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The pshbO gene product of Photosystem 11 (PS 1D, the so-called 33 kDa extrinsic protein. is belicved to be closely associated with
the catalytic Mn cluster responsible for light-induced water oxidation. However, this protein is not absolutely required for
watcr-splitting and its precise role remains to be clarificd. We have used flash-induced thermoluminescence and oxygen
evolution mcasurements to characterize the process of water oxidation in the 1C2 mutant of Syaechocystis sp. PCC 6803 from
which the psbO gene had been deleted by Mayes et al. (Mayes, S.R.. Cook, K.M., Sclf, S.J.. Zhang. Z. and Barber, J. (1991)
Biochim. Biophys. Acta 1060, 1-12). The thermoluminescence results show that the extent of charge stabilization in the §,0
and S,Qy, states is reduced in the IC2 mutant to about 25-30¢ of that observed in the wild-type, suggesting that functional
oxygen cvolution occurs in a proportion of the psbO-less mutant cells. The stability of the S.Q, . but not that of the S,Qy.
charge pair is markedly increased in the mutant. This points to a structural change of the PS 11 reaction center complex in the
absence of the pshO gence product which affects the redox properties of the Q4 and Qy acceptors to a different extent. The
flash-induced oscillatior of the B thermoluminescence band. arising from the $,Qy, and §,Qy charge recombinations. is largely
dampened in the mutant. This indicates that the ability of the water-oxidizing complex to reach its higher oxidation states, Sy and
S,. is limited when the pshO gene product is absent. In agreement with the thermoluminescence results, flash-induced oxygen
evolution shows a decrcased yield and largely dampened oscillation pattern in the mutant. These results indicate that although
the pshO gene product is not an absolute requirement for water oxidation its absence disturbs the redox cycling of the
water-oxidizing complex and retards the formation of its higher S states. The rapid loss of thermoluminescence intensity during
strong illumination of the mutated organism confirms its high susceptibility to photoinhibition. This effect is most likely the
conscquence of the limited rate of clectron donation from the pshO-less water-oxidizing complex to the PS 1 reaction centre
where the accumulation of highly oxidizing specics may damage their pigment and protein surroundings.

Introduction

Photosystem 11 (PS 1D is a multicomponent protein
complex embedded in the thylakoid membrane of oxy-
genic photosynthetic organisms. It catalyses light-driven
electron transport from water to plastoquinone and
releases molecular oxygen as a side product (for recent
reviews see Refs. 1-3). The reaction centre of PS H is
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composed of the D1 and D2 proteins which form a
heterodimer with a close analogy to the reaction centre
of purplec bacteria [4].

The D1 /D2 heterodimer binds the primary clectron
donor P,,,. the primary electron acceptor pheophytin.
the piastoquinonc molecules which act as the secc-
ondary clectron acceptors Q, and Q. The D1/D2
complex also contains the redox-active «yrosine residues
Tyr-Z and Tyr-D [1-3].

It is well established that a tetranuclear manganese
cluster plays a central catalytic role in oxidizing water
to molecular oxygen and protons by cycling through a
series of oxidation states S, to S, [5.6). The catalytic
site of water oxidation is most probably directly associ-
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ated with the PS H contie, possibly more with the D1
than with the D2 protem [7 90 However. solated
D1, D2 reaction conter compleses do not retain bound
M and do not cvolve exveen [Ho] indicating that
turther protemn components might be necded to form
the catalytic Mn site,

In higher plants and cukamnotic algie, three extrinse
polypeptides are situated on the lumenad side of PS 1L
with apparent molecobar nsses of 33 RD0 (O pene
product), 23 Kb Gabl? gene product) and 17 M
(b pene product) which have been imphcated in
oxvegen ovolution [ Various lings of experimental
evidence. including their absence in evanobacternia, has
assigned non-cataldytic roles to the 23 kDa and 17 kKDa
polypeptides {1 14]. These polypeptides seem o be
imolved in egulating Ca7 and CLlaveds i the
vicinity of the Ma cluster (1L

In contrast, the 33 KDa protem wiuch is also called
MSPL the “manganese stabilizing protein’, is present n
alb oxyeenic photosynthetic arganisms including ¢vano-
bacteri From an vitro studios it was concluded that
the 33 kDa protemn s not directh imobed in Mn
binding. since bound Mn and appreciable rates of
ovvgen avolution can ne maantuned in the presence of
high, non-physiological Ca™ and CE fevels, aditer
washing the 33 KDa protein from PS 1 membranes
[15. 161 On the other hand. under these conditions the
chanicterstic penod-four oscitlation of thsh-induced
oxvgen evalution is fargely distorted, indicating a dis-
turbed redox eycling of the Mn cluster [17]. Two of the
tour active-site. Mn atoms are also quickly lost in the
absence of the 33 KDa protein at physiofogical Ca™
and C o Tevels [1508]L Teading to the wdea that the 33
kDa protein is needed to sabilize the proper contor-
mation of the catabytic site of water oxidation.

