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protein for degradation
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Photoinhibition of isolated thylakoids results in inactivation of Photosystem I clectron transport and proteolysis of the D,
reaction center protein. At low, non-freezing temperatures the mechanism of inactivation for Photosystem H clectron transpoit
can be experimenally studicd without interference of sccondary damaging cffects. since the degradation of the Dy-protcin does
not occur. Here we have applicd electron paramagnetic resonance (EPR) spectroscopy to characterize the scquential events
leading to inhibition of PS II electron transport and triggering of the D;-protein for degradation at 2-C. Two principle kinctics of
inactivation and damage were observed: (i) inactivation with a half-time of 1 to 1.5 h in casc of stcady-state clectron transport
through Photosystem 11, the induction of the S,-state multiline EPR signal, the EPR signal from Q,-Fe*" and lowering of the
F,/F,, fluorcscence ratio. This is cxplained by over-reduction of :he first guinone acceptor (Q,) leading to impairment of its
function. (ii) Inhibition with a half-time of 3-4 h in case of EPR Signal 11, : inhibition of the primary charge scparation
reaction and release of manganese from its site in the oxygen evolving system. We were also able, for the first time. to tollow the
kinetics for the triggering of the D,-protein for degradation. This triggering followed the slower kinctic phase and is likely to be
the result of conformational changes in the protein induced by the highly reactive singlct oxygen. Additionally. a dark-stable
cationic radical with g = 2.0031 and 10-1]1 G wide was progressively induced during the inhibition and was tentatively attributed

to a carotenoid cation.

Introduction

Strong illumination of the photosynthetic apparatus
leads to inactivation of the electron transfer through
Photosystem I (PS 11) and subsequently to breakdown
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of the Dj-reaction center protein (for reviews: sec
Refs. 1-4). PS I is repaired through synthesis and
incorporation of new D,-protein into the complex. Two
principal mechanisms for this photoinhibition have
been proposed: inactivation of clectron transport
through overreduction of the quinones at the acceptor
side of PS 11. leading to an oxygen dependent protein
degradation or inactivation through cationic radicals at
the donor side of PS II leading to an oxygen indepen-
dent degradation of the D,-protein (sec Ref. 4 and
references therein).

The actual degradation of the D,-protein is cat-
alyzed by one or more proteolytic enzymes located in
the PS 11 complex [5.6] and can be inhibited by in-
hibitors specific to serine-type proteinases [7.8]. The
proteolytic nature of the D,-protein degradation can
also be demonstrated by subjecting isolated thylakoids
to photoinhibitory illumination at 2°C {9]. This leads to
a loss of electron transport activity of PS Il. as mea-
sured by the Hill-reaction, but not to any significant
loss of the D, protcin. However, when the temperature
is raised above 7-10°C, the D,-protein is degraded
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even m ocomplete darkness (90 Pnus dunmy the high
hght treatmoent the D -protein s damaged as o conse-
quence of the photoinactivation. 1t thereby becomes
“triggered” for degradation, but the actual degradation
can only take place at higher temperatures.,

Thus. PS 11 photoinhibitcd at low temperatures
should provide an excellent system to experimentally
resofve the hight-induced inactivation of PS 11 from the
protein degradation, This is of crucial importance since
in previous studies of the mechanisms of photoinhibi-
tion these two cvents have been overlapping.

With the combination of clectron transport mea-
surements, EPR spectroscopy and quantitative protein
analysis of isolated PS 11T membranes photoinhibited at
low temperatures we have kinetically re.ohved several
sequential steps during the photoinactivation of the
clectron transport and triggering of the D -protein for
degradation. Furthermore. we report the progressive
formation of an unidentificd dark stable cationic radi-

il in PS L
Materials and Methods

FPreparation of photosyntietic materials

PS 11 enriched membranes were prepared as in Ref.
10 with the modifications in Ref. 11 The PS 1 ¢n-
riched membranes were suspended to 4-5 mg chloro-
phvll ml ' in 20 mM Mes-NaOH (pH 6.3). 1S mM
NaCl 5 mM MgClL. and 0.4 M sucrose and stored in
liguid nitrogen.

