the total Cyt b559 was initially reduced in oxygen-evolving _the_ €550 signal upon drying of the sam_ple originates from
dark-adapted PS Il membrane fragments. The photoinoluceo4nh|b|tlon of a primary electron transfer in a fraction of PS
signals in samples dehydrated to different extents were ! complexes_ or _'S caused by other effect_s. .
measured in the absence of exogenous electron donors or 1he data in Figure 2 present the kinetics of* @hoto-
acceptors. Figure 1 shows typical difference absorption @ccumulation in dry films of two different types of PS II
spectra in the wavelength region of 52890 nm induced ~ Meémbrane fragments that are either fully competent in
by 10 s of illumination with saturating CW light in hydrated ~©Xygen evolution (curve a) or deprived of this function by
(a) and dry (here, and later in the text, dry defines sampleshigh pH pretreatment (curve b). In the latter sample type
dehydrated ta=30% RH) (b) films prepared from oxygen-  als0, all HP Cyt b559 is transformed into the LP form as
evolving PS Il membrane fragments. Curves a and b of outlined in the Materials and Methods. In the case of oxygen-
Figure 1 reveal that illumination of both samples gives rise €volving PS Il preparations, data were also collected in the
to spectral changes that are the composite of two types ofPresense of 4qM DCMU added to the sample before
signals. One of these is characterized by bleaching bands afl€hydration (filled squares). For each point in Figure 2, a
560 and 532 nm that reflect oxidation of Cyt b559 while Photoinduced difference spectrum analogous to that shown
the other component with typical features of an electrochro- IN Figure 1 as trace b was recorded after a definite
mic bandshift around 546 nm is indicative of C550 formation. Illumination time given in the abscissa and the pure C550
The latter was clearly resolved by subtraction of a “pure” COmponent was then extracted by subtraction of Cyt b559
difference spectrum of Cyt b559 oxidation normalized to the redox difference spectrum as described in the Materials and
peak at 560 nm (dotted curve) from the light-induced spectra Méthods.

a and b (see Materials and Methods). The remaining Several interesting features emerge from the data of Figure
contribution shown by the curves c and d, respectively, 2: (i) regardless of the WOC integrity, more then 80% of
represents a difference spectrum that is characterized by &," can be photoaccumulated in dried PS Il membrane
trough at 550 nm and a peak at 542 nm and an isosbesticfragments; (ii) PS Il membrane fragments with an intact
point at 546 nm, which, in good agreement with the previous WOC exhibit biphasic kinetics of {J formation (curve a in

Delta A
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Ficure 2: Normalized extent of ¢J formation as a function of ~ fragments either in aqueous buffer suspensions (trace a) or in the
illumination time in dry films of untreated and high pH-treated PS form of films of different dehydration levels (traces-b). In sample
Il membrane fragments. Films prepared from oxygen-evolving @, 0xygen-evolving PS Il membranes were suspended in standard
(squares) and high pH-treated (triangles) preparations of PS Il medium. Films prepared from oxygen-evolving PS Il membrane
membranes were dehydrated to 8% RH. Filled squares show thefragments were dehydrated to 89 (b), 65 (c), 43 (d), and 30% RH
experiment where 4@M DCMU was added to suspensions of (€). Difference spectra were monitored in the spectral region
oxygen-evolving PS Il membranes before film preparation. Full betw_een 520 and 590 nm after different times of |IIum|ne_1t|on_W|th
line curves represent biexponential fitting of the experimental red light of PFD of 220QtEm™2s™. In ordinate, the negative sign
data; amplitude factors; = 0.48,a, = 0.40 and the corresponding ~ Of Cyt b559 redox changes is for photooxidation and the positive

rate constantk; = (4 syt andk, = (42 s)y! for curve aja; = sign is for photoreduction.

0.78,a, = 0.18,k; = (1 s)%, andk, = (51 s)! for curve b; the

amplitudesa; anda, are units of Q" formed per 230 Chls. suspension (trace a) and in dehydrated films of different RH
(traces b-e) prepared with oxygen-evolving PS Il membrane

Figure 2) with rate constants &f ~ (4.0 s)* andk, = (42 fragments. The results obtained exhibit three striking fea-

syt and amplitudes of 0.48 and 0.40,Qer 230 Chl, tures: (i) in all dehydrated samples, the illumination causes

respectively; (i) addition of DCMU does not affect either a net Cyt b559 oxidation while in suspension of PS II
the extent or the rate of Qaccumulation in dry films; and  membrane fragments a small but reproducible Cyt b559
(iv) as compared with untreated material, light-induced Q  photoreduction was detected; (i) the extent of the initial Cyt
formation is much faster in high pH-treated samples that are b559 oxidation in dehydrated films increases with progress-
lacking a functional WOC and all Cyt b559 attaining the ing drying degree; and (iii) below a dehydration threshold,
LP form (curve b). As shown by the curve b, a 10 s the initial photooxidation is followed by a slower photo-
illumination with saturating CW light produces ,Q in reduction of Cyt b559 (traces d and e). Further drying of
about 80% of the PS Il centers. Similar fast kinetics af Q  films to RH levels below 30% virtually did not change the
photoreduction were found (data not shown) also in dry films typical curve represented by trace e (vide infra).

of PS Il membranes where the Mn cluster has been deprived When considering the photoinduced oxidation and reduc-
by a hydroxylamine treatment that leaves the HP form of tion of Cyt b559 as independent reactions, the pattern can
Cyt b559 largely uneffected (see Materials and Methods). be described by the equation

These findings show that in samples without a functionally

competent WOC extent and rate of @hotoaccumulation ACyt b559¢) = a (e "' — 1) + a (1 — e *) (1)

are virtually independent of the presence of HP Cyt b559.