Invivo studies on Svrechocyvstis sp. PCC 6303 (4]
and Clanvdomonas remhardne [20) mutants lacking
functonal pnbe) penes also pomted 1o the necessity of
the 2 RDG protein tor onveen evolution in vivo, How-
aover, reeenth Burnap and Sherman [21). Philbrick ot
al. {22 and abo Maves et all [23] hive constructed
Svaechocovsgis sp. PCC 6803 mutants in which the b0
gene had been deleted. Surprisinghv. these mutants
were able o grow photoautottophically and evolyved
onveen albait at o reduced nte (21220 ana were
ighly susceptibic 10 photoinhibition {23}, Based on
these 1 sults e was concuded that the 33 KDa protein
is ot essential for osyeen evolution invive |21 223}
feast i thas organism,

In o der 1o obtin mene precise knewledge regard-
me the tunction ot the 3% kD protein in vivo, we
pertormed thermoluminesconce and flash oxygen stad-
ics on the b0 gene-less 1C2 mutant of Sviechocystis
spe POC 6803 constructed by Mayes et al. [23). The
results indicate thet fanctional Mu cluster is prosent in
only about one-third of the mutant PS 11 centres and

cven in those centres the ability to torm the higher S
states is retarded. We also contirm the increased sus-
ceptility to photoinhibition of the mutant cells indi-
cating i preterential damage to the donor side of PS 1.

Materials and Mcethods

Stramns and cultwre conditions. The Svaechocysiis sp.
PUC 0803 strain used inoour experiments was the
glucosc-utilizing s rain of - Sviechocystiy 6803-G - [24]
which is referred to throughout as Syaechocystis 6803.
It was routinely grown in BG-11 medium supple-
mented with S mM glucose at 28-31°C. Plate medium
was supplemented as deseribed by Pakrasi et al. [25].
Liguid cultures were grown in sterile conical flasks by
buing gently bubbled with air containing 5% CO,. The
IC2 mutant, lacking the pshO gene. was coutinely
grown in BG-11 medium supplemented with § mM
glucose, in the presence of 25 wp ml ' Kanamyein to
maintain the PS 11 fesion,

Photoinfubitory treatment. Wild-type and 1C2 mutant
cells in the exponential growth-phase (A, of 16—
0.8) were harvested by centrifugation for 10 min at
HHKY g at room temperature. The chlorophyll @ con-
tent wis determined by methanolic extraction using the
extinetion coefficients as in Ref. 26 and the cells were
diluted by fresh BG-11 medium to 50 ug Chl a mi—*,
Cells were subjected to various periods of illumination
with white light, having an intensity of approx. 8000 4 E
m s 'ina flat Petri dish during continuous stirring
dl room temperature.

Thermolwmineseence measurements. Thermolumines-
cence was measared with o home-buift apparatus as
previously deseribed [27] at 50 wg Chl o ml ', Before
mueasurements cells were preilluminated with white
fight of 10 W/m * intensity for 30 s, folowed by a 5
min durk-adaptation  period at room  temperature.
Thermolumineseence was excited at 5°C by a series of
single turnover flashes (3 us) provided by a General
Radio Stroboslave 1539-A Xcnon flash at 1 Hz fre-
quency. Following flash excitation samgples were quickly
cooled down in the dark (0 —40°C, atier which the
stow heating was initiated with a rate of 20 ¢ min !
and thermoluminescence was detecte:!. ‘The clectron
trunsport inhibitor DCMU was added. when indicated,
atter 30 s preillumination in continuous light at the
beginning of the 5 min dark adaptation period.

Steady-state oxygen evolution measurements. Steady-
state rates of oxvgen evolution were measured at 31°C
using o Hanvtech DW2 O, clectrode at a light inten-
sity of 3000 b m 7 s ' Electron transport was sup-
ported cither by 10 mM NaHCO; or by the artificial
clectron aceeptor system of | mM  2.5-dimethyl-p-
benzoquinone plus | mM potassium ferricyanide.