Photoinlibition ireatment and sumple preparation

PS 11 ¢nriched membranes, suspended in a volume
of 10 ml at a concentration of 175 g Chl ml ', were
under constant slow stivring, illuminated with heat
filtered white light (3500-4000 4 E/m” per »). Dusing
the illumination, the suspension was thermostated at
0-3°C. Control sampics were handled in identical man-
ner, with the exception that they were kept in darkness
or in very low light (1-10 uE m* per s). For studies on
the D,-protein degradation the preiliuminated samples
were kept for 2 h at room temperature in the dark.

Control and photoinhibited samples mmtended for
EPR measurements were concentrited by two centrifu-
gations at 10000 rpm for 1 min at 1°C. The pellet was
resuspended in ice-cold buffer and immediately trans-
ferred to calibratced EPR tubes (approx. 3 mg Chi
ml ') and stored in liguid nitrogen. From all the EPR
samples. aliquots for electron transport measurements
and D -protein analysis were taken immediately before
freezing to allow direct ~omparison with the measured
EPR characteristics,

The total manganese content of the PS 1 enriched
membranes was determined by room temperature EPR
spectroscopy of acidified samples. The  suspensions

wore spun down, and the pelict was aciditied with
H -S5O, (hnal concentration 1 M) to release the man-
ganese. Calibration was doae by addition of known
amounts of MnCl,.

Electron transport and chiorophyil fluorescence measire-
ments

PS 11 ¢lectron transport at 20°C in saturating light
was measured polarographically as O,-cvolution in the
presence of (1.2 mM PpBQ or spectroscopically in the
presence of 50 uM DCIP in absence or presence of the
artificial electron donor DPC (1 mM).

Steady state chlorophyll fluorescence was measured
using a pulse amplitude modulation fluorometer (PAM
101. Walz. Effcltrich. Germany). Basic fluorescence
{F,) was measured with the measuring beam at 1.6
kHz. Maximal fluorescence (F ) was measured by

giving a saturating light-pulse (1-3 ) {12].

EPR spectroscopy

X-band low-temperature and room temperature
EPR spectra were recorded at respectively 9.239 GHz
and 9.77 GHz microwave frequency with a Bruker ESP
300 spectrometer equipped with an Oxford instruments
He-crvostat. Normalization of the EPR spectra for
chlorophyll content and tube-diameter were done with
the ESP30O program. EPR conditions for thc mea-
sured signals are indicated in respective figure legends.

In measurements of the EPR signal from Q-Fe?",
formatc was added to a final concentration of 25 mM
in order to enhance the signal amplitude [13]. Q, was
chemically reduced by 50 mM dithionite or by illumina-
tion at 77 K. To avoid degradation of triggered D -pro-
tein. the incubations with formaic and/or dithionite
were performed on ice and in darkness for 30-40 min,
which was found to be saturating at this temperature.
For measurements of the total amount of photore-
ducible pheophytin, diluted samples (approx. | mg Chl
mi ") were illuminated for 6 min at 20°C (saturating at
this concentration) after the addition of dithionite to a
final concentration of 50 mM [14] and dark incubation
for 40 min on ice. The short time for the photoaccumu-
fation illumination was chosen to minimize D,-protein
Jegradation.

The spin-polarized chlorophyli triplei EPR signai
from ‘P68&0 was measured during continuous illumina-
tion in the EPR cavity at 4 K. Prior to the measure-
menis the sumples were made anacrobic by careful
bubbling with argon for at least 10 min. This argon-fiush
was included to allow observation of the spin-polarized
uiplet signal Gf formed) in the samples that contain
oxvgen duc to the sample preparation protocol. Other-
wise. the oxygen would guench any triplet formed
which might lead to erranous interpretation of the
results (Vass and Styring. unpublished data).