The results presented in Figure 2 are very important for where negative values @Cyt b559 reflect a net increase
understanding the mechanism of electron transfer reactionsof oxidized Cyt b559 as compared with the dark overall
in dehydrated samples of PS Il. They show that the chargeredox state.
separation between P680 angd i® not seriously affected in Fitting of the data presented by curve e of Figure 3 results
dry films. Therefore, a slower photoaccumulation of dark in the following values:a. anda.q = 32 and 18% of total
stable Q" in dry films of PS Il membrane fragments Cyt b559, respectively, ankbx andkeq = 3.9 and (59 s)!,
containing the WOC has to be explained by other effects. respectively. The amplitudes and rates of Cyt b559 photo-
The virtually DCMU insensitive kinetics of Q formation oxidation and photoreduction are in correspondence with the
suggests that the electron transfer betweana@d Q is fast and slow phase, respectively, of ‘Qormation in this
largely blocked in dry films of PS Il membrane fragments. sample type (see curve a in Figure 2).

Photooxidized Cyt b559 is rather stable in dry samples, The reactions induced by CW light are multiturnover
i.e., it becomes rereduced in the dark in a time domain of processes that are much slower than the elementary electron
tens of minutes (see Figure 8). To characterize the effect oftransfer steps in PS Il. It is therefore worth analyzing the
dehydration in more detail, the time course of the light- time course of the Cyt b559 reactions at different PFDs of
induced Cyt b559 redox changes and the dependence on thactinic light. Figure 4 summarizes the results obtained at two
RH were analyzed. Figure 3 shows the light-induced changesPFDs in a film prepared with oxygen-evolving PS Il
of the Cyt b559 redox state (monitored by the bleaching of membrane fragments and dehydrated 8% RH. Curve
560 nm band) as a function of illumination time in buffer a was obtained with the same PFD as used for the data
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films of untreated PS Il membranes dehydrated td8% RH at
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Ficure 4: Normalized extent of Cyt b559 redox change as a
function of illumination time in dry films of untreated PS I
membrane fragments. Samples of oxygen-evolving PS Il mem-
branes were dehydrated te-8% RH. lllumination was performed
with red light of 2200 (trace a) and 44@Em 2 s ! (trace b). Sample
¢ was illuminated for 80 s at 44@Em==2 s1, followed by
illumination at 220QEm~2 s™1 (the switching of light is indicated ~ leads to a net Cyt b559 oxidation after prolonged illumination
by an arrow). Curve fitting of the experimental data was based on (Figure 3, curve e, and Figure 4, curves a,c). To check for
wﬁe‘;:’:“oa“n%gryt g?g%%x);tfgégg k:é d_mlgxfmﬁr%ﬁ);eﬁ;%? ot N effect of molecular oxygen as a possible oxidant of
b559 ph(x)tooxidaelgion and photoreduction, respectively,lapend reduced Cyt b559, a dry sample was prepared and the_
keg are the corresponding rate constants. All amplitudes are Subsequent measurements were performed under anaerobic
presented as % of total Cyt b559. Values were used as follows: conditions (i.e., drying was performed under a flow of
aox = 33%, areq = 21%, kox = (4.5 5%, and Kea = (73 syt for nitrogen and the cell was then, as usually, hermetically
C‘{rl"]? 8,80x = ng%,afdzo/Zl%akox :_(87-2 Sy fa”dkfed = (480 sealed). The results obtained were virtually the same as in
s) * for curve b;aweq = 21% andkeq = (75 s)* for curve c. the aerobic sample with respect to both amplitude and
kinetics of Cyt b559 photoreduction (data not shown).
depicted in Figures 43, i.e., 2200uEm™2 s1. It closely The increasing extent of Cyt b559 photooxidation with
resembles curve e in Figure 3 for a sample dehydrated todecreasing RH values of the sample is assumed to be related
30% RH. A decrease of PFD by a factor of 5, i.e., to 440 to an impairment of secondary reactions in PS Il, namely,
uEmM 271 affects the kinetics of Cyt b559 photooxidation the WOC and @ function. It is therefore important to study
only by a factor of about 2 but highly retards the rate of the the light-induced reactions in samples that are deprived of a
subsequent photoreduction (curve b). As a consequence ofunctionally competent WOC. In the following experiments,
these kinetic effects, the apparent maximum extent of Cyt heme b559 photooxidation was compared in normal and
b559 photooxidation is larger in the case of low PFD hydroxylamine-treated PS Il membrane samples both con-
illumination. To illustrate the effect of actinic illumination taining nearly the same fraction of Cyt b559 in its HP redox
on Cyt b559 photoreduction, the sample was illuminated at form (see Materials and Methods). For the sake of direct
440 uEm2 s for 80 s, followed by actinic light at 2200  comparability of the results, the treatment was performed
uEmM~2s71 (curve c). In case of sufficiently weak light, Cyt  very carefully in order to avoid a significant transformation
b559 photooxidation appears to attain its maximal amplitude of HP Cyt b559.
and the extent of subsequent reduction remained small. The In Figure 6A, the time course is shown of Cyt b559
increase of PFD by a factor of 5 resulted in the onset of a photooxidation induced by actinic light of PEB440uEm™2
pronounced Cyt b559 photoreduction (curve c) with kinetics s™* in normal and hydroxylamine-treated PS Il membrane
and extent similar to that observed when only high PFD light fragments (traces a and b, respectively). Panel B summarizes
was used (curve a). The resolved heme photoreduction (curvethe results of subsequent Cyt b559 photoreduction under
c) is characterized by laeq of (75 s)* and an amplitud@yeq strong illumination with PFD= 2200 uEm2 s™%. For
of 21% of Cyt b559. comparison, traces ¢ and d reflect the corresponding reaction
Figure 5 shows the rate constant for Cyt b559 photo- pattern of buffer suspensions of both types of PS I
reduction in dry films of untreated PS Il membrane fragments membrane fragments.
as a function of PFD of actinic light. The data reveal a  An inspection of the data in panel A of Figure 6 leads to
striking dependence df.q on PFD with a characteristic  two relevant conclusions: (i) the maximum extent of Cyt
sigmoidal shape. Below a threshold of 40800uEm2 s, b559 photooxidation in dry fiims of PS Il membrane
which nearly saturates the Cyt b559 photooxidation, the rate fragments is virtually independent of the presence of an intact
of Cyt b559 photoreduction is negligibly small whereas the WOC while the rate is faster by a factor of about two in
maximum value ok.q (about (50 s)?) is reached in arather  samples deprived of the WOC (compare traces a and b), and

narrow range of PFD values. (i) in suspensions, a photoaccumulation of oxidized Cyt b559
An interesting phenomenon concerning the Cyt b559 can be only observed in hydroxylamine-treated PS Il
photoreactions in dry films of oxygen-evolving PS 1l membrane fragments but not at all in the untreated control

membranes is the lower extent of heme photoreduction aswhere even a slight photoreduction takes place (compare
compared to the amplitude of its initial photooxidation. This traces ¢ and d). Furthermore, the extent of Cyt b559
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illumination time, s Ficure 7: Normalized extent of Cyt b559 photooxidation (panel