Flash oxygen measurements. Flash dependence of
oxygen evolution wis measured with an unmodulated



bare-platinum oxypen clectrode as deseribed  carlier
[28]. Cell suspensions were used at 50 wp Chl o mi !
without artificial clectron acceptors, and were preillu-
minated with i train of 50 flashes followed by 5 min
dark adaptation. Oxygen evolution was induced by o
series of short (3 us) flushes provided by a General
Radio Stroboslave 1839-A Xcenon flash at | Hz fre-
quency. Signals were detected by a home-built ampli-
ficr and a multichanne!l analyzer JCA KEKIL, 2.5-10
ms/point). The measurements were controlled by a
Commodore 64 microcomputer.

Results

Thermoluminescence characteristios

Radiative recombination of positive charges stored
in the S, and S, oxidation states of the water oxidizing
complex with clectrons stabilized on the reduced Q
and Qy acceptors of PS 11 results in characteristic
thermoluminescence emission (for recent reviews, see
Refs. 29, 30). The thermoluminescence intensity is
proportional to the amount of recombining charges,
whereas the peak temperature is indicative of the
encrgetic stabilization of the separated charge pair: the
higher the peak temperature the greater the stabiliza-
tion [27]. With dark-adapted thylakoids or with PS Il
enriched membranes, illumination with one flash re-
sults in a single thermoluminescence band at around
30-40°C, called the B-band, which arises from the
S,Qy rccombination [31,32}. It the electron transfer
between Q, and Qy is blocked, ¢.g.. by DCMU, the B
band is replaced by the so called Q-band arising from
the $,Q, recombination at around §-3°C [31,33].

In intact cyanobacteria the situation is more compli-
cated and illumination with onc flash leads to the
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Fig. 1. Effcct of mbO gene deletion on the single-flash induced

thermoluminescence bands of Svuechocystis 6803, Thermolumines-

cence of wild-type (A) and 1C2 mutant of Synechocystis 6803 (B) was

measured at 50 ug Chl @ ml ¥ after excitation with one flash in the

absence or presence of S0 uM DOCMU as described in Materials and
Methaods.
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appearance of two overlupping  thermoluminescence
bands from cells given only a short dark-ndaptation
period (not shown). This phenomenon might be rebted
to the high reduction level of the plastoquinone pool in
the dirk which keeps a partially reduced populiation of
both O, and Oy "To obtain reproducible resalts, and
homogencous charge stabilization and recombination,
cvanobacterial cetls were illuminated for 30« with
white light followed by § min dark adaptation before
flash excitation. After this pretreatment one-flash illu-
mination consistently resulted in a single B thermolu-
minescence band which peaked at around 40°C in the
wild-type cells while the Q-bund, measured in the
presence of DCMU, appeared at around 12°C (Fig,
TA). Single-flash induced thermoluminescence was also
observed with the 33 kDa protein-less mutant. How-
cver, the intensity of the thermoluminescence from the
mutant was only about 25-30°7 of that observed in the
wild-type cells having the same chlorophyll concentra-
tion (Fig. 1B). In addition, the peak temperature of the
thermoluminescence hands was also atfected by the
dbsence of the psh( gene product: the B-band ap-
peared at around 35°C (Fig. IB' somewhat lower than
in the wild-type cells (Fig, 1A). In contrast, the Q-band
appeared at 22°C in the mutant (Fig. 1B), ic., 10°C
higher than in the wild-type (Fig. 1A).