Quantification of Signal 11, and the radical around
g = 2003 were done by double intcgration using the
ESP300 software.

Protein analysis

Protein analysi> was carried out by sodium dodeeyl
sulfate polyacrylamide gel electrophoresis, as previ-
ously described [15]. The 22 kDa protein in PS 11 was
used as an internal standard since it is nc rmally not
degraded during photoinhibition [9]. Western blotting
using monospecific antibodics against the D,- and 22
kDa proteins, was performed essentially according to
Ref. 16 using '*1-labelled protein A for detoction. For
quantification, the autoradiograms were scanned by a
laser densitometer.

Chlorophyll was measured in 80% aceton according
to Arnon [17].

Results

Steady state electron transport

PS 11 electron transport was measured in all samgles
in order to cross-correlate the photoinactivation with
the various measured PS [l parameters. Inhibition of
the steady state oxygen evolution, by strong illumina-
tion at 2°C, occurred with an approximate half-time of
1 h (Fig. 1). The inhibition of the electron transport in
the presence of the artificial electron donor DPC was
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Fig. 1. Changes in the content of the D, reaction center protem in
PS 1 during photoinhibitory diumination st 2°C and subvequem
room-temperature mcubation in the dark. The arrow indicates the
time for the transfer of *he samples to room temaerature in the dark
() Dy-protein content during illumination at 9-4°C and dunng
subsequent period at 20°C in the dark. The samptes were dluminated
fo: detined times before the protein measurement. (93 Amount of
the Dy-protein “tniggered” for degradation dunng phatoinhibition at
¥C. Each sample was iluminated for 2 defined nume and then
incubated for 2 h at 200C 1n the dark before the protein measure-
ment. (a) Inhibition of the O.-evolution during kww-temperature
Humination. The O evolution in the non-inhibited samples was 420
pmol O /mg Chl per h,
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Fig. 2. Kincties of the mbibition of the DOIPseduction measured mn
presence (O @) of absence of DPC (2. a) the $ ~vtate mululine
EPR signud € . o) and EPR Signal 11, |+ 1 Open swmbols mdicate
measurements ammediately after the dlumination, cosed swmboks
indicate measusements after the illumination follmed by 2 b durk
ncubation at room temperature. The size of the §.-state malthne
EPR wgnal was measured by the sum of ~iv pesks 130) The ampls
tude of Sagnal B was measared it the bw field maumum 6er
Fig. 0. EPR condinons for the S.tate mulubine EPR signal tem
perature 10 K mictowave power 20 mW: modulation ampltade 25
G. EPR condinons for Sipnal 1 temperature 15 K, microwae
power 049 4 Womodubation amphitude 326G

somewhat slower and occurred with a half time of
approx. 1.5 h (Fig. 2). In the dark control samples there
was no reduction of the steady-state clectron transport
rates after 3 hoincubation at 2°C.

The D, reaction center proiein and v tnggering for
degradation

During the strong illumination at low temperatuse
no or very little degradation of the D -protein occurred
(Fig. 1) in contrast to what is seen at room empera.
ture. However, when the photoinactivated PS 1 mem-
branes were transferred to 20°C and subsequently incu-
bated in darkness, the D -protein was degraded (Fig.
B in accordance with recent studies on thylakoid mem-
branes {9]. Thus, the strong illumination at 2°C induced
a population of inhibited PS I centers with the D,-
protein trapped in a state triggered for degradation.
Once transferred to 20°C, the triggered D -protein was
degraded with a half time of about 15 min (not shown).

