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Photoinhibition affects the non-heme iron center in photosystem Il
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Effects on the PS 11 accoptor side caused by exposure 19 strong white light (180 Win'y of PS I membrane fragments (spinach) at pH 6.5 and 0°C
were analyzed by measuring low 1emperature EPR signals and flash-induced transicent changes of the fluorescence quantum yiekl, The lollowing
results were obtaiged: (3) the extent of the light inducwd g = i.9 EPR signal a8 & measure of photochemical Fe'*Q;, formation dechines with
progressing photoinhibition. The half-life of this ot is independent of the abwince or presence of an caogencus clectron acceptor during the
photoinhibitory treatment; (b) in samples photoinhibited in the absence of an lectron acceptor and subsequenly incubated with K JFe(CN)] in
the dark, the extent of 1he g = 8 EPR signal (reflecting; the oxidized Fe'* form of the endogenous non-heme iron center) and of the flash-inducsd
change of the fluorescence vickd (as a measure of fast ckxivon transfer from Q;, o Fe™ after the first flaskh; [soc (1992) Photosynth. Res. 31, 13- 126]
exhibits the same dependence an photoinhibition time as the g = 1.9 EPR signal: (¢) in samples photoinhibited is the prevence of an exogenous
clectron accepior. the signals reflecting Fe'-formation and fast clectron transfer from Q4 1o Fo'* decline faster than the g = 1.9 EPR signal. These
results peovide Tor the Arst time direct cvidenee that the endogenous non-heme iron center lovated between Q. and Qy is susceptible to moditicationn
by light strcss, The implications of this finding will be discussed.

Photosynthesiv. Photosysiem 11; Photoinhibition: Nonsheme iron: Spimices oleracva

1. INTRODUCTION

The key steps of photosynthetic water cleavage into
dioxygen and metabolically bound hydrogen take place
in photosystem II (for a review see [IP. The overall
reaction sequence comprises: (a) the transformation of
light into a “stable’ radical pair P680° Pheo Q4. (b) water
oxidation to O, with P680° as driving force. and (<)
PQ-reduction to PQH, via a two-siep univalent redox
reaction sequence with Q as rectuctant. Based on strik-
ing homologics. the functional groups P680. Pheo. Q,
and the Qy site for PQH, formation are assumed 1o be
arranged within the protein matrix consisting of poly-
peptides D1 and D2 in a similar way as the corre-
sponding redox components (special pair. Pheo. Q..
Qy) in the heterodimer of the L and M subunit in purple
bacteria reaction centers {for review see [2]). These sim-
ilarities are confined to (a) and (c) because of the struc-
tural and functional requirements to perform water ox-
idation in PS II. Apart from this basic phenomenon,
there exists another remarkable difference. ie. the sus-
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ceptibility to harmful cffects of strong visibis light. In
contrast to purple bacteria. the functional activity of the
PS 11 complex severely declines due to processes re-
ferred to as photoinhibition (for a recent review see [3]).
This process comprises a sequence of events which cin
be gencralized in the following way: light induced mod-
ification of primary target(s) — triggering of en-
dogenous proteolysis — degradation of the apoprotein
of PS 11, cspecially of polypeptide D1. It is now clear
that the detailed mechanism of photoinhibition depends
on the functional integrity of the PS 11 compiex and on
the experimental conditions. At icast three rypes of reac-
tions were found to be susceptible to photoinhibition:
(i) formation of the stabilized radical pair P680"Pheo(),
[4-7]. (i) PS 1T dono- side [8-11], and (iii} PS I1 acceptor
side f12-15]. Likewise, the proteolytic degradation pat-
temn of D1 was also found to be variable f16]. In a recent
study the endogenous non-heme iron center located be-
tween Q, and Qy and by analogy to purple bacteria
coondinated by four histidine residues of polypeptides
D1 and D2 was inferred to become modified by ¢ °
iahibition. Th> ~omerevication provides dwpect evi-
dence for changes of the properties of this iron center
caused by photoinhibition prior to DI degradation. The
implications of these findings will be discussed.

2. MATERIALS AND METHODS

PSIl-membran: ~igmonts were prepard from spinach according
to she procedures coscribed by Winget ¢t al. |7} and Berihold cx al.
[18] (with modifications oy Vaiker &t al. [19]>

75



Vglume 313, number 1

For photoinhibition, aliquots of' 1.5 (or 7) ml sample suspension (20
mM MES/MNaOH, pH 6.5, 10 mM NaCl, 10 mM CuCl,, 100 uM Chl,
6°C) ina 2 (or 53) em wide circular Petri dish, kept in an ice bath, were
exposed to white light (500 W tungsten lamp, heat filter K3 from
Schott) of un incident light intensity of 180 W/m?. Far control meas-
urements, the samples were kept under the same incubation conditions
in complete darkness or under dim light, The control treatment did
nol cause any harmful effect on the funclional activily of the samples.
In some experiments 2 mM K,[Fe(CM),} was added as indicated in the
figure legends.