A) and photoreduction (panel B) as a function of RH in films of
untreated and hydroxylamine-treated PS Il membrane fragments.
Data obtained for dehydrated films of untreated and hydroxylamine-
hydroxylamine-treated (open squares) PS Il membranes Were?reated PS Il membranes are symbolized by filled squares and
dyh # yt 1.9 and 120 FI)?H q oely F o, the Mverted triangles, respectively. Open symbols represent the results
enydrated to 9 an o RH, respectively. -or a companison, th€g, ¢ shensions of the correspondent preparations in standard
data of the samples are shown in buffer suspension (Standardmedium. Actinic illumination with red light: 44@Em™2 s™* for
medium) of untreated (filled triangles) and hydroxylamine-treated o, oxidation and 2200Em 2 -1 for photoreduction; in the latter
(open circles) PS Il membrane fragments. Actinic light: 440 (panel case, samples were preilluminated for 80 s with AE’(Dn*Z slto

A) and 22004Em™2 s7t (panel B). The solid curves of panels A ; : P
and B are exponentials of the typeCyt b559(0X)= ag (e %o — achieve maximum extent of Cyt b559 photooxidation.

1) andACyt b559(red)= a1 — e ked), respectively, withay, = 0
33%, kox = (7.5 s)! (curve a);a, = 33%, kox = (3.0 s} (curve

b); ax = 45%, kox = (3.7 s)! (curve c); andaeq = 18%, Kreq =

(45 s)! (panel B). All amplitudes are presented as % of total Cyt
b559.

Ficure 6: Normalized extent of Cyt b559 redox change as a
function of illumination time in untreated and hydroxylamine-treated
PS I membrane fragments. Films of untreated (filled squares) and

-5+

-10
photooxidation in dry films of hydroxylamine-treated samples
is limited at 33% of the total Cyt b559 while in a buffer

suspension of this material almost all initially reduced in the
dark Cyt b559 undergoes photooxidation, i.e., levels of 45

50% of total Cyt b559 are reached. In contrast to the
phenomena observed for Cyt b559 photooxidation, the
kinetics of photoreduction under strong actinic light is —_—
independent of the WOC intactness in dry films while no 0 20 40 60
Cyt b559 photoreduction was detected in a buffer suspension dark incubation time, min

of hydroxylamlne-treated_ Sample (see panel B). Ficure 8: Dark recovery of photooxidized Cyt b559 in dry films
The results reported in Figure 3 have shown that the of untreated PS II membrane fragments. Fiims of samples in the
pattern of light-induced Cyt b559 photoreactions depends absence (filled squares) or presence (open triangles) qiNgO
on the hydration degree of the sample. To illustrate this effect DCMU were dehydrated to 8% RH. Cyt b559 photooxidation was
in more detail, comparative measurements were performedinduced by 10 s of illumination with red light of 22QEm™2 s™*.
in films of normal and hydroxylamine-treated PS Il mem- dation of almost 50% of Cyt b559 in hydroxylamine-treated
brane fragments dehydrated to different RH levels. For a and slight photoreduction in untreated samples. The ampli-
better separation of oxidation and reduction processes, thetudes of heme b559 photoreduction decrease in both sample
samples were at first illuminated with actinic light of 440 types with progressing film hydration (panel B). The
uEmM2 s71 to resolve the former reaction, followed by variation of the extent of Cyt b559 photooxidation covers a
exposure to stronger light (220@Em™2 s™*) for monitoring comparatively wide range of RH (from 30 to 90%) while
the latter process as outlined above (for an example, see tracéhe dependence of heme photoreduction is restricted to a
c in Figure 4). The results gathered from these experimentssignificantly narrower RH region (3670%).
are presented in Figure 7A (for Cyt b559 photooxidation)  Figure 8 shows results obtained for the stability in the dark
and B (for Cyt b559 photoreduction). of Cyt b559 oxidized by short illumination with strong light
The traces in panel A of Figure 7 reveal that films of in dry films of untreated PS Il membrane fragments in the
untreated (curve a) and hydroxylamine-treated (curve b) PSabsence (a) or presence (b) of DCMU. Very similar time-
Il membrane fragments are characterized by an oppositedependent curves were obtained in dry films of hydroxy-
dependence on RH of the extent of Cyt b559 photooxidation. lamine-treated preparation (data not shown). Trace a in
Surprisingly, in dry films, both sample types exhibit the same Figure 8 reveals that photooxidized Cyt b559 becomes slowly
degree of Cyt b559 photooxidation at an amount of 33% of rereduced reaching a half level after 60 min of dark
total Cyt b559, i.e., only about 60% of the initially reduced incubation. The dark reduction is inhibited by DCMU as
Cyt participates in the reaction. With increasing RH, the illustrated by trace b.
amplitudes of Cyt b559 photooxidation in both samples The results presented so far show that in dry filln80%
approach those of the corresponding buffer suspensions (opefiRH), the pattern of Cyt b559 redox reactions induced by
symbols) that are put formally at 100% RH, i.e., photooxi- actinic red light is characterized by a fast photooxidation
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followed by a much slower partial photoreduction. Except
for the rate of photooxidation, this pattern is almost
independent of the presence of an intact WOC. In the
following, experiments were performed with samples where
virtually all Cyt b559 was oxidized in the dark. This enabled
us to study exclusively the heme b559 photoreduction.