After iffumination with two or more flashes both the
S,0, and the §,Q, recombinations contribute to the
B thermoluminescence band [29.30). The characteristic
period-four oscillation in the intensity of the B thermo-
luminescence band, obscrved after illumination with o
series of single turnover flashes, reflects the redox
cycling of the § states [29.30]. The oscillation of the
B-band intensity in the wild-type cedls showed muiama
after 2 and 6 flashes (Fig. 2A) which is the usual
observation for PS 1 when a short dark adaptation is
given prior to flash excitation. In contrast, in the mu-
tant cclls the B-band oscillation was much less pro-
nounced and showed the first masimum atter the third
flash instead of the sceond flash (Fig. 2A). When the
thermoluminescence intensities obtained after the first
flash were normalized to the same value in the wild-type
and mutant cells it became clear that thermolumines-
cence intensities after the second and higher number
of flashes were primarily dampened in the mutant. A
simulation of the B-band oscillution was also per-
formed based on the model of Ref. 32 with the inclu-
sion of the about 5077 thermoluminescence yield of the
$,0, recombination relative to that of the §,Q,
recombination [34). This simulation shows that an in-
creased miss probability at cach § state transitim or
specifically at the S, — S,. 0or §; = S, transitions v-ould
give a modification of the B-band oscitlation (Fig 2B)
which is largely difterent from the experimental results
(Iig. 2A). The moaified oscillation pattern in the mu-
tunt cells can be best explained by the mercased miss
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Fig. 2. Etect of pyh) gene deletion on the tlash-induced oscillation ot the B thermoluminescence band of Synechocystis 6803, A: Eaperimental
results: thermoluminescence of wild-tvpe € ) and 102 mutant of Svaechoevstis 6803 (L1 was measured after excitation with a various number of
flashes at S C. The osallation of the B-band in the 102 mutant cells is also shewn after normalization of the Ist-flash intensity to the same value
as obtained i the wild-type colls (@) B: Simudations: the oscillation of the B-band was simulated by assuming $,:8,:8,:8,=0.25:0.75:0:0;

Qy:Qy

0.5:0.5 initial distnbution of states. For the oscillation of the wild-type cells 1797 miss and 3% double-hit parameters were used (O),

For the oscitlation of the 102 mutant celis cither a 7777 miss was assumed at the §,, 2 S04 8, =+ 8,5 (9) trapsitions or 677 miss at the S, - S,
transition plus 4797 miss ol 8-+ 8, transition () or 37¢ miss at ail transitions (). Each simulated oscillatory pattern is shown after
normitization for the intensity obtained after the first flash.

probability for the higher S state transitions, S, — §,
and §; = 8§, (Fig. 2B).

Oxvveen ccolution

To obtain more dircet information concerning S
state turnovers in the absence of the 33 kDa protein
flash-induced oxyvgen evolution was micasured. The oxy-
gen evolution pattern of cyanobacterial cells has been
reported to show an unusual feature in comparison o
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Fig. 3. Bftect of mbO gene deletion on tne flash-induced oscitlation
ol oayeen ovolution in Svacchonystis G803, Oxygen yield in o w
quunce of tashes was measured in the wild-tvpe € ) and 1C2 mutant
cells L at 30 pg Chl e mil FUFhe freguency of the exciting flashes
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higher plant chloroplasts: there is an electrochemical
signal but no oxygen yield on the first flash [35,36)
which was also observed both in the wild-type and
mutant cells (Fig. 3). The flash pattern of oxygen
evolution from the mutant showed a large degree of
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Fig. 4. Effect of photoinhibitory illumination on the B thermolumi-
nescence band of the wild type and 102 mutant cells. Wild-type and
the 1CT psb)-less mutant cells were photoinhibited for various
pertads of time, as deseribed in Materiais and Mcthods, and thermo-
luminescence was measured after single-flash excitation as in Fig. {.



dampening and a low steady state yield (Fig. 3) relative
to that observed in the wild-type. This increased damp-
ening of oxygen evolution in the 1C2 mutant indicates a
limited ability of S-state turnovers in agreement with
the thermoluminescence results. Since oxygen is re-
lcased during the final, $, — S, transition, the occur-
rence of an incrcased miss at a particular transition can
not be distinguished by model calculations from in-
crcased misses at cach transition (not shown).

The stcady-state rate of oxygen evolution, mcasured
with a Clark-type electrode, was also decreased in the
mutant cells. In the presence of CO, as a terminal
acceptor, the oxygen-evolution rate in the mutant was
60-70% of that found in the wild-type. In contrast,
when the artificial clectron acceptor system of 2,5-di-
methyl-p-benzoquinone plus ferricyanide was used the
rate of oxygen evolution in the mutant reached only
about 30% of that observed in the wild-type cells (not
shown). These results agree well with previous findings
[21-23]

Effects of strong illumination on PS Il activity

Deletion of the psbO gene has recently beer. shown
to increase the susceptibility to light-induced damage
of PS II clectron transport [23]. We applied thermolu-
minescence measurements to get a better insight into
the mechanism of this phenomenon. As Fig. 4 shows,
strong preillumination resulted in the gradual decrease
of the B thermoluminescence band both in the wild-
type and the IC2 mutant cells. However, with the
mutant the loss of thermoluminescence intensity oc-
curred much carlier than with the wild-type cells. Be-
side the intensity loss, photoinhibition also affected the
shape of the single-flash induced thermoluminescence
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Fig. 5. Time-course of the C'ecrease of thermeluminescence intensity

during photoinhibition of wild-type an.s IC2 mutent cells. Thermolu-

minescence of photoinhibited cyanobacterial cells w s measured as

in Fig. 4 in the absence or presence of 50 uM DCMU. The intensity

of the R{(0. a) and Q thermoluminescence bands (@, a) is plott !

as a function of the time of photoinhibitory tucatment tor
wild-type (¢, 8Yand IC2 mutant cells (A, a).
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curves. In the wild-type cells the peak position of the
B-band was hardly changed, but after 10-15 min of
photoinhibitory treatment a peak appeared approxi-
mately at the position of the Q-band (Fig, 4), indicating
a partial interruption of the Q4 to Q, clectron trans-
fer. In the 1C2 mutant cells the peak position of the
B-band was slightly shifted to lower temperatures dur-
ing photoinhibition but, unlike the wild-type, the pres-
ence of two distinet thermoluminescence components
was not obvious (Fig. 4). The intensity of the Q thermo-
luminescence band, mecasured in the presence of
DCMU, was decreased by the strong iflumination to a
similar extent as that of the B-band both in the wild-
type and the 1C2 mutant (Fig. 5). Fig. § also shows that
with the 1C2 mutant thermoluminescence was lost
about 3-times faster than in the wild-type as a result of
trcatment with photoinhibitory light,

Discussion

In this paper we describe thermoluminescence and
oxygen evolution studics perforiacd on the 1C2 mutant
of Synechocystis 6803 which lacks the pshQ gene prod-
uct (the 33 kDa extrinsic protein). The 1C2 mutant,
created by Mayes ¢t al. {23], is able to grow photoau-
totrophically, as has been shown for other pshO-less
Synechocystis mutants [21,22]. This indicates that the
33 kDa protein is not absolutcly required for water-
splitting in Synechocystis 6803. The mutant cells, how-
ever, possess a decreased PS 11 activity as revealed by
variable fluorescence and steady-statc oxygen cvolution
measurements [21-23). This characteristic might arise
from the presence of fewer PS 11 centres with an active
water-oxidizing complex and /or from a slower rate of
clectron transfer in the individual reaction centres
which lack the 33 kDa protein.

Our results show that thermoluminescence intensi-
ties from the $,Qy and §,Q, charge reccombinations
are only 25-30% in the 1C2 mutant compared with
that obscrved in the wild-type cells having the same
chlorophyl! a concentration (Fig. 1A, B). Morcover,
the steady-state thermoluminescence intensity also de-
creased to a similar extent in the mutant (Fig, 2A) as
compared with the wild-type cells. A decrease in clec-
tron-transfer rate or incrcase in misses in cach PS 11
complex of the mutant cclls could explain the in-
creased dampening of the thermoluminescence oscilla-
tory pattern, but not the loss of steady-state thermolu-
minescence intensity. This latter observation indicates
that charge accumulation occurs in fewer water-oxidiz-
ing complexes. The alternative possibility that the sta-
ble reduction of the Q, or Qy quinone acceptors is
prevented in the absence of the pshbQ gene product, is
unlikely. Indeed, in vitro experiments have shown that
th-* removal of the 33 kDa protein causes the release of

“ the four catalytic Mn atoms. under physiological
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jonic conditions. concomitant with the loss of thermo-
luminescence intensity [37]. Extrapolation from these
~esults indicates that about 70-75% of the reaction
centres do not retain fully active Mn cluster in the 102
mutant. This conclusion is supported by the reduced
rate of steady-state oxygen cvolution which is only
about 3077 in the mutant relative to the wild-type when
PS H activity is assayed in the presence of artificial
aceeptors, The fluorescence measurcnments of Philbrick
et al. [22] have also indicated that at lcast 40% of the
PS I1 centres are inactive in oxygen cvolution in the
absence of the 33 kDa protein.

The flash-induced oscillation of thermolumines-
cence shows a largely dampened pattern in the mutant
cells which affects mainly the B-band intensitics meas-
ured after two and higher number of flashes, This
indicates that there is a reduction in the ctfectiveness
of higher S state transitions (§, = §; and §; - §,). A
similar situation has been observed when the 33 kDa
protein was depleted in vitro in the presence of high
¢l concentrations [17.18]. However, with  physio-
logical €1 (and Ca® ") levels the absence of the 33
kDa protein almost completely blocks the S te S,
transition in vitro [18.37]. This ditference between the
in vivo and in vitro systems might indicate that there is
cither an additional damage to the water-oxidizing
complex by salt washing used to remove the 33 kDa
protein or unusually high Ci- and Ca’®“levels in the
intact Svaechocystis 6803 cells. Relevant to the latter
pos.ibility is the observation by Philbrick et al. [22] that
under conditions of Ca” depletion where wild-type
growth ic unaffected the pshO-less mutant of Syie-
chocystis 6803 was unable to grow at all.