We were also able to measure the Kineties for the
triggering of the D, protein. This was done in an
cxperiment where the D protein content was mea-
sured in samples slluminated for various periods of
time at 2°C and then subsequently incubated for 2 h at
20°C. The experiment revealed a time-dependent in-
crease in the fraction of the D,-protein that was de-
graded during the room temperature incubation (Fig.
1). This fraction represents the D -protein that was
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triggered for degradation during the strong Humima-
tion at 2 C and amounted 1o M -40¢90 of the D protem
after 3 h photemtubition. The triggering of the Dy-pro-
tein occurred with a half-time of 3-4 h (Fig. 1)

Fig. 1 also compares the extent of D -protein trig-
gering and the inhibivon of ciectron transport. The PS
11 clectron transport inhibition preceeded the trigger-
ing of the D,-protein as expected from carlicr mea-
surements of D,-protein degradation [9.15).

Manganese binding

As shown in Fig. 3, manganese was released from
the PS I membrancs during the strong illumination at
the tow temperatures. The Mn-release was significantly
slower than the loss of the oxygen evolution (Fig. 3)
After 3 h of photoinhibitory illumination. 357 of the
mangancse was lost. Interestingly. the Mn-release cor-
relates closely to the amoum of the D -protein that
was triggered for degradation (Fig. 1) which indicates
that the mangancse was released prior to the actual
degradation of the D -protein.

Effects on the S »-state multiline EPR signal

The multiline signal, which is detectable in PS 1
centers in the S.-state [18). is an indication of the
structural and functional intactness of the mangancse
cluster. In well dark-adapted PS I1. most of the centers
are in the S;-state and illumination at 198 K induces
the S,-state multiline signal if Q, is able to accept one
clectron, As a conseguence of photoinhibition at 2°C,
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Fig. 3. Correlation between the content of bound manganese ia the
PS 1! eniwched membrenes, immediately after the strong illumination
€ bor after o subsequent 2 h dark incubation at room temperature
(@) und the inhibition of the Os-evolution. The mangancse content
was ormalised to the sumple concentration and s expressed in ‘¢ of
the rianganese in the non-photoinhibited control. The 10077 value
reprosents 1 M7 per 71 0+ 1.7} chlorophyll @ + & (1 = 8), (. @)
seprosent nonqalumimated samples kept for 3 hoat 2C (open swm-
balshor 3 h oat 2 C foilowed by 2 b incobation al room lemperature
(losed symbuls).

the induction of the §.-state multiline signal at 198 K
was inhibited with nearly identical kinetics as the
steady-state electron transport rate in presence of DPC
and thus somewhat slower than the loss of steady state
oxygen evolution (Fig. 2). No S,-state multiline EPR
signal could be observed in the inhibited samples be-
forc tllumination at 198 K.

EPR Signal Il ;.

Signal H . originates from a dark stable oxidized
tyrosinc radical on the D,-protein [19,20]. During the
photoinhibitory illumination at 2°C. the amplitude of
Signal I, was progressively decreased (Fig. 2) result-
ing in a loss of approximately 309 of the signal after 3
h. The decrease was irreversible since the lost signal
could not be regained by illumination. The decrease in
the amplitude of Signal I, was slower than the
inhibition of the DCIP-reduction ratc or the S,-state
multiline signal (Fig. 2). Instead it correlated with the
release of manganese and the triggering of the D-pro-
tein for degradation.

Induction of a cationic radical

Notably. overlaying the decreasing Signal H,,
spectrum, the photoinhibitory treatment at low tem-
peratures progressively induced a new radical signal
(Fig. 4). This resulted in a relative increase of the high
field maximum (3287 G) compared to the low field
maximum (3281 G) (Fig 4; compare 0 h and 3 h
spectra). Subtraction of Signal 11,,,,, from the inhibited
spectra, after normalization at the low-field maximum
shows that the new radical is 10 + 0.5 Gauss wide, with
a g-value of g=2.0031 & 0.0001 (Fig. 4; spectrum a).
The radical increased in size during illumination and
after 3 h illumination the size of the radical (estimated
on basis of Signai 11, in a dark control) was 0.16
spins per PS H reaction centor initially present (Fig. 4,
inset), The size of the radical is approximately corre-
lated to the difference in inhibition in electron trans-
port in the presence and absence of the electron donor
DPC (Fig. 2). Although of somewhat similar magni-
tude. the induction of the radical is clearly slower than
the triggenng of the DI protein for degradation.

This new radical was quite stable in the dark and 2 h
dark incubation at room temperature decreased its
amplitude by approx. 50% (Fig. 4. inset). We assign the
new spectrum to a cationic radical since it could oe
reduced by ascorbate and dithionite (Fig. 4: spectrum
b). while oxidants like PpBQ or ferricyanide had no
effect on its spectrum.

The Q;-Fe’ " EPR signal

The bound quinone. Q,. is EPR visible after single
reduction, which is achieved experimentally by fow-
temperature iHlumination or in the dark by chemical
reduction with dithionite. The EPR spectrum origi-



nates fron, magnetic interactions between the reduced
Q, and the acceptor-side iron [21]. Oxidized and dou-
ble reduced forms of Q, are EPR silent [18.22].

The ability to form the Q;-Fe*~ EPR signal. was
progressively lost during the photoinhibitory illumina-
tion at 2°C with  half-time of approx. 1.5 h (Fig. 3}. Mo
Q;-Fe’" signal was observed in the inhibited enters
prior to the reduction during the EPR experiment.
This indicates that no significant fraction of stabilized
Q4 was formed. in contrast to what has been experi-
mentally observed during anaerobic photoinhibition
{23]. The inhibition of the Q,-Fc>* formation corre-
lated with the loss of the DCIP-reduction in presence
of DPC.

The primary charge separation reaction

The capacity to induce the primarv radical pair
P680* Pheo ~. was measured by EPR after photoaccu-
mulation of Pheo™ in the presence of dithionite {14.18].
After 3 h of photoinhibitory illumination at 2°C ap-
prox. 45% of the inducible radical signal from Pheo
was lost (Fig. 5). The decrease of the signal occurred
on the same time scale as the loss of Signal 11, . the
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Fig. 4. The effect of photomhibitory sllumination on radical | PR
spectra in PS 1L The upper two spectra show the radical spectrs
aficr @ and 3 h illummation. Before the strong illumination (4 h
spectrum) the spectrum only contains Signal B, After 3 h strong
illumination the spectrum is a mixture of Signal 11, and 4 radical
spectrum. Spectrum a shows the spectrum of a 9-10 Gauss wide
radical centered at g = 20031 which was induced during 3 h photo-
inhibition. The pure radical spectrum was obtamed by subtraction of
weighted amount of Signal H . from the 3 h specirum. Incubatson
with 5 mM sodium ascorbate (3 mM) and the redox mediator DAD
(2 mM) during 20 min reduced both the radwal and Signal |,
(spectrum b). Inset: induction of the radical after 2 and 3 h wrong
llumination at 2’C (unfilled stacksi and after 4 subsequent D b
dark-incubation at 1oum temperature (illed stacks) The e of the
radical o expressed as spins per PSS HL The bas indicate
the standard error in the measurements a1 = 31 TPR condimons,
temperature 15 K: micromave poser 049 W, modulstun ampir-
tude 320G
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trigyering for degiadation of the D, -protein and the
refease of manganese.

Seon polarized EPR sigaal from teple: Po80

P8O originates from the recombination between
Pos” and Pheo  and i~ tormed Juring iumination of
PS Il when Q, s doubly teduced [22) o7 when the
Q-site is empty {23] PO8O induced by sllumination at
4 K gives rise to a spin polariscd EPR wignul In
adddtion. 1t was recenth shown that photoinhibition
under anacrobie conditions results in the accumulation
of 'PosU forming centers due to stabilization of re-
duced Q, species thoth singhy and doubly reduced) and
subsequent foss of Qy from its site (Ref. 23, Koivu-
ntenu ot al. unpublished data).

