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ABSTRACT: In this study, the reversible conversion between the high- (HP) and low-potential (LP) forms
of Cytbssg has been analyzed in Tris-washed photosystem Il (PSIl) enriched membranes. These samples
are deprived of the Mn cluster of the water-oxidizing complex (WOC) and the extrinsic regulatory proteins.
The results obtained by application of optical and EPR spectroscopy reveal that (i) under aerobic conditions,
the vast majority of Cytg exhibits a low midpoint potential, (ii) after removal of,@n the dark, a
fraction of Cytlysg is converted to the high-potential form which reaches level of about 25% of the total
Cythssg, (iii) a similar dark transformation of LP~ HP Cytlyse 0ccurs under reducing conditions (8 mM
hydroquinone), (iv) under anaerobic conditions and in the presence of 8 mM hydroquinone, about 60%
of the Cythso attains the HP form, (v) the interconversion is reversible with the re-establishment of aerobic
conditions, and (vi) aerobic and oxidizing conditions (2 mM ferricyanide or 0.5 mM potassium iridate)
induce a decrease of the amount of the HP form, also showing that the conversion is reversible. This
reversible interconversion between LP and HP Gxygtis not observed in PSIl membrane fragments with

an intact WOC. On the basis of these findings, the possibility is discussed thattleéndent conversion

of Cythssg in PSII complexes lacking a functionally competent WOC is related to a protective role of
Cytbssg in photoinhibition and/or that it is involved in the regulation of the assembly of a competent
water-oxidizing complex in PSII.

Cytochromebssg (Cythssg)* is an integral part of the PSII  clarified. Surprisingly, even the much more simple question
reaction center. It consists of two membrane-spanning about the stoichiometric number of Cytbper PSII is still
polypeptideso andp (1, 2), both of which are required for  a matter of controversy and discussion.
the stable assembly of PSII. Mutations in the Gylgenes Isolated thylakoids have been reported to contain two
often result in the absence of functional PSIl comple8}s ( hemes per PSII9 10). Conflicting results with either one
Solubilized PSII preparations with the minimum polypeptide or two Cythse exist for PSII membrane fragments (for a
composition which are able to perform efficient light-induced yecent compilation of data, see refd and 12). Recent
primary charge separation although they are deprived of thegetajled analysis led to the conclusion that PSII core
non-heme iron cented) and quinone acceptors\@nd QG complexes from spinach with high oxygen evolution activity
still retain Cythiso (5, 6). Rather harsh treatments are required ¢ontain two Cytlse per PSII (L3), whereas only one Cyil
to remove Cytbso from PSII (7, 8). The tight connection of  \yas found in the PSII core complex fro@ynechocystis
Cytbsse with the D1/D2 heterodimer, which houses all pcce803 (4). In D1/D2/Cythss preparations, probably
cofactors for the radical pair formation QY2 together  only one Cythsoexists 6, 15). Possible explanations for this
with its relevance for PSIl assembly are striking features gilemma of conflicting Cytbss stoichiometries are a loss of
which might be indicative of an essential role of Gy¢tb  Cythy, during the purification of PSII preparations and/or
Despite numerous investigations, this problem has not beenyne existence of differences in the composition of PSII
complexes among different organisnisl,(12, 16, 17).

* To whom correspondence should be addressed. Telephodé: The main reason for the difficulties in clarifying the role
(b(_))zll(G 22|2 0108. Fax:#+46 (0)46 222 4534. E-mail: stenbjorn.styring@ of Cytbsse probably originates from the unique properties of
lokem.lu.se. . . . . .
* University of Lund. this heme protein. The apoprotein of isolated Ggbonsists
$ Technische UniversiteBerlin. of two subunits ¢ and 3) each containing only one His
" Abbreviations: Chl, chlorophyll; Cyt, cytochromebsss; DPC, residue as the potential ligand for the heme irt8)( The

1,5-diphenylcarbazidek,, midpoint redox potential; EPR, electron .
paramagnetic resonance; VLP, LP, IP, and HP, very low-, low-, two subunits of 9 and 4 kDa are encoded by meEand

intermediate-, and high-potential forms of Cagh respectively; ferri- psbFgenes, respectivell{). They are assumed to form an
cyanide, k[Fe(CN)]; iridate, K[IrCle]; Mes, 2-(N-morpholino)- o/ heterodimer 2, 19). Recent data, however, led to the

ethanesulfonic acid, PpBQ, pherybenzoquinone; PSII, photosystem — gitarnative suggestion that the native protein exists in the
II; Qa and @, primary and secondary quinone acceptors in PSII; Tris,

tris(hydroxymethyl)aminomethane;,Y secondary electron donor in Torm Of_tWO different homOdimerSO{Z and 32 (20)]. This
PSIl; WOC, water-oxidizing complex. idea gained support with the recent successful assembly of
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a syntheticf, Cythssg which closely resembles the native
low-potential enzyme in its spectral and redox properties
(21).

Despite the lack of straightforward evidence, it seems
likely that the unique coordination of the heme group in a
dimeric protein matrix is responsible for the existence of
Cythsse form(s) with unusually high midpoint redox potential
(Em) compared with otheb type cytochromes and the
remarkble variability of itsE, value toward different
treatments. On the basis of redox titrations, four different
Cythsse forms can be distinguished: the high-potential (HP)
form with anEy, of 360—435 mV at pH 7.6-8.0 22), the
intermediate-potential (IP) form with df, of 150-270 at
pH 6.0 (L0), the low-potential (LP) form with ai,, of 20—

120 mV @2), and the very low-potential (VLP) form with
an E,, of —45 mV at pH 7.2 23). However, the exact
molecular factors which control the redox properties of
Cythsso still have to be clarified.

The HP form of Cytlsy dominates in PSII membrane
fragments with an intact water-oxidizing complex, and it has
been suggested that granal PSIl complexes contain only H
Cytbssg Which is stabilized by Ca ligation (24). Several

treatments which lead to disintegration of the membrane or

of the WOC cause a conversion of Cygbinto forms with
lower E, values (1, 12). A partial reversal to higlk,, values
can be achieved by incubation of purified Cygbinto
digalactosylglycerol liposome2%). The HP form in thyla-
koid membranes can be restored by illumination in the
presence of aqueous Knor other different electron donors
such as NHOH, DPC, and semicarbazid®§). During
assembly of the Mn cluster by photoactivation, the HP form
of Cytbssg is also enriched?7) and the latter process was
found to be faster than the restoration of a functionally
competent WOCZ6). Despite this correlation, it is clear from
previous studies that HP Cy#g is not a prerequisite for a
functionally competent WOC2@). A partial restoration of

HP Cythsse was reported for salt-washed PSIl membranes

after rebinding of the extrinsic 23 kDa proteig9( 30).

On the basis of the peculiar properties, several possibilities

have been considered for the functional role of Gaghlt

has been proposed that Cygbmay be involved in the
function of the WOC 81—33). The most widely discussed
function is the participation of Cytly in protection against
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the WOC and the extrinsic regulatory proteins of 17, 23,
and 33 kDa. The results obtained clearly show that a
reversible LP<> HP conversion of Cyt}3s takes place in
the dark. The equilibrium population is shifted toward the
HP form under anaerobic conditions and/or by the addition
of reductants (hydroquinone). This phenomenon is not
observed in PSIl membrane fragments with a functionally
competent WOC.

MATERIALS AND METHODS

PSII membrane fragments were isolated from market
spinach 40, 41). To remove the Mn cluster and the three
extrinsic oxygen-evolving proteins, the PSIl membranes were
suspended in 1.0 M Tris (pH 9.1) and incubated in light on
ice for 2 h. After a second wash in the same bulffer, the pellets
were washed once in 10 mM Mes (pH 6.5), 0.4 M sucrose,
4 mM MgCl, and 10 mM NacCl and stored at80 °C at a
Chl concentration of 23 mg/mL until they were used. The
same buffer was used in all experiments.

p The different thermodynamic forms of Cyth were

identified at 559 nm 42) from reduced minus oxidized
difference spectra between 520 and 580 nm on a Shimadzu
UV-3000 spectrophotometer. The wavelength accuracy was
+0.4 nm, the wavelength reproducibility0.2 nm, the scan
speed 50 nm/min, and the spectral resolution 5 nm/cm. As
a reference spectrum, we used the absorbance spectrum,
obtained in the presence of 2 mM potassium ferricyanide.
The reduction of Cytkowas achieved by adding 4 or 8 mM
hydroquinone E, ~ 280 mV). Following reduction with
hydroquinone, we added, to the same cuvette, 5 mM sodium
ascorbate B, ~ 60 mV), reducing IP and LP forms, and
subsequently 10 mM sodium dithionite to reduce Gsgb
guantitatively. After each addition, the absorbance spectrum
was recorded. The total amount of Cygh(100%) was
obtained from the dithionite-reduced minus ferricyanide-
oxidized spectrum. The amount of HP Cygdwas estimated
from the hydroquinone-reduced minus ferricyanide-oxidized
spectrum. The IP and LP forms were identified from the
difference between the ascorbate-reduced and the HP forms.
The VLP form of Cytlsg was estimated as the difference
between total and ascorbate-reduced forms. The Chl con-
centration in the measurements wasgggmL.

photoinhibition under light stress. The HP form is suggested _ The redox midpoint potential of the medium containing

to protect against donor side-induced photoinhibition by
electron transfer to P680n the absence of a functional Mn
cluster 34), while the LP form might prevent acceptor side-
induced photoinhibition by oxidation of Phe@35); reactions

Tris-washed PSII membranes after the various additions was
measured with a micro calomel combination redox electrode,
manufactured by Broadley James Corp. Hyewas found

to be 270 and 230 mV after hydroquinone addition under

photoactivation of PSII in a mutant grown in the dark in
Chlamydomonas reinhardti{36). On the basis of these
conclusions, a model was proposed where Gyterves as

X-band EPR spectra of Cyly in theg, = 3 turning point
region (L0, 12) were recorded at 15 K with a Bruker
ESP380E spectrometer equipped with an Oxford Instruments

a molecular switch between different redox forms to regulate cryostat and temperature controller. EPR conditions were as

between donor and acceptor side photoinhibiti@&Y).(
Furthermore, the possibility exists that Csghis involved

in endogenous superoxide dismutase actid8).(Recently,

it was suggested that the redox state of Gygttegulates the
formation of Ch}", which acts as a powerful quencher of
excited singlet states of ChB9).

follows: microwave frequency of 9.47 GHz, microwave
power of 5.85 mW, and modulation amplitude of 2 mT. The
sample concentration was about 2 mg of Chl/mL. The spectra
were evaluated and normalized for varying Chl concentra-
tions using the ESP300 and the Bruker Win-EPR software.

The oxygen evolution was assessed in the presence of 2

In this study, we concentrate on the conversion betweenmM ferricyanide and 0.2 mM PpBQ as electron acceptors

HP and LP forms of Cytgin Tris-washed PSII membrane
fragments which are lacking the tetranuclear Mn cluster of

at a Chl concentration of 12g/mL at 20°C in a buffer,
containing 20 mM Mes (pH 6.5) and 10 mM NaCl using a
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A v B ¥ Table 1: Different Thermodynamic Forms of Cyb(Percentage of
the Total Cytlgsg) in Tris-Treated PSII Membranes under Various
Condition$
§ b anaerobic and anaerobic and
= Cythsso aerobic anaerobic 2 mM KsFe(CN) 0.5 mM KalrClg
b HP? 21.8(14-27) 54.3(48-65) 48.4(46-49) 31.3(2733)
a IP and LP 25.6 (24-27) 11.0 (16-12) 37.3 (35-39) 6.2 (57)
VLPd 52.6 (48-54) 34.7 (24-46) 14.3(16-15)  62.0 (66-66)

2 The data represent the average of eight independent measurements

540 550 560 570 580 540 550 560 570 580 in different preparations (numbers in parentheses indicate the variations

Wavelength (nm) between experiments)HP Cythsg was estimated from the hydro-
. . quinone (8 mM) minus ferricyanide (2 mM) difference optical spectrum.
FiGURE 1. Representative redox difference spectra of Gytim ¢IP and LP forms of Cyt&s were estimated from (ascorbate minus

oxygen-evolving PSIl membranes under (A) aerobic and (B) ferrycyanide) minus (hydroquinone minus ferricyanide) difference
anaerobic conditions. Difference spectra are shown as follows: (a)spectra.d The VLP form of Cytlgss was estimated from (dithionite

hydroquinone (8 mM) minus ferricyanide (2 mM) (representing minus ferricyanide) minus (ascorbate minus ferricyanide) difference
the HP form of Cythsg) and (b) dithionite (10 mM) minus  gpectra® Anaerobic conditions were established by the addition of

ferricyanide (2 mM) (representing the total Cygd). The anaerobic  glucose oxidase (75 units/mL), catalase (1500 units/mL), and glucose
conditions were established by the glucose oxidase/catalase/glucosgsg mm).

system (see Materials and Methods).

J that after Tris washing most of the Cytbwas converted
A into the LP form and the samples contained only about 20%

B v
(14—27%, Table 1) of the HP form under aerobic conditions.
\N/\\\m m//\\/‘b A very interesting feature emerges wheni©removed from
} the suspension. In this case, the amount of the HP form
increased significantly to about 54% of the total Gysljsee
e —p™ Mw//\»\m,a Table 1). Concomitantly, the fraction of the IP and LP forms
decreased significantly by almost 15%. The amount of the
VLP form also decreased under anaerobic conditions by
about 18%. Thus, the removal of,Qesulted in the
Wavelength (nm) conversion of Cythy into the HP form in a large fraction
FIGURE 2: Representative redox difference spectra of gytim of PSII. This conversion occurred in the dark which shows
Tris-treated PSII membranes under (A) aerobic and (B) anaerobic that PS|| photochemistry was not involved. Another interest-

conditions (created as described in the legend of Figure 1). 4,4 ohservation in these experiments is that the amount of
Difference spectra are shown as follows: (a) hydroquinone (8 mM)

minus ferricyanide (2 mM) (representing the HP form of Gyéb hydroguinone-reducible Cyi was dependent on the con-
and (b) dithionite (10 mM) minus ferricyanide (2 mM) (representing centration of hydroquinone. As much as 8 mM hydroquinone
the total Cytlsg). was required to reduce all HP Cytb(not shown).

, . Furthermore, comparison of Figures 1 and 2 reveals that
Clark type electrode. The absence of the peripheral proteinsiyere is about 30% less Cyihin the Tris-washed mem-

was examined by electrophoresis according to the methody,5nes (compare spectra b in Figures 1 and 2). Such a
of ref 43, followed by staining of gels according to the  jecrease (2025%) was observed earlier in PSII complexes

method of ref44. , from Synechocysti16), and it was suggested that Tris
Anaerobic conditions were created by flushing or by washing seemingly labilizes some Cagb(16).

the_ addition of glucose oxidase (75 units/mL), catalase (1500 Tpe optical measurements were always performed in the
units/mL), and glucose (50 mM). In the EPR measurements, yresence of reductants (hydroguinone, ascorbate, or dithion-
the concentrations of these reactants were doubled. ite). It has recently been reported that PSII redox chemistry
RESULTS might induce a potential shift of Cyik (26). Therefore,
another method has to be used which permits a separation
The starting material for oxygen-evolving PSIl membrane of effects caused by addition of hydroquinone from those
fragments (activity of>400 umol of O)/mg of Chl h) that are due to removal of OEPR spectroscopy appears to
contained 56-65% of the HP form of Cytksunder aerobic ~ be the most promising tool because it allows measurements
conditions. This value is typical for this kind of PSII in the absence of hydroquinone. Furthermore, this method
preparation. Under anaerobic conditions, the amount of thehas an additional advantage in that low-temperature EPR
HP form slightly decreased by about 10% (Figure 1). A spectra from oxidized Cytky (10, 12) exhibitg, peaks which
markedly different feature, however, is observed after Tris are characterized by slightly differegtvalues for the HP
washing of the PSII membrane fragments. These samplegg ~ 3.05) and LP formsd ~ 2.97).
do not evolve oxygen, contain less than one manganese per Figure 3 shows the EPR spectra of Tris-washed PSII
PSII, and are deprived of the three extrinsic subunits of 33, membrane fragments, recorded under aerobic and anaerobic
23, and 16 kDa (not shown). Figure 2 shows difference conditions in the presence and absence of hydroquinone. The
spectra of the hydroquinone minus ferricyanide and dithionite spectrum of dark-adapted Tris-washed PSIl membrane frag-
minus ferricyanide samples measured under both aerobicments under aerobic conditions exhibits a large peak from
and anaerobic conditions. The amounts of the HP, IP, andCythssg at g ~ 2.96 which mainly represents the oxidized
VLP forms of Cytlyse gathered from the spectral data are state of the dominating LP form. Under anaerobic conditions,
compiled in Table 1. An inspection of these results reveals the amount of oxidized Cytly is diminished (Figure 3A,

~A=0.006

540 550 560 570 580 540 550 560 570 580
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200 220 240 200220 240 200 220 240 FiGURE 4: Time dependence of the reversible conversion of the
A i LP form of Cythso to the HP form after the removal of (by
Magnetic field, mT glucose oxidase (75 units/mL), catalase (1500 units/mL), and

Ficure 3: EPR spectra of the oxidized Cyth (A) Spectra  glucose (50 mM)®) or by N, (O). After 40 min, air was introduced
recorded in the dark, (B) spectra recorded after illumination for 10 in the system where Owas removed by MNflushing. The total
min at 77 K, and (C) difference spectra between A and B (times amount of Cytlse (¥) was determined under aerobic conditions
2): (a) aerobic, (b) anaerobic, (c) aerobic and 8 mM hydroquinone, from dithionite minus ferricyanide difference spectra. The amount
and (d) anaerobic and 8 mM hydroquinone. The spectra were of HP Cythse was determined from the difference spectrum of
normalized for Chl concentration and tube factors. The arrows hydroquinone (8 mM) minus ferricyanide (2 mM) and is plotted
denoteg = 3.03 (left) andg = 2.96 (right) positions where the as a percentage of the total Cagb
spectra represent high- and low-potential Gygbrespectively.

. — After removal of Q from the suspension, a clearly resolved
Table 2: Amount of Oxidized Cyge (Perecentage of the Total difference is observed between the spectra of illuminated
Measured after lllumination at 77 K) in Tris-Treated PSII d dark | Fi 3C t b hich b
Membranes before and after lllumination at 77 K As Determined by and dark sampies (Figure oL, Spectrum ) whic | can be
Single Integration of they, Peak of the EPR Spectra ascribed to a dark conversion of 280% of Cyths, into
after illumination light minus thg reduced HP form becauge t_hellatter is not EPR det_ectable
conditions dark  at77K dark (Figure 3A, spectrum b). This finding shows that the simple
aerobié (a) 100 100 o removal_ of oxygen from the_suspensmn gives rise to partial
anaerobie (b) 75 100 25 conversion of 25% of Cy#gg into the HP form. To analyze
aerobic and hydroquinoh¢c) 66 100 34 the effect of hydroquinone, experiments were performed with
anaerobic and hydroquindh@) 37 100 63 aerobic and anaerobic samples. In the former case, addition
aThe error was estimated to be5% after three different measure-  of hydroquinone reduced 34% of Cyth whereas in the
ments.” For a-d, the EPR spectra are shown in Figure 2. latter case, up to about 60% of the Cythwas transformed
(Figure 3, spectra c and d, and Table 2). Independent support

spectrum b). A similar effect is observed after addition of 8 for the conclusion of a LP~ HP Cytlyse transformation
mM hydroquinone to the aerobic 5amp|e (Figure 3A, induced either by removal of oxygen alone or by addition
spectrum c). The most pronounced decrease of about 609#f hydroquinone comes from the finding that the peak of
is achieved after addition of 8 mM hydroquinone to the the light minus dark EPR difference spectra igat 3.03
anaerobic sample (Figure 3, spectrum d). The latter result is(see Figure 3C) which is typical for the oxidized form of
in good agreement with the P HP shift derived fromthe ~ HP Cythso
optical measurements (comparative data in Tables 1 and 2). Taken together, the optical and EPR experiments led to a
Reduced Cytiycan be photooxidized at low temperatures consistent picture. Cygk is almost entirely in the LP form
(for an explanation of the photochemistry involved, see ref in dark-adapted aerobic Tris-washed PSIl membranes. Re-
45). Therefore, the spectra recorded after illumination for moval of G; leads to conversion of about 25% of the Gytb
10 min at 77 K reflect the total amount of oxidizable Gytb ~ to the HP form, and the addition of 8 mM hydroquinone
in the samples. As a consequence, the illuminated minus darkcauses a further increase of about 35% in the HP form.
difference spectra represent a measure of the amount of The following question then arises: how fast do these
photooxidized HP Cyt}e In the aerobic samples, illumina- transitions occur, and are they reversible? To investigate the
tion under 77 K conditions did not result in any signal kinetics of reversible LP—~ HP Cythsg conversion, the
increase (Figure 3B, spectrum a). This finding is indicative following experiments were performed. The initial amount
of a very small (if any) content of reduced Cygbwhich is of the HP form of Tris-washed PSII membrane fragments
below the detection limit in the EPR difference spectra was measured under aerobic conditions in the presence of 4
between the illuminated and dark-adapted samples. It has tonM hydroquinone. It was found (in this experiment) that
be emphasized that traces a were recorded in aerobic sampleapproximately 15% of the Cytky attained the HP form (see
in the absence of hydroquinone. Therefore, it can be con- Figure 4, time zero). Then anaerobic conditions were created
cluded that in Tris-washed PSII membrane fragments almostin the same cuvette by the addition of glucose oxidase,
all of the Cythsg attains the LP form in the presence of O catalase, and glucose and spectra recorded at different times
and absence of reductants. It can thus to be concluded thagfter the removal of @ The results depicted in Figure 4
the small fraction of HP Cytg detected by optical spec- show that the level of the HP form of Cyty slowly
troscopy (14-27%; see Table 1) was caused by a partial LP increased and reached about 50% of the total {gy#iter
— HP conversion due to the presence of hydroquinone in incubation for 40 min in the dark. To exclude the possibility
the optical measurement samples. This conclusion is in qua-that this effect is specific for the catalase/glucose/glucose
litative agreement with the EPR data (Figure 3A, curve c). oxidase system, comparative experiments were carried out




10582 Biochemistry, Vol. 38, No. 32, 1999

Gadjieva et al.

where anaerobic conditions were created by flushing the functionally competent WOC but only arise after Tris

sample with N in the absence of hydroquinone (Figure 4,

O). Also in this case, the amount of the HP form increased,

and after 40 min, a level of about 50% of the total Gysb
was reached (the total content of Cyfdid not change in

washing of the sample, thus leading to WOC loss. These
findings raise questions about the molecular mechanism and
the functional role of these transitions.

With respect to the mechanism, it is important to note the

this experiment as indicated by the inverted triangles in LP — HP Cythsg conversion takes place in the dark.

Figure 4). The reversibility of the LP> HP transformation

Therefore, this process seems to be different from that

was studied in an experiment where at first the HP form of described in re26, where the level of the HP form in Tris-

Cythssg was enriched by the removal of,(through N

washed PSII membrane fragments was increased by il-

flushing) and subsequently the suspension was saturated witHumination (continuous or flash light) in the presence of

air. The results depicted in Figure D) show that after
incubation for 40 min with air the initial ratio of LP to HP

Cytbssg was re-established. On the basis of these findings,

the LP < HP form conversion is inferred to be slow but

fully reversible when switching between aerobic and anaero-

bic conditions took place.
Apart from removing @ from the suspension, a partial
conversion of the LP form into the HP form can also be

exogenous electron donors such as*Mrn addition, the
presence of only 0.72 Mn per PSII in our Tris-washed
particles makes it unlikely that Mn can donate electrons to
PSII to any substantial extent.

It has also been suggested that Hyeof Cythssgis linked
to the redox state of (12) and conversion of LP Cyth
into the HP form might be linked to redox reactions on the
acceptor side of PSlI involving the generation of Qunder

induced by the addition of a reducing agent. This idea is illumination. Qy is more easily reduced under anaerobic

supported by the observation that a doubling of the hydro-

conditions. However, a key role of,Q seems to be unlikely

quinone concentration from 4 to 8 mM increased the amount as an explanation of our results. ThBg of Qa was recently

of HP Cythysg by 810 and 15-20% under aerobic and

anaerobic conditions, respectively (data not shown). Ac-

shown to depend on treatments which influence the donor
side of PSII, on redox mediators, on freezing and thawing

cordingly, the question about a possible opposite effect of of PSIl membranes, etc. Redox titrations ¢f l8ad to values
oxidants arises. The results that were obtained are sum-in the range from—300 to 120 mV (see the discussion in

marized in Table 1. They reveal that after incubation of
anaerobic samples with 2 mM ferricyanide or 0.5 mM iridate
the fraction of HP Cythy was lower (48 and 31%,

ref 47 and references therein). We measured the content of
the HP form of Cytlsg under anaerobic conditions in the
presence of 8 mM hydroquinone. In this case, the redox

respectively) than in the absence of the oxidants (54%). This potential of the medium was about 230 mV. Thug,d@nnot
shift was accompanied by a corresponding increase of thebe chemically reduced, and we can consequently exclude
LP and VLP forms. It has to be emphasized that the ambientthat the redox state of Qwas changed in the dark.

redox potential of the suspension after addition of 8 mM
hydroquinone was the same in both case250 mV); i.e.,

Nevertheless, we observed a marked difference in the content
of the HP form of Cythsg under aerobic and anaerobic

the observed changes originate neither from a change of theconditions (see Table 1).

available amount of reduced hydroquinone in the measure-

Thus, it appears to be reasonable to conclude that the

ments (note that the optical measurements shown in Tableconversion of LP into HP Cyt does not necessarily depend
1 were performed in the presence of 8 mM hydroquinone) on the presence of exogenous electron donors, on electron

nor from a higher redox potential in the medium. The latter

transport through PSII, or on the generation of QAlso,

suggestion is supported by the fact that in suspensionsthe ligation of C&" at the lumenal surface of PS24) can

containing either ferricyanide or iridate the addition of

be excluded because €avas omitted in our experiments.

ascorbate and dithionite shifted the ambient redox potential Therefore, another mechanism has to be considered for the

down to 225 and-250 mV, respectively. The amounts of
the IP plus LP and VLP forms strongly differ in both cases
(see Table 1, columns 3 and 4). The fact that oxidizing
conditions lead to conversion of HP into the LP form is in
agreement with redox titration measurements of ytb
performed in ref24. The content of HP Cytgs in PSII
membranes was different at the salBag depending crucially
on the direction in which the titration was performed. When

conversion of LP into HP Cytg.. It has been proposed that
a molecular switch between different redox forms of Gygb

is determined by interactions with protor&3(-50). On the
basis of the correlation between pH and the relative levels
of the HP and LP forms of Cy#ls, the interconversion was
inferred to be linked to protonation and deprotonation
reactions 42). This idea is supported by measurements in
the presence of protonophoresl{-53). With respect to a

Cythssg was maintained in the reduced state, it was presentpossible influence of protons, it is interesting to note that

in the HP form, but after oxidation, some conversion into
the LP forms occurred. In addition, it was showt6) that
rapid oxidation of Cythsg and its change from the HP form
to the LP form take place during photoinhibition.

DISCUSSION

The results of this study reveal two striking and new
properties of Cytkg (i) in the dark Cytlgss undergoes
reversible LP— HP form transitions which are induced either

according to reb4 the HP state is most likely characterized
by a hydrogen bond between an NH of each histidine and a
peptide bond carbonyl of each helix of the dimeric protein
matrix of the heme group. In the LP form, one of these bonds
is probably absent. Therefore, it appears to be attractive to
speculate that Cytly in Tris-washed samples becomes
susceptible to an interaction with oxygen which gives rise
to the break of one hydrogen bond and transformation into
the LP form. Accordingly, removal of oxygen restores this

by a switch between aerobic and anaerobic conditions or byhydrogen bond and as a consequence the HP form. In a
addition of reductants and oxidants, respectively, and (ii) similar way, hydroquinone, supplying electrons and protons,
these features are not observed in PSIl membranes with acan facilitate the protonation of carboxyl group(s) and the
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restoration of hydrogen bonds. The absence pttf@ates
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with optical measurements and Dr. L. Hederstedt (University

favorable conditions for such a reaction. If the hydroquinone of Lund) for help with redox measurements.

concentration was doubled (from 4 to 8 mM), the amount

of the HP form increased under aerobic and anaerobic REFERENCES

conditions by 810 and 15-20%, respectively (data not
shown).

For considerations about the possible physiological role
of this O,-dependent interconversion of the Cygp it is
important to keep in mind that this effect was not observed
in PSII membrane fragments with a functionally competent
WOC. Furthermore, PSIl complexes lacking the WOC are
especially prone to photoinhibition at the PSII donor side
(55—-57). Presently, we see two possibilities for the fraction
of the LP<> HP conversion: (i) it has a protective function
against photoinhibition or (ii) it participates in the regulation
of the content of PSII with a fully competent WOC.

In the first case, as a result of photoinhibition, the HP form
converts into the LP form4®) which can accept electrons
from the acceptor side3p, 37, 58) and protons from the
local environment. Under aerobic conditions; i® able to
intercept electrons from Phear reoxidize Cytlsy. In PSII
complexes containing a damaged WOC, the microenviron-
ment of Cytlsg could attain an anaerobic state, thus
facilitating protonation and switching into the HP form. This
process leads to reduction of HP Gytfwhich becomes now
available as an electron donor to P6§39). As a conse-
quence, the population probability of the harmful radicals
P680" and Y, will be diminished and in this way partial
protection from irreversible photoinhibition at the level of
P680 is establishe@®4). In this respect, it is worth mention-
ing that the rate constant for the photooxidation of Gygb
in Mn-depleted PSIl is much faster (50°% than in
O.-evolving PSII [0.9 st (13, 50, 59)].

In the second case, the interconversion of the g&ytbrms
could be important for the recovery of PSIl during stress
conditions (temperature, salt, and light) via regulation of the
content of PSII with an intact WOC. The LP form is localized
in inactive PSII centers which are mainly in stroma lamellae,
while the HP form dominates in active centers in the granal
part of the thylakoid membrané@). Under stress conditions,
the population of inactive PSII complexes with the LP form
is increasing and concentrates in the stroma region. Since
these PSII complexes do not evolve oxygen, the level.of O
around Cytbsy might decrease and conditions close to
anaerobiosis could arise, thus leading to transformation of
the LP form into the HP form. It should be noted that this
transformation is also stimulated by the reduction of the LP
Cythsse from the acceptor side3f). The conversion of the
LP form to the HP form might then induce the activation of
WOC. In subsequent steps, the linear electron transport
through PSII recovers and PSII centers begin to accumulate
in the grana region. The idea that the EP HP Cythysg
conversion is involved in PSIl recovery is in agreement with
recent photoactivation experimengs( where the Mn cluster
was shown to be reconstituted only after the restoration of
the HP form. The details of this mechanism remain to be
unravelled in future studies.
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