Two different approaches have been used for dark oxida-
tion of Cyt b559 in preparations of PS Il membrane
fragments. The first method is a chemical oxidation of the
HP form by Kg[Fe(CN)] and subsequent washing of the
sample to remove the oxidant (see Materials and Methods).
The second approach is a pH-induced conversion of the HP
form into the LP form followed by its autoxidation. In our
previous studies, we showed that incubation at temperatures
below 15°C of oxygen-evolving PS Il membrane fragments wavelength, nm
in high pH (about 9) buffer containingsie(CN)] resulted —
in transformation of the HP Cyt b559 into the IP form (51). B
This IP form is unstable at pH 9 at elevated temperatures
and easily converted into the LP form. Accordingly, oxygen-
evolving PS Il membrane fragments were incubated at pH
9.2 in the presence of 0.5 mMzce(CN)] at 25 °C (for
further details, see Materials and Methods) and subsequently
washed to remove the oxidant from the suspension that is
shifted back to pH 6.5. The high pH treatment leads to a
concomitant loss of the oxygen evolution capacity and
homogeneous population of a single LP redox form of Cyt
b559 with a E, of 77 + 18 mV at pH 6.5 (average of three
titrations, data not shown).

Typical results obtained with these two types of prepara- 520 540 560 580 600
tions are presented in Figure 9. It shows the light-induced wavelength, nm
difference spectra after three illumination times in dry films Ficure 9: Light-induced difference spectra in dry samples of PS
of K3[Fe(CN)]-washed (panel A) and high pH-treated (panel Il membranes with initially oxidized Cyt by pretreatment with either
B) PS Il membrane fragments. The spectra are normalizedK’a‘[Fﬁ(gNﬁ] (pagerI]A)hornigh pHépagelP%).l::ilms OJ ferric}}’a“ide'
t0the same opical density of the samples. The traces indicatgesr s, (4 21, oh pHreatec () P | menbyane fragmerts
that in both samples the actinic light induces photoreduction ,em-2 -1 For further experimental details, see the text and the
of both Q. (detected as C550 signal) and Cyt b559 Materials and Methods. Optical density at 623 minus 750 nm in
characterized by the increase in itspeak at 560 nm. An both samples was 0.82 A. Difference spectra were taken after 6
increasing bleaching at wavelengths below 530 nm due to (8), 40 (b), 400 (trace c in panel A), and 520 s (trace ¢ in panel B)
progressing illumination time is ascribed to accompanying ﬂggﬂpﬁf'on' The ordinate axis scale in panel B is the same as
Car oxidation (a more detailed illustration of this effect is
shown in Figure 11). An inspection of the difference spectra A numerical analysis of the data reveals that the time
in panels A and B reveals that the amplitudes of photo- course of Cyt b559 photoreduction can be satisfactorily
reduced Cyt b559 at the same time intervals are virtually described by biphasic kinetics in both sample types:
the same in both sample types. However, some differences . gt ot
are seen in the time course of Qphotoaccumulation. This ACytef) =ay(1—e ™) +a,(1—e™) (2)
reactipn appears to be sI_owgr in ferricyanide-washed WQC- The fit of curve a leads to amplitude factasanda, of
containing samples than in high pH-treated PS Il preparation. 19 and 23% of total Cyt b559, respectively, and rate constants

The kinetics of Cyt b559 photoreduction in dry films of k; = (8.1 syt andk, = (57 s)™*. For curve b, corresponding
PS Il membrane fragments were gathered from a quantitativevalues of 9 and 24%, respectively, are obtained for ampli-
evaluation of difference spectra monitored after different tudesa; anda, andk; = (8.0 s)* andk, = (60 s)* for the
times of actinic illumination. These data are summarized in rate constants. For the curve c, the amplitudes and rate
Figure 10. Curves a and b were obtained for PS Il membraneconstants are; = 9%, a, = 24% andk; = (9.0 s)%, k, =
fragments either preoxidized withsfce(CN)] or treated at (744 sy, respectively.
high pH PS Il membranes and actinic illumination of PFD A closer inspection of these data shows that the two sample
of 2200uEm™2 s71, while in curve c high pH-treated samples types exhibit similar kinetics at high PFD actinic light with
were illuminated at 10-fold lower PFD of 22€Em™2 s™%. a main difference in the amplitude of the fast component,
DCMU was added to the samples to demonstrate that it doeswhich is diminished by a factor of about two in the case of
not block Cyt b559 photoreduction. The only insignificant high pH-treated preparation. The slower kinetic components
effect of DCMU was in a decrease of the amplitude of a in curves a and b closely resemble those observed for Cyt
small (~5%) very slow phase of heme b559 photoreduction b559 photoreduction in dry films of untreated PS Il
(in hundreds of s scale) at the expense of faster componentsmembrane fragments (see Figures 4 and 6).
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Ficure 10: Extent of photoreduction of Cyt b559 as a function of
illumination time of dry films prepared from #Fe(CN)] (closed . ! ! !
symbols) and high pH-pretreated PS Il membranes (open symbols) 400 500 600 700
in the presence of DCMU. Samples of PS Il membrane fragments wavelength, nm

with preoxidized Cyt b559 containing 4@M DCMU were R . . S
dehydrated to 8% RH. Actinic red light: 2200 (squares) and 220 F/GURE 11: Difference spectra obtained upon illumination of dry
uEm~2s-1 (circles). Full lined curves are biexponential time courses flM of high pH-treated PS Il membranes in the presence of DCMU

with a; = 19%, a, = 23% andk, = (8.1 s)%, k, = (57 s)* for as a function of illumination time. A PS Il sample containing 40
curve la'al - 90%2a2 = ZZ% antljkl i 8 s% kz - EGO s% for uM DCMU was dehydrated to 7% RH under a flow of dry nitrogen.
curve b"al _ 9%’a2 = 24% andk, = (9 s) ! 'k2 = (744 s) for Light-induced difference spectra were monitored after different
curve c. Amplituéles are presented as % of total Cyt b559. times of actinic illumination. The arrows indicate increasing time.

The first three difference spectra show the data obtained after 3, 6,
and 20 s of illumination with red light of PFB- 440uEm=—2s71;

: : the following four spectra were monitored after additional illumina-
A very interesting feature was found for the dependence tion with red light of PFD= 22004Em-2 5! for 20, 60, 120, and

of Cyt b559 photoreduction on the PFD of actinic illumina- 180 s (panel A). In panel B, spectra of panel A are shown monitored
tion. The comparison of curves b and c reveals that the rateafter 20 s of actinic illumination of 44QEm~2 s (dotted line)

of the slow phase of Cyt b559 photoreduction largely and difference between the bottom spectrum of panel A and the
decreases at low PED in accordance with the data described;oned lined spectrum (full line). The optical density at 623 minus
above for the sample of untreated PS Il membrane fragments 50 nm was 0.16 A.

(Figures 4 and 5). In marked contrast, amplitude and rate of

the fast kinetics are virtually unaffected when PFD is reactions of Q and Cyt b559 photoreduction, the first three
diminished by a factor of 10. spectra were obtained by using an actinic light of diminished
It has to be emphasized that in most of the experiments PFD (440u4Em~2 s71), which enables J formation in a
reported in the present paper no special efforts were significant portion of PS Il centers accompanied by only
undertaken to remove the oxygen from the sample cell minor Cyt b559 photoreduction. A subsequent increase of
because check experiments under strict anaerobic conditionshe actinic light to a PFD value of 22QEm2 s™! gives
did not reveal any detectable difference. On the other hand,rise to a large extent of the latter reaction (following four
it is well-known that stable photoreduction of LP Cyt b559 curves). For a better illustration, the dotted line spectrum in
is possible to observe only under anaerobic conditi®®s (  panel B reproduces the third spectrum of panel A associated
57, 80) as this redox form is autooxidizable. Therefore, the with Q,* accumulation and the full line spectrum shows the
finding of stable LP Cyt b559 photoreduction indicates that difference between spectra number 7 (bottom spectrum) and
anaerobic conditions were created in dry samples, probablynumber 3 of panel A reflecting spectral changes that are
due to a prevention of oxygen diffusion inside a dehydrated indicative of Cyt b559 photoreduction.
film. An inspection of the two curves in panel B reveals marked
To obtain more information on redox components that are differences. At a wavelength shorter than 600 nm, the dotted
involved in the light-induced reduction of Cyt b559, differ- line spectrum is characterized by features due to the
ence spectra were monitored in the whole visible range afterformation of C550 whereas the full line spectrum exhibits
different illumination times. The experiments were performed positive (428, 560 nm) and negative (415 nm) bands in the
under anaerobic conditions to exclude interference of reac-Soret ando-region of Cyt b559. Both spectra are also
tions with oxygen in order to permit quantitative estimations. characterized by bleaching bands of Chl at 434 nm and Car
Figure 11 depicts the spectra measured in a typical experi-at 461 and 491 nm indicating that a mixture of oxidized
ment of Cyt b559 photoreduction in the dry film of PS Il  species is formed as a result of illumination. In the red region,
membrane fragments that were pretreated at high pH.more complex spectral changes are observed. The full line
Essentially, the same spectra were obtained when using K spectrum reflects bleaching of Chl whereas the dotted line
[Fe(CN)]-washed samples (data not shown). Panel A of spectrum in addition exhibits typical features of an electro-
Figure 11 shows the traces recorded with progressingchromic shift with a negative band at 687 nm and a positive
illumination time at two different PFD values of actinic light. band at 678 nm, which almost exactly corresponds to the
To reveal individual spectral features associated with the electrochromic signal due to Qformation (5, 76).
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The difference spectra shown in Figure 11 indicate that j-lactoglobulin that hydration water affects the dynamics of
in both photoreactions, i.e., formation of,Qand reduced  the whole biomolecule and not only the solvent exposed
Cyt b559, the oxidation of both Chl and Car molecules is region @5).
observed. A mixture of oxidized redox cofactors formed  The conclusion on the blockage of the WOC in dehydrated
indicates that there is no a preferential electron donor for samples of PS Il membrane fragments is in perfect agreement
both photoreduction processes. Rough estimations of thewith a recent FTIR study38). This effect is assumed to
extent of donors oxidation were performed for the spectra comprise both the impairment of P680eduction by Y, as
presented in panel B by using extinction coefficients of 46 well as of the redox transitions in the WOC under conditions
mM~tcmtat 438 nm 81, 82) and 130 mM?* cm™! at 490 of restricted medium rearrangement. The adverse effect of
nm (83) for Chl and Car cations, respectively. The data freezing on the former reaction has been recently illustrated

evaluation indicates the formation of 0.7 ¢téind 0.4 Car* for samples deprived of the WOC. This reaction becomes
coupled with @ formation (dotted curve) and 0.9 Chl progressively retarded below 220 K concomitant with
and 1 Cat* accompanying the process of Cyt b559 pho- Oxidative formation of other radicals (ChjCar™) (96). An
toreduction (full lined curve). analogous effect is likely to occur in dehydrated samples at
room temperature. In samples with a competent WOC, the
DISCUSSION reduction of P680 by Y, comprises at least three types of

rate limitations 97) including “large scale” proton shifts
(98—100. It is therefore conceivable that this reaction also
becomes impaired in dried PS Il membranes with WOC. The
details of this phenomenon remain to be clarified.

This paper presents the first detailed study on the reaction
pattern in dehydrated samples of PS Il membrane fragments
The results obtained reveal that diminished water content in

the sample gives rise to three characteristic features with As a consequence of the impaired WOC function in

different effects: (i) light-induced formation of the radical

air P686-Q," is virtually invariant to dehydration down dehydrated PS Il membrane frggments, other electron donors
{30 the IowestAvaIues of RH (68% RH f d by th (Cyt b559, Chl, Car) are oxidized by P680The present

) 6 RH), as re g(.:te ythe  \vork describes for the first time a detailed guantitative

extent of photoaccumulation of close to ong*@er 230 5najysis of extent and kinetics of the Cyt b559 redox
Chls; (ii) the electron transfer from Qto Qs is severely  ransitions in dry films of PS Il membrane fragments. This
blocked upon dehydration as deduced from the lack of a gnalysis enables us to reveal important peculiarities of
DCMU effect on the rate of ¢J photoaccumulation; and  electron transfer reactions involving Cyt b559.
(iii) the reaction pathway on the PS Il donor side becomes A very interesting feature emerges from the maximum
drastically modified thus giving rise to a pronounced redox extent of Cyt b559 photooxidation reached by illumination
turnover of Cyt b559 at decreasing water content. This effect of dry films of untreated and hydroxylamine-washed PS II
markedly depends on the integrity of the WOC and levels membrane fragments. This value levels off at about 33% of
off below a distinct threshold of RH (at about 30%). the total Cyt b559 although both sample types contain at

Most of these features closely resemble the reaction patterneast 50% in the HP form (see Materials and Methods) that
of PS Il at cryogenic temperatures where the formation of are reduced at the beginning of the experiment. As expected
P680°Q," remains unaffected1@, 14) while both the for samples deprived of the WOC function, in the hydroxy-
reoxidation of Q" by Qs (15, 16, 23) and P680" reduction lamine-treated PS Il membrane fragments suspended in
by the WOC (8—20) are thermally completely blocked and  buffer, almost all HP Cyt b559 becomes photooxidized (see
replaced by redox reactions of other components, in particularFigures 6 and 7). A limitation to only about 60% detected
Cyt b559 @8, 79, 84—89). The general conclusion from the  photooxidation of the initially reduced HP Cyt b559 cannot
findings of this study is a clear demonstration of the role of be ascribed to residual competing WOC activity in the dry
water molecules in PS Il activity associated withy Q sample because the same level is obtained in films of
reduction and the WOC oxidation. It has to be emphasized untreated and hydroxylamine-washed PS Il membrane frag-
that the solvating effect comprises a large number of water ments. It is also important to note that the limitations of
molecules as clearly seen by the onset of the effects atdetected Cyt b559 photooxidation distinctly differs in its
relatively high RH values and a plateau below a threshold origin from the known phenomenon of diminution of the
of about 30% RH (see Figure 7). Comparable phenomenaextent of photooxidation of bound Cyt ¢ in purple bacteria
have been observed for the electron transport in purple upon sample freezing or dehydratic82(101). In the latter
bacteria 80—32) and for the enzymatic activity of other case, the gap between the reduction potentials of the primary
proteins at low water activity2d, 26, 90—92). The threshold donor P and the proximal heme c, respectively, is relatively
typically observed in similar curves at about 30% RH small, i.e., within the range of 166120 mV. Accordingly,
corresponds with a saturation of polar binding sites in the a restriction of conformational relaxations of the environment
first layer of water around the protein. It is interesting to due to freezing or dehydration gives rise to formation of
note that at this degree of sample hydration a bound spinnonequilibrium redox states [Cyt#]* and [Cyt c/P]* that
probe still retains its maximal motional capability while the are nearly isopotential thus resulting in a significant decrease
protein exhibits only a low residual level of functional of the efficiency of the redox reactiodi@l). An analogous
activity (24, 26, 90). This phenomenon implies that the water effect should be irrelevant for the energetics of Cyt b559
molecules of the higher hydration layers are also important. photooxidation because the gap between the reduction
Repolarization in the total hydration shell or the so-called potentials of HP Cyt b559 and its redox partner(s) (P680,
“biological water” @3, 94) ensures medium reorganization Car, or Chl) is expected to be very large500 mV).
in redox reactions of the ©Qand the WOC. By using A straightforward explanation for the restriction of detected
quasielastic neutron scattering, it was recently shown for Cyt b559 photooxidation in the dry films of PS Il membrane
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fragments emerges from an inspection of the data presentedhe scale of several seconds) from,*QThis reaction is
in Figures 3 and 10. It suggests that in dehydrated samplesresponsible for the diminution of the visible extent of Cyt

Cyt b559 is simultaneously photooxidized and photoreduced.

b559 photooxidation as discussed above. In about 20% of

As a consequence, the extent of 33% of detected Cyt bS59PS 1I complexes, Cyt b559 is photoreduced by electron
photooxidation can be interpreted as the result of an overlaptransfer from Pheo with the maximum rate constant of

of photooxidation comprising 55% of total Cyt b559 and
counterbalancing fast photoreduction of about 20% of total

Cyt b559. A subsequent slower phase of Cyt b559 photore-
duction takes place in a time domain of tens of seconds.

Only few papers are known on a parallelism of opposite Cyt

b559 photoreactions for samples suspended in buffer solu-

tions (L02—105). This phenomenon was supposed to origi-
nate from the involvement of two different Cyt b559 hemes
in opposite redox transitions1Q2 104). More often,

however, assay conditions were selected where only one typ

of the reactions (either oxidation or reduction of Cyt b559)
was observeds, 53, 56, 106—108).

The results of our investigations on Cyt b559 photore-
duction by endogenous donors in dehydrated films of PS |l

membrane fragments revealed that this process exhibits theC

following characteristic features: (i) it is insensitive to

DCMU; (ii) the extent of Cyt b559 photoreduction does never
exceed 50% of total Cyt b559; (iii) the transformation of

oxidized Cyt b559 heme from its HP into the LP form does
significantly affect neither the kinetics nor the total extent
of Cyt b559 photoreduction; (iv) the process exhibits clearly
biphasic kinetics with entirely different sensitivity of the rates

of the two components on the intensity of CW illumination;

and (v) endogenous components (Chl, Car) act as electro
donors for photoreduction of Cyt b559.

The insensitivity to DCMU of Cyt b559 photoreduction
in dry films of PS Il membrane fragments indicates that Q
is not involved and that {J and/or Pheo are the electron
donors for oxidized Cyt b559. Lack of sensitivity or only

n

about (50 s)*. A comparable value of (13 s)was reported
for the rate constant of Cyt b559 photoreduction from Pheo
in buffer solutions of D+D2—Cyt b559 complexes in the
absence of added quinonesby.