Transient changes of flucrescence quantum yield induced by a train
of laser flashes (Nd:'YAG luser, 15 ml/pulse, FWHM: 3 ns) were
nicasured with a home-build equipment (Gleiter [20]) as described in
i15]. The time resolution of the equipment was ol the order ol 5 us.

Electron paramagnetic resonance at cryogenic lempernturds was
carried out using 4 JEOL REIX spectrometer as described in [21].
Photoreduction of @, a1 77 K was perforined in d silvered dewar using
strong white ligh( (650 W sourge) for (0 min. Fer measurement of the
signal due to Fe**, contro] and photoinhibited sumples were incubated
in the dark in the presence of 13 mM K [Fe(CN},] for 60 min on ice
at 0°C. EPR conditions were microwave power 10 mW, temperature
4.7 K, field modulation 1.25 mT, modulition frequency 100 kHz.

3. RESULTS

Fig. 1 shows typical iraces of transient fluorescence
yvield changes induced by a sequence of four saturating
laser flashes in dark adapted PS II membrane frag-
ments. The kinetically unresolved rise mainly reflests the
formation of the state P680 Pheo Q3 and the relaxation
indicates the Q; reoxidation (for a detailed discussion
see [15,22]). A comparison of traces A and B reveals that
in control samples the extent and relaxation kinetics of
the signal induced by the first flash strongly depend on
the presence of K3[Fe(CN)s] during the dark incubation
before measurements, while the signals induced by the
subsequent flashes remain almeost invariant. The
marked decrease of the detected maximum and the
faster relaxation in the dark is a consequence of the very
fast electron transfer from photoreduced Q7 to the oxi-
dized Fe’ form of the endogenous iron center located
between (O, and Qg [15] and references therein). As the
time between the flashes is short compared with the
oxidation kinetics of the endogenous high spin Fe®* by
Ky[Fe(CN)] (23], the sighals induced by the subsequent
flashes remain practically unaffected by preincubation
with K;[Fe(CN)l. Accordingly, the normalized ampli-
tude ratio [F,, 2 (100 us) —F.,, (100 us))/F,,.. (100 us)
can be used as a measure of the amount of Fe** formed
by dark incubation with K [Fe(CN)g. A comparison of
the signals measured in control and photoinhibited
samples, respectively, reveals two striking phenomena:
(i) the variable fluorescence of the signals induced
by each flash but the first one markedly decreases
in the phntoinhibited samples, and (i) the ratio
[Fv.ar‘ﬂ(loo .“5) var l(lm #5)]/1:\'.".2(100 .“5) Is Slgﬂlﬁ-
\rﬂullj IVUUCMU d\-l\— I.U j}llUtVlllulUlllUllo l ll\u fUl I.H\-.l hl."
fect is well established and will not be discussed here.

The latter effect, however, indicates that also the non=
heme iron center is susceptible to modifications by pho-
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Fig. 1. Transient changes of fluorescence quantum yield induced by
a train of four laser flashes in PS I membrane fragments: (A) contral;
{B) as (A) but sample incubated in the dark for 5 min with 2 mM
Ki[Fe{CN).]; (C) samples photoinhibited (60 min) and subsequently
dark ineubated (5 min) in the absence of Ky[Fe(CN)L (D) sample
photeinhibited (60 min) in the presence of 2 MM Ka[Fe(CN) ] before
dark adaptation for 5 min in the presence of 2 nM K,[Fe(CN),] und
subsequent measurement. The l'ollowmg symbols were used 1o
deseribe the fluorescence paramaeter used in this study: F:l“, 1» Naxi-
mum extent of variable fluorescence induced by the first fiash and
FL . (100 es), extemt of variable luorescence 100 5 afler excitalon
with the n fash (2 = 1,2).

toinhibition. A suppression of the very fast Q, reoxida-
tion could be explained by two alternative models: (a)
elimination of the K,[Fe(CN),] induced Fe*" formation
(as an indispensable prerequisite of the very fast Qj
reoxidation) either by a shift of the oxidation poteatial
to more positive values or a largely increased shielding
of the endogenous non-heme iron center, or (b) a drastic
retardation of the electron transfer from Qj to Fe' due
to increase of the effective distance between the redox
centers and/or changes of the reorganisation energy. In
order 1o analyze these alternatives, EPR measurements
were performed which permit both direct deteetion of
Fe** [ormation by dark incubation with Kj[Fe(CN),)
and light induced QzFFe®* generation, To excluile possi-
ble interference by D1 degradation, photoinhibition
was perlormed at 0°C and at pH 6.5 ["4 23], The EPR
signals obtained are depicted in Fig. 2. Traces A and B
show the QiFe?" EPR signals [21,26,27] of control and

photomhnbxted samples, respectwe!y, illuminated with
:n:c !: I 10 m:ﬂ"l nt .] I{ ‘A. ca“.nnr:mnn ~f tha

L% A AW Aliaki) e JAMA dunsal WA Al

mgnal amplitudes readily reveals a harmful effect of
photoinhibition. This result is in perfect agreement with
recent findings [28,29]. The traces C and D were meas-
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Fig. 2. Low temperature EPR signals induced by actinic illmaination {10 min) at 77 K (traces (A) and (B), signal [rom Q;Fe?*) or by dark incubation
ol the sample (60 min} with 10 mM K [Fe(CN),] (traces (C) and (D), signal from non-hemne iron ¥e*). Signals {(A) and (C) were ebtained in the
control, (B) and (D) samples photoinhibited for G0 min in the absence of 2 mM K, [Fe(CN),], respectively.

ured in samples preinewbeled n the dark wih
KAF2CMLL The EPR spectyum O aubibits 2 e~
nounced signal at g = § which reflects the {armation of
Fe’ by dark incubation with K,[Fe(CN),j [30,31]. A
marked decrease of this signal 15 coserved in trace D,
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Fig. 3. Raiio of variabie fMuorescence (F (T0F usl —F, L1090 usjy
Fora(100 ps) measured 5 min after dark incubation with 2 mM
K{IFe(CN),] (o), amplitude ol g = 1.9 signal induced by actinic illumis
nation (10 min) at 77 K (n} and amplitude of g = 8.0 sigua? induced
by 60 min incubation in the dark with 10 mM K,JFe(CN)L (D) as a
funclion of exposure time of pholeinhibitory light. Photoinhibition
was carried out in the absence (open symbels) or presence (filled
symbols) of 2 mM K;[Fe(CN).]. Duta were normalized to the values
af the untreated samples. For the g = 8 signal, values were corrected
for Ine ampinuhe W 3y Ynoinsnivhebh mmoes e der i o
phetoinhibitior: in the presence of K, iFe(CN))).

le. phoionhibition csuses a dimipution of the
% AFON L indused Fo? sepalation. Thisfoding pea-
vides direct evidence foc a mediflcatioa of the oxidi-
zability of the endogenous non-heme Fe** (lo Fe®*) by
KATeITM),) in the photoinhibited samples. A modifica-
tion of the iron center could also aflect the magnetic
coupling between Fe*" and Q; thus affectingthe g = 1.9
signal. In order to analyze a possible relation between
the disappearance of Q,Fe’" and of Fe®, the extent of
the corresponding EPR signals was measured as a func-
tion of photoinhibition time in the absence and presence
of KifFe(CN)4] in the suspension during exposure to
deleterious light intensities. In the case ol the g = B sig-
nal induced by dark incubation with 10 mM
K.[Fe(CN),] a residual signal (about 30% of the control
sample) remains even after severe photoinhibition (60
min). At present, the origin of this Fe® center is not
unambiguously clarified. For a comparison of the time
course of photoinbibition this residual signal bas been
subtracted. The results obtained are summarized in Fig.
3. Three striking effects can be extracted from these
daia: {1) samples photoinhibited in absence of
K Fe(CN),] exhibit practically the same susceptibility
of Q;Fe* and Fe** formation te deleterious illumina-
tion; (2) if photoinhibition is performed in the presence
of K4[Fe(CN),], the capabilivy of K4[Fe(CN)] to oxidize
the endogenous Fe®* in the dark to Fe* disappears at
much shorter times than the g = 1.9 signal which reflects
the light induced Fe™(Q, formatien: (3) the ability
o LR 1o annse, the veny fast (7 reaxida-
tion after the first flash, as reflected by the ratio
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[Fvur.i(loo :“S) _[Fvur.l(]ﬂﬂ ﬂs)]/Fvar.Z(IOG .U.S), declines
with progressing photoinhibition in parallel with the
loss of Ky[Fe(CN)] induced Fe** formation, regardless
of the absence or presence of this oxidant during expo-
sure to deleteriovs light, This finding shows that the
photoinhibitory elimination of the very fast Q; reozida-
tion after the first flash is due to a redox potential shift
of the iron center preventing Fe’ formation by
K [Fe(CN),] rather than a blockage of the electron
transfer reaction from Qj to Fe™. The idea of a modi-
fied microenvironment around the non-heme iron due
to photoinhibition is alse supported by the alteration in
the lineshape of the Pheo-/Fe?* Q; split sigial (indicai-
ing weaker interaction after photoinhibition) especially
if exposure to light stress is performed in the presence
of K;jFe(CN),] (data not shown).

4, DISCUSSION

The results of this study unambiguously show that
the properties of the endogenous high spin Fe** are
madified by photoinhibition under conditions (0°C, pH
6.5) where proteolytic degradation of polypeptide D1
can be neglected [24,25]. The loss of the K;[Fe(CN)]
inducable g = 8 EPR signal in photoinhibited samples
can be explained by structural changes which either
render the iron center inaceessible to the exogenous
oxidant or cause a shift of its oxidalion potential to
more positive. Although the former possibility cannot
be totally excluded, a redox potential shift appears to
be much more likely because only minor structural
medifications are sufficient to cause drastic changes of
the redox properties in heme iron proteins (e.g. [32] and
references therein). The microenvironment of the en-
dogenous Fe?" in reaction centers of anoxygenic purple
bacteria differ from that of PS II. One striking differ-
ence between both types is the binding of bicarbonate
in P5 11. Accordingly, it might be attractive to speculate
that the medification of the endogenous Fe** by photo-
inhibition also affects the propertics of bicarbonate
binding. However, as the g-value of the EPR-signal due
to Fe?*Qj in the presence of HCO; at g = 1.9 remains
invariant to photoinhibition (the bicarbonate free form
is characterized by 4 g-value of 1.8; see [33]) a modifica-
tion of HCO5 binding is unlikely to be related to the
redox potential shift. Therefore, other effects are re-
sponsible for the change of the redox properties due to
photoinhibition. Qur data do not permit to present a
model for the structural changes that elicit this effect,
Regardless of the detailed mechanism, the present re-
sults clearly show that photoinhibition induces struc-
tural changes in the microenvironment of the non-heme
iron center, as reflected by the loss of its K[Fe(CN)]
induced oxidation to Fe®*. It remains to be clarified
whether these modifications provide a trigger signal for
the subsequent proteolytic degradation ol the D1 pro-
tein at room temperature.
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It is interesting to note that in samples photoinhibited
in the presence of K,[Fe(CN),] the oxidizability of the
non-heme iron center is much more sensitive to deleteri-
ous light than the formation of the g = 1.9 EPR signal
indicative of Fe**Q7. This finding shows that changes
in the microenvitonment which prevent the formation
of Fe™ by dark incubation with K,[Fe(CN),] do not
drastically affect the magnelic interaction between Fe*
and Q. On the other hand, when the samples are ex-
posed to strong light in the absence of an exogenous
electron acceptor, the photoinduced g = 1.9 signal and
the g= B signal due to dark incubation with
K,[Fe(CN)g] exhibit the same dependence on the expo-
sure time to photoinhibition. 1f one neglects the highly
unlikely possibility of an Fe?* loss (this would certainly
require the presence of a strong chelator), this effect can
be explained by two alternatives: (1) photoinhibition
induces structural changes that lead Lo a redox potential
shift of the non-heme iron center together with a block-
age of Qy formation; or (i) the modifications in the
neighborhood of the endogenous iron center simultane-
ously lead to & drastic change of the magnetic interac-
tion between Fe*™ and Q; which causes disappearance
of the g = 1.9 EPR signal without affecting the capacity
to form Q. Although the former explanation (i) seems
to be more likely in the light of the results obtained in
samples photoinhibited in the presence of K;[Fe(CN))
(vide supra), the latter possibility (ii) cannot be totally
excluded. This might render the question whether a loss
of the g = 1.9 EPR signal due to photoinhibition can be
really used under all circumstances as an unambiguaus
proof for a blockage of QF formation or a double re-
duction of Q,,. Further experiments are required toe clar-
ily this very important point.

In summary, the present study shows that the proper-
ties of the high spin iron center provide a sensitive probe
to monitor subtle structural changes at the acceptor side
that are ceused by photoinhibition prior to proteolytic
degradation of polypeptide D1.
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