The above findings point to the conclusion that in
the absence of the pshO gene product the water-
oxidizing complex is inactive in a populiation of PS 11
centres in Syaechocystis 6803, In the remaining popula-
tion of centres water oxidation occurs but the forma-
tion of the higher S states is retarded.

Deiction of the pshQ gene also induced a shift of
the Q thermoluminescence band to a higher tempera-
ture. Such a shift of the Q-buand is characteristic of an
increase in the stability of the §,Q, charge pair. In
contrast. the peak position of the B-band is almost the
siame in the wild-type and mutant cclls, indicating no
major change in the energetic stability of the $.Qp
charge pair. Since the two recombining charge pairs
have the same donor (8,) and different aceepter (Q
or Q) components, it can be concluded that the
absence of the psbO gene product exerts an effect on
the acceptor side of PS 11 A very similar stabilization
of the §.Q,. but not the §,Q,. recombination has
also been observed upon removal of the 33 kDa extrin-
sic protein using in vioo systems [38,39]. This ctfect,
which can be reversed by rebinding the isolated 33 kDa
protein, was interpreted as showing a reversible strue-

tural change of the PS H reaction centre complex
which affects the redox properties of the Q, and Qy
aceeptors to a different extent [38,39], At first sight, it
seems surprising that the absence of an extrinsic pro-
tein which binds to the lumenal side of the reaction
centre could afteet redox components located close to
the stroma side of the reaction centre. However, there
is a good evidence to suggest that the 33 kDa protein is
closely associated with the D1 and D2 reaction-centre
proteins [8]. Morcover, there is already a precedent in
the literature for an acceptor side-effect induced by the
absence of the 33 kDa protein, namely the altered
affinity of various artificial electron acceptors to the
Q, site after CaCl, wash [40]. In addition, 77 K
tfluorescence  characteristics of the psbO-less  Syne-
chocystis 6803 mutant reported by Burnap and Sher-
man [21] indicate an altered conformation of CP47
which is a membrane-spanning protein in close associa-
tion with the reaction centre complex. Overall, our
findings confirm the previous results obtained from in
vitro experiments [38,39] and point to the structural
function of the 33 kDa protein in keeping the optimal
conformation of the PS I reaction centre.

In agreement with the thermoluminescence results,
flash-induced oxygen evolution exhibits a low yield and
largely dampened oscillatory pattern in the IC2 mutant
cells (Fig. 3). This is consistent with a decrease in the
number of PS 1l centres having an active water-oxidiz-
ing complex and with the retarded S-state turnovers in
the partially active centres.

Based on steady-state oxygen evolution measure-
ments, it was concluded that the 1C2 mutant exhibits
an increased susceptibility to photoinhibition [23], Our
thermoluminescence results confirm this finding and
show that the loss of charge stabilization in the S,Q4
or $,Q, states, due to photoinhibitory illumination,
oceurs about 3-times faster in the IC2 mutant than in
the wild-type cells. Photoinhibition of wild-type Syne-
chocystis 6803 not only decrcased the intensity of the
B-band but also induced the accumulation of a compo-
nent at the position of the Q-band. This agrees with
previous thermoluminescence studies performed with
intact Chlamydomonas cells [41] and most likely indi-
cates an inhibition of the Q4 to Qy electron transfer by
the strong illumination. In the IC2 mutant, the induc-
tion of the Q-band was not obvious during photoinhibi-
tion, although a small downshift was observed in the
peak position of the B-band.

Lesions of donor-side electron transport in PS 11 are
well known to cnhance the susceptibility to photo-
inhibition [42,43]. In the absence of efficient electron
donation from the water-oxidizing complex highly oxi-
dizing species, Tyr-Z* or P6807, are accumulated in
the reaction centre [44) and can damage their protein
and pigment surroundings leading to the degradation
of the D1 protein [45,46). Thus, the accelerated photo-



inhibition of the IC2 mutant cells is most likely related
to the perturbation of the function of the water-oxidiz-
ing complex in the absence of the psbO gene product.
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