Figure 2 shows that similar biphasic kinetics were also
found for the rate of photoaccumulation of,Qin dehy-
drated samples of PS II. This behavior is not related to
dehydration itself as the ratio of the amplitudes of the fast
and slow phases of photoreduction of 3@ determined by

She sample type. The similarity of the slow kinetics of

photoreduction of Cyt b559 and Qnight suggest that in
part of the PS Il complexes both reactions are limited in
rate due to slow electron transfer from Pheo

The key point for the interpretation of the results on the
yt b559 photoreactions-isn our opinion not fully resolveet

the problem of the number of Cyt b559 heme groups in PS
II. The recently reported X-ray crystal structure data clearly
show that only one Cyt b559 heme group is present in PS II
complexes from two different species of thermophilic cy-
anobacteria§, 9). These results strongly support the previ-
ously claimed dogma of only one Cyt b559 per PS Il (for a
review, see refd1l and references therein). However, this
dogma is difficult to reconcile with recent data of proteomics
analyses that reported the existence of two Cyt b559 per PS
II'in both mesophilic 60) and thermophilic §1) cyanobac-
teria. This puzzling discrepancy could originate in either the
use of an incorrect difference extinction coefficient or the
existence of a second fragile copy of Cyt b559 in PS Il from
cyanobacteria that is easily lost during PS Il core complex

weak DCMU dependence have been previously reported for preparation. For PS Il of higher plants, the question on the

Cyt b559 photoreduction in aqueous buffer suspenstas (
57,59, 71, 107, 109).

Another peculiarity of Cyt b559 photoreduction is the
biphasic kinetics in the dehydrated films. A similar kinetic

Cyt b559 content cannot be answered at all on the basis of
the currently available structural data because the best
resolution ¢ 8 A was achieved for samples that are lacking

CP43 (and other polypeptides) and deprived of oxygen

feature of analogous reactions taking place in different time evolution capacity 110). A resolution limit of 10 A inx,y-
scales has been previously reported for samples in suspensioplanes and 23.8 A for the-direction reported for oxygen-

(see, for instance, refél, 80, 102 104), and both compo-
nents were found to be DCMU insensitiv&0( 102). Because

evolving PS Il core dimer complexes from spinadil)
does not permit unambiguous conclusions. Furthermore,

the biphasic kinetic pattern is also observed in dry films, striking differences can exist between cyanobacteria and
this characteristic has to be ascribed to Cyt b559 photore-higher plants. A most illustrative example is the stoichiom-
duction itself and is not the result of an unsaturated behavior etry of the manganese-stabilizing extrinsic 33 kDa protein.
by the soluble redox cofactors used in suspension assaysCyanobacteria contain only one copy seen in the X-ray
Furthermore, the two kinetic components significantly differ crystal structureg, 9) while two copies were found in higher

in their dependence on PFD of actinic illumination where plants (12. An analogous feature cannot be a priori
the faster phase corresponds with the time course ¢f Q excluded for Cyt b559.

formation while the slower phase rather indicates the  Another interesting aspect on the possible arrangement of
photoaccumulation of Pheo This assignment of the two  a second Cyt b559 in PS Il should be taken into consider-
kinetic components is supported by the sigmoidal dependenceation, i.e., the rapid turnover of the D1 protein (for a review,
on PFD of the rate constant of the slow kinetics of Cyt b559 see refl13and references therein). The repair cycle requires
photoreduction (see Figure 5). This feature indicates that thethat D1 can be replaced without drastic structural changes
accumulation of Q" is a necessary prerequisite for the of the whole PS Il complex. This could imply that a putative
slower process of Cyt b559 photoreduction. Accordingly, a second Cyt b559 might be weakly bound and prone to a loss
heterogeneity in the pathways of Cyt b559 photoreduction during PS Il core preparations. As a result of the above-

exists; the major fraction of the state Cyt b5%3," (80—
90%) is stable in the dark, but in a minor fraction {10
20%), Cyt b559 is reduced via a fast electron transfer (in

mentioned discussion, one should keep in mind the possibility
to question the dogma of one Cyt b559 per PS Il for higher
plants.
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Regardless of the detailed mechanism, electron transfer Figure 11 shows that in dry films of PS Il membrane
from Q,* and Pheg to Cyt b559 at a reasonable rate fragments containing virtually all Cyt b559 in the oxidized
requires that the distance between the donor and the hemestate, Q" photoaccumulation is accompanied by irrevers-
group is not too largel(l4—116). Accordingly, in former ible photooxidation of Car and Chl molecules. This behavior
schemes, the Cyt b559 heme had been provisionally placedof dehydrated samples resembles that found at cryogenic
closer to Q than to @ (57, 59, 71). However, on the basis  temperaturesi(19-122). However, Cyt b559 photoreduction
of the recent X-ray crystallographic structure da&g29), this has not been reported for frozen samples. Here, we show
order has to be reversed with edge to edge distances fronthat in dehydrated PS Il films Car and Chl are irreversibly
the heme group of Cyt b559 tox@and @ of the order of oxidized during photoreduction of Cyt b559 anda..Q
45 and 25 A, respectively. As a consequence, a direct electroninterestingly, it was found earlier that freezing of BD2—
transfer from Q" to the heme group of Cyt b559 cannot Cyt b559 complexes under |IIum|nat|on gives rise to a
take place in a reasonable time when taking into accountrapped state that does not recombine at 77 K with photore-
empirical rate constantdistance relationshipsl{4—116) duced Cyt b559 and an oxidized Chl molecul®d. This
based on the Marcus theory for nonadiabatic electron transfer€ature closely resembles the finding of the present paper.
(117, 118). The situation is nearly the same for an electron  Electron donation from Cyt b559 to P680s considered
transfer between the Pheo (Phpmn the active branch of  to occur via Car, where the cation radical Caoxidizes the
charge separation and the heme of Cyt b559 because thisieme of b559 either directiyl (9, 120) or through a redox
distance is about 40 A. Therefore, the participation of at least active Chl 89, 121). At present, it is not yet absolutely clear
one redox mediator group (symbolized by X) is indispensable Which side of the PS Il reaction center (D1 side or D2 side)
for electron transer from Q and Pheg™ to Cyt b559 at is active in auxiliary electron transfer to P68(see refs
the position determined by structure analys&s9). The 121 and_124and references _therein). The simultaneous and
putative component mediating Cyt b559 reduction by pho- Stable light-induced formation of reduced Cyt bS59 and
toreduced Q" (Pheq) could be an extra bound quinone oxidized radicals CHt and Qal*"_m dry films of PS Il
molecule in the PS Il reaction center as suggested iB0ef mem_brane fragments shown in F_|gure 11 suggests that these
An alternative possibility is the participation of the Pheo from SPecies. are separgted by a distance sufficiently long to
the inactive branch of PS Il (Phgdbecause its edge to edge prevent back reactions.
distance to Cyt b559 is about 22 A. At present, however, no  In marked contrast to the DCMU insensitive Cyt b559
convincing experimental evidence exists neither for electron Photoreduction in the dehydrated films, the very slow partial
transfer via the inactive branch nor from Pheo Pheg. A rereduction of photooxidized Cyt b559 in the dark is blocked
much simplier interpretation is achieved with PS Il models by DCMU (see Figure 8). The latter phenomenon indicates
containing two Cyt b559 at different positions (vide infra). that the @ site is involved in this reaction. The electron

. - . donor for a part of the photooxidized Cyt b559 could be a

A very important finding of the present work is the

observation that no more than 50% of the total Cyt b559 ﬁB;Oﬁglglféfnlahi I?ofrfé)rlesltzégggar: Isnir?milfgricltjl%nMoLfJ PS
heme can be photoreduced by endogenous electron donor o ) . S
(Chl, Car) in dry films of PS Il membrane fragments, which Sensitive dark reduction of photooxidized HP Cyt b559 was

fullv photochemicall tent ferred on the basi reported for aqueous thylakoid suspensions. This reaction
are fully photochemically competent (as inferred on the aSIS takes place in a time domain of several minutes thus

(t;fSSQ; formla';i_on). This ;unctiogal hete_rogeneilty i?hthte Cr{_tb_tindicating a slow redox equilibrium between the two species.
popuiation was observed even In samples fhat exnibi The interpretation described so far for the results obtained

homogeneous redox properties due to transformation of all. . . .
Cyt b5§359 into the LPF;orfn by high pH treatment of PS I in this study is based entirely on the dogma of only one Cyt

membrane fragments. One possibility for only partial pho- b559 existing in each PS 1l complex of all oxygen-evolving

) A hotosynthetic organisms. It reveals that some serious
toreduction of the whole LPCyt b559 population is the P . . L
existence of a cyclic flow of electrons through Cyt bS59 in assumptions on sample heterogeneity and additional electron

. X . transfer pathways have to be introduced in order to account
drygllrphs Olf PtS . rgembranedfra}gn;ents with Ctyt bI?Siachn% for the experimental data. Therefore, keeping in mind the
as both electron donor and electron acceptor. it shou eopen guestions related to this dogma (vide supra), we would
emphasized that cyclic electron transfer around PS I

) ; ; . . . like to add at the end of this paper a very brief interpretation
including Cyt b559 is a widely accepted hypothesis but this within an alternative model of two Cyt b559 per PS II. We
mechanism implies the participation of the; Qte and of

. . | will only discuss the possible situation of higher plants. In
mobile plastoquinone molecule(s) of the pool. This mode g case, it is proposed that two Cyt b559 type heme groups

of cycle cannot take place in the dry samples because ouryre hound in the PS Il complex near the stroma side: one in
data show that the electron flow from,Qto Qs is  closer proximity to @ (Cyt b55%) as known from the
interrupted upon dehydration. An alternative is a heterogene-structure of thermophilic cyanobacter®, ) and the other

|ty inPS I Complexes, either in terms of the existence of an one closer to Q (Cyt b55%) Furthermore, Cy‘[ b559is
intrinsic additional electron transfer pathway (e.g., related assumed to be more vulnerable in redox potential than Cyt
to putative bound intermediate(s) of electron transfer betweenps5g,. Therefore, in typical preparations of PS Il membrane
Qn"/Pheqa™ and ferri-Cyt b559) or by creating a new fragments from higher plants (spinach), the PS Il complexes
channel (another type of cyclic electron flow) in a fraction are characterized by a dominating state Cyt h5&%)/Cyt

of the sample upon dehydration. A check for these possibili- b55% (HP) (to simplify the consideration, no explicit
ties requires further extensive investigations that are far distinction is made between the IP and LP forms of Cyt
beyond the scope of the present study. b559). In dry samples with blocked electron transfer from



Cyt b559 in Dehydrated PS Il Membranes

Qa to Qs, only Cyt b559 can be photoreduced (from,Q
and Pheo*) and only Cyt b550 can be photooxidized. The
existence of a redox equilibrium betweep @nd Cyt b559
would explain the similarity in kinetics of photoreduction
of both species. Likewise, the simultaneous light-induced
formation of state (Cyt b559..4Car, Chl), and its high dark
stability in dry films of PS Il membrane fragments (Figure

11) are easily explainable by the assumption that the electron

donors Chl and Car are bound in the D1/D2 heterodimer at
sufficiently long distances to (Cyt b58Rcqa

CONCLUDING REMARKS

The present study has shown that in PS Il “biological”
water plays a key role for the integrity of the physiological
electron transport pathway from water to PQ in these.
Under physiological conditions, the Cyt b559 reactions are

probably of minor relevance because the fast kinetics of water

oxidation to molecular oxygen and PQ reduction to BQH

dominate the reaction pattern. However, under stress condi-

tions affecting the WOC and thegQunctions and in newly
synthesized PS Il complexes that are lacking the WOC, the
redox reactions of the heme groups of Cyt b599 exert a
significant protective function.
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