Therefore. we investigated whether our photoinhib-
tted samples were also triplet forming. I any triplet
formation was to be expected it should be {found after
prolonged photainhibitony treatment. in centers which
st had the capacity 0 photaaccumulate Pheo ', bug
where no EPR visible O could be induced. After 3 h.
the population of such potential triplet forming PS 1
centers was about 13 to 207¢ of the total number of
centers (Fig. 51 However. illumination of these pho-
toinhibited samples at 3 K in the EPR cavity did not
reveal an triplet formation. This indicates that 1niplet
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forming states cither are quickly lost during photo-
inhibition in the presence of oxygen [23] or that the
triplet vield is too low to be observed.

Chlorophyll fluorescence

During the first 10 min of photoinhibitory ifluminz-
tion at low temperature the dark fluorescerce level,
. increased with approx. 109% (not skown) similar to
what has becn observed earlier (sce for example Ref.
26). This most likely indicates the build-up of a small
population of ccnters with stable forms of reduced Q,,
[23.25.26]. During progressive photoinhibitory treat-
ment, F,, returncd back to its initial value (not showa).
In a separate cxperiment it was observed that the
initial increase in F,, was reversed by approx. 20 min
dark incubation at room temperature (Fig. 6).

The ratio F /F, decrcased progressively during
photoinhibition with the same kinctics as the ina=iv1-
tion of the V,-evolution (not shown), similar to what
was obscrved after low temperature photoinhibition in
spinach [27] and in the cyanobacterium Synechocystis
{25). The lowering of F,,, was always irreversible (Fig.
6).

Dark incubation at room temperature subsequent 1o
photoinhibition at low temperature

The results presented above show that the major
changes in the re. X properties of PS 11 during photo-
inhibition at low iemperature occur prior to the D,-
protein degradati 1. We also applied the EPR-analyses
to samples that v ¢re transferred to room temperature
in the dark after termination of the photoinhibitoiy
illumination. During this phase of the experiment, the
D,-protein degradation starts (Fig. 1) but no further
iractivation of steady state electron transport occurs.

In addition th¢ EPR analysis revealed no further
changes in the S,-state multiline signal (Fig. 2), the
()_,\—Fc:' signal and the primary charge separation
(Fig. 5). Moreover, there were no changes in the fluo-
rescence characteristics.

Interestingly, there was no further release of man-
ganese from the membranes during the D,-protein
degradation. This shows quite unexpectedly that all
mangancse from the inhibited reaction centers was
released already in connection with the triggering of
the D,-protein for degradation. Earlier we correlated
the Mn release with the D,-protein degradation [15,28].
This apparent discrepancy results from the impossibil-
ity to kinctically discriminate between the triggering
and the proteolysis of the D,-protein in the carlier
room-temperature experiments.

The remaining Signal 11, decreased by 15 to 30%
during dark incubation at room-temperature for 2 h in
both the control and inhibited samples. This is normal
during prolonged dark incubation and we ascribe this
mainly to recombination with the S-statc of the oxy-
gen evolving system [29]. This fraction of the lost signal
could be regained by illumination (not shown).

The amplitude of the new unidentified radical at
g = 2.0031 decreased by approx. 50% during two the
hours dark-incubation at room-temperature (Fig. 4;
inset).

Discussion

In this report we have characterized the photoinacti-
vation of PS Il electron transport at low, non-freezing
te nperature where no proteolysis of the D -protein
occurs. The experiments have therefore allowed reso-
lution of the inhibition kirzctics of the various partial
reactions of PS !l (Table I). In principle, the inhibitory
events could be divided into two main categories that
are summarized in Scheme 1. Initially, with a half time
fur inactivation of 1 fo 1.5 h there was a loss of the
steady state electron transport both in absence and
presence of the clectron donor DPC, formation of the
S,-statc maltiline signal, induction of the EPR signal
Q-Fe?* and lowering of the F,/F, fluorescence ra-
tio. Thereafier, with a half time of 3-4 h, there was a
loss of Signal 11, . impairment of the primary charge
separation capacity and release of the manganese from
its binding site on the lumenal side of the PS Il
complex. With the same kinetics the D,-protein was
triggered for degradation. The actual degradation of
the protein required transicr of the sample to 20°C.

Our results indicate that photoinhibition at low,
non-freezing temperatures occurs via the same se-
quence of events we have earlier proposed to occur
during photoinhibition under both anacrobic or aero-
bic conditions at room temperature [23.30). Initially, ail
available plastoquinone is reduced [31] and Q3 is



TABLE |

Approximate half-times for incctivation of PS H acucities, relfease of
Mn and iriggering of the D,-protein during illumination of PS 11
membranes at (1 - °C and af'2r a subsequent period at 20°C in the dark

During During 2 h dark-incubation
illumination a1 20°C a‘ter the inhibition
at0°C

F./Fn 1-5.5h  No further change

H,0 - PPBQ I-1.5h  No further change

H,0 — DCPIP 1-1.5h  No rurther change

DPC - DCPIP 1-1.50  No further change

Multiline signal i—-1L.5h  Nofurther change

Qj-Fe’* signal 1-1.5h  No further change

Manganese 3-4h No further change

Pheo 3-4h No further change

Signat 11, 3-4h 20-20¢ loss of remaining

signal
D,-protein >10h Triggered protein Jost within 1 h
Triggerirg of the
D,-protein 3-4h -

accumulated in the reaction centers [30]. Subsequently,
recent results indicate that Qj is stabilized through
protonation and further reduction to the double re-
duced state [23,26] which inhibits electron-transfer via
Q,. In the present study, double-reduction of Q, pro-
vides a useful explanation for the simu!taneous de-
crcase in PS II electron transport and loss of the
Q, -signal (Table 1). Moreover, it is consistent with the
loss of the S,-state multiline signal (which can only be
formed in presence of functional Q,) and the lowering
of the F, /F,, fluorescence ratio. Similar to the situa-
tion during room-temperature photoinhibition, the
damage to the D,-protein, in this study revealed as
triggering of the D -protein for degradation, is a subsc-
quent event to the inhibition of steady-state clectron
transfer (Table 1).

PS 11 reaction centers with doubic-reduced Q, have
been shown to form chlorophyll triplets during i.}- mu-
nation [22,23]. In the absence of oxygen the chloror hyli
triplets arc csscntially harmlcss but when oxygen
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present, as in our experiments. chlorophyll triplets are
known to react readily with oxygen to form singlet
oxygen [32]. This toxic oxvgen species is highly reactive
and it has becn proposed to damage the D -protein
irreversibly [23.33] probably by reactions in the imme-
diate vicinity of P680. thereby inactivating pigments,
nearby redox-components or amino acids.

Simultancously with the triggering of the D,-pro-
tein, Tyr}, and the primary charge separation reaction
are lost (Table E; Scheme 1). The lack of *P680 forma-
tion in our experiments can be explained since *P680
forming centers formed during the photoinhibition
wotuld be rapidly and irreversibly inactivated in the
charge separation reaction by singlet oxvgen. This is
also consistent with the small. but significant. increase
of reversible F, during the initial stages of photoinhibi-
tion (not shown). The increased [25.26). reversible F,
was shown to originate from triplet forming centers
with stabilized Q, [23]. Under anaerobic conditions
[23,25.26] such centers are built up continuously lcad-
ing 1w a high Flevel. However. under aerobic condi-
tions this fraction is always small [26], most likely due
t3 the irreversibie reaction of these centers with singlet
OXygen.

Our earlier experiments were performed at room-
teriperature and the damage to the D, -protein and
inactivation of the reaction center revealed itself as
degradation «. the protein [15,23]. At lower tempera-
t: 7. . however, the damaged D,-protein is not proteol-
vsed although it is triggered for degradation. In fact we
were able to follow the kinctics for the formation of
this cerlier hypothetical triggered state (Scheme ).
T - done by determining the fraction of degrad-
ahle D, .rotein when, after various periods of illumi-
it on at low temperature, the samples were trans-
foired to room-temperature (Fig. 1). The actual pro-
tein degradation was independent of light. Thus, the
light-reactions involved only lead to the formation of
*he triggered state of the protein and it now seems
clear that this is caused by oxidative damage induced
by singlet oxygen. However, it is not clear how the

Degraded D1 protein

D1 protein triggered for
degradation; Mnloat;
No charge separetion

Function of Q, impsired
Functions! cherge separation

FUNCTIONANDINTEGRITY
OF PS IICENTERS

D Active PS |l centers

ILLUMINATION AT 2°C

Scheme 1.

DARK AT 20°C
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D,-protein is affected at the molecular lTevel. Most
likely, the light-dependent triggering is accompanied by
a gross conformaiional change on the Dy-protein. This
turns it into a substrate for a proteinase which is
located within the PS 11 complex [7,8]. The conforma-
tional change of the D-protein is supported by the loss
of Mn which occurs in parallel with the D,-protein
triggering rather than the actual degradation. This may
also be consistent with the appearance of a modified
form of the D, protein with altered electrophoretic
migration during photoinhibition in vivo [34,35]. More-
over, our experiments were performed in a purified PS
II preparation in the absence of added ATP which
indicates that protein phosphorylation is not required
for the triggering reactions.

In addition to these reactions that occur in the
dominating fraction of centers, there are indications of
an early partial inactivation on the donor side of PS 11
in agreement with Ref. 36. Here, we have observed
that the decrease in inducible Q corresponded to the
inhibition of the electron transport from DPC to DCIP.
This is reasonable and shows that the essential block in
the electron transfer occurs on the acceptor side in PS
11. However, electron transport in absence of the artifi-
cial electron donor was inhibited somewhat faster (Fig.
2). This difference suggests that, in a minor fraction of
centers, some early inhibition occurred at the donor
side of PS I, but at present we cannot decide at which
electron transfer step the inhibition occurred. Interest-
ingly, it was recently shown that inhibition of proto-
plasts at 4°C is mainly caused by an oxygen-dependent
mechanism, but that some oxygen-independent inhibi-
tion took place simultaneously [37].

Mereover, we observed that a stable cationic radical
was induced during the illumination. The kinetics for
the induction of this radical approximately correlated
with the inactivation of the donor side measured by the
difference in electron transport in presence and ab-
sence of the exogenous electron donor DPC. This
supports the hypothesis tha. this radical was induced in
the small fraction of ceniers which were able to reduce
Q, but had impaired or inefficient electron donation
from the oxygen evolving system. During illumination
these centers will perform stable charge separations.
However, the electron hole on P68(' or Tyr; cannot
be filled by donation from the normal donor, the
oxygen evolving system. Instead, redox-components in
the vicinity would donate an clectron and become
oxidized [38—40]. The radical linewidth and g-value did
not correspond to the chlorophvll cation induced by 77
K illumination (9-10 Gauss, g = 2.0025-2.0026). In
our view, one likely candidate for the radical is a
carotenoid cation and .in this context it is relevant that
oxidation of carotenoids has been observed as a conse-
quence of photoinhibition of PS II with impaired func-
tion of the donor side in absorbtion spectroscopy stud-

ics [41.42]. In addition, Blubaugh and coworkers [43]
have observed the build up of a radical with a feature-
less radical EPR spectrum during photoinhibition of
PS 11 lacking the Mn-cluster involved in the oxidation
cf water. This spectrum was tentatively assigned to a
carotenoid cation but at present it is not clear that
their spectrum represents the same species as our
radical. Therefore, other possibilities than a carotenoid,
itke a modified tyrosine-radical or another oxidized
aminoacid residue (for example a histidine [44]), can-
not be excluded and final identification of our radical
has to await further experimentation.
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