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Five characteristic discontinuities of the pattern of oxygen evolution have been detected
for the filamentous cyanobacterium Oscillatoria chalybea in the temperature range of 0°C to
30°C. The temperatures at which these discontinuities occur are: ~ 5°C, ~ 11°C, ~ 15°C, ~
21°C and ~ 25°C. The calculated initial 5-S state distribution, the miss parameter and the
fraction of the fast transition S3 —> S0 + 0 2 are affected. The discontinuities are observed at
the same transition temperature also for Chlorella kessleri hence are not specific for the
cyanobacterium. Based on these studies it is concluded that the not vanishing oxygen signal
under the first flash of a flash train in Oscillatoria cannot have its origin in interactions
between oxygen-evolving complexes. A decrease of temperature should slow down the ex
pected charge exchanges, improve the oscillations, thus reduce or lower the first two oxygen
amplitudes of the oscillatoria pattern. Lowering of the temperautres improves the oscillations
but does not lower the first 0 2 signal of the pattern.

Introduction

state. In order to explain the observed sequences
Since Joliot et al. (1969) have investigated in of O z yield, Kok et al. (1970) assumed that only
dark adapted algal cells and chloroplasts oxygen the S0 and Sj states are stable in darkness with a
yields under sequences of short saturating flashes, typical initial distribution being 2 5 % -S 0 and
the analysis of the oxygen pattern, which shows 75 % —S j. The Kok model describes very well the
the pattern of a damped oscillation with the peri oxygen patterns observed with chloroplasts or thy
odicity of four, has become a powerful m ethod to lakoids from higher plants. A different kind of ox
study redox changes and electron transfer in pho ygen pattern is observed in the cyanobacteria Os
tosystem II (PS II). The quantitative description cillatoria chalybea (Bader et al., 1984) and
of the kinetic properties of 0 2 release is provided Synechococcus leopoliensis (Mauzerall and Dubinby the Kok model (Kok et al., 1970) which is based sky, 1993), where oxygen is already evolved under
on the storage mechanism of four positive charges the first flash, where the fourth flash gives the
leading finally to the oxidation of two molecules maximal am plitude and where the oscillations are
of water after five redox states S; in PS II have particularly strongly damped. There are two prin
been gone through. The am ount of oxygen cipal alternative explanations of this behaviour of
evolved under the n-th flash is a measure of the the oxygen pattern. The first one, proposed by
B ader et al. (1983), follows the original Kok idea
concentration of the centers which were in the S3
and assumes a non-standard initial S-state distri
bution after dark adaptation. The authors consider
the possibility of population of S2 and S3 states in
darkness, i.e. longer living S-states S2 and S3. A l
ternatively, M auzerall and Dubinsky (1993) think
Abbreviations: PS II, photosystem II; OEC, oxygenthat the spectra of flash induced oxygen evolution
evolving-complex.
in cyanobacterium can be understood in the frame
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between pairs of centres could form 0 2 under
the first flash. The interactions must be limited,
otherwise no oscillations of the 0 2 yield would
be observed. Mauzerall and Dubinsky have ob
served a difference in the effective optical crosssections derived from the saturation curves for
the individual flashes in the case of the cyano
bacterium Synechococcus leopoliensis but not in
the chlorophyte Chlorella vulgaris. This observa
tion leads them to the conclusion that the oxygen
evolving complexes (OEC) in cyanobacterium
are not independent in contrast to the indepen
dent OEC in chlorella. On the other hand, the
difference in the effective optical cross-sections
for the different S-states of the cyanobacterium
can be explained by a non-standard initial distri
bution of S states which would affect the flash
induced oxygen evolution (manuscript in prepa
ration). Additionally, the model proposed by
Mauzerall and Dubinsky requires a non-standard
initial S-state distribution, i.e. the most stable
state should be S0 (62%) with S3 (13%) being
almost as stable as Si (18%).
The understanding of the mechanisms which
lead to the oxygen pattern is im portant to get a
better inside into the electron transport in PS II.
From this point of view it is very im portant to re
consider the two models (Bader et al., 1983; M auz
erall and Dubinsky, 1993) and consequences which
follow from them.
In this paper we report on tem perature m ea
surements of oxygen evolution under short satu
rating flashes for Chlorella kessleri and O scillato
ria chalybea. The connectivity of oxygen evolving
complexes in cyanobacterium should give a sig
nificantly different tem perature dependence of
the oxygen pattern than the one observed for
independent centers of chlorella. If charge
transfer between O EC (Oxygen Evolving Com 
plexes) is expected, one has to rem em ber that
changes of electron delocalization accompany the
structural and chemical changes caused by tem 
perature. It means that this kind of charge
transfer proposed in Mauzerall and Dubinsky,
1993 should follow the Arrhenius law and should
be very sensitive to tem perature changes. The
tem perature transitions would be strongly influ
enced by an electron transfer between oxygen
evolving complexes.

M aterials and Methods.
Plant material
Oscillatoria chalybea was cultured in the me
dium D of Kratz and Myers (1955). The cultures
were grown in 26°C±1°C in 12 h light / 12 h dark
cycle under a light intensity of 1000 lux. The prep
aration of protoplasts and thylakoids from cells of
Oscillatoria chalybea was carried out as given by
Bader et al. (1983).
Chlorella kessleri was cultured in the nutrition
solution given by Kowallik (1963) and grown at
30°C under a light intensity of 10 000 lux. The at
mosphere contained about 1.5% C 0 2.
Oxygen measurements

The measurem ents of oxygen evolution under
short saturating flashes have been carried out by
polarography with the Three Electrode System de
scribed by Schmid and Thibault (1979). The
electrode system was connected with a therm ostat
in order to permit m easurements within a tem per
ature range of 0°C to 30°C. The tem perature was
stabilized within ±0.1°C.
Thylakoids of Oscillatoria chalybea (25 ^tg of
chlorophyll) were suspended in 0 . 6 ml of reaction
buffer (0.05 m Tricine and 0.12 m KC1, pH 7.5).
Chlorella cells (5 days old) corresponding to 195
j.ig chlorophyll were suspended in their growth m e
dium (pH 8.15) of 0.6 ml volume.
Before m easurem ent the samples have been
kept for 20 min in ice in darkness. Then the sam
ples have been put on the electrode (handling was
perform ed in dim green light) and were then incu
bated for 25 min. in darkness at the respective
tem perature. Immediately after each measure
m ent the tem perature of the sample on electrode
was m easured with an accurancy of ±0.1°C.
Fluorescence measurements

The fluorom eter PAM-2000 WALTZ (G er
many) was used for fluorescence measurements.
Two signals have been measured: a) the relative
fluorescence yield induced by red light (650 nm)
of the intensity of 30 |iE n r 2 s'', F0; b) the maxi
mum level of the relative fluorescence yield in
duced by white light (8V/20W halogen lamp) pass
ing through a Balzers DT Cyan short-pass filter
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(?i<670 nm), Fm, with the intensity of this light be
ing 730 |iE m 'V 1.
The holder of the sample was cooled via connec
tion with the therm ostat. The tem perature treat
ment of the samples was exactly the same as in the
case of oxygen measurements.
Results and Discussion
The ratios of oxygen yield due to the first and
second flash (a) and third and fourth flash (b) for
the cyanobacterium Oscillatoria chalybea in de
pendence on the tem perature are shown in Fig. 1.
For Chlorella kessleri the ratio of oxygen evolution
under the third and fourth flash is depicted in
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Fig. lc. In this case the first flash gives no 0 2 yield
and the second amplitude is very low.
Two characteristic features of the tem perature
dependence of the pattern of oxygen evolution in
these two species are observed: 1 ) decreasing tem 
peratures improve the oscillations; 2 ) the oscilla
tions exhibit in both species the same tem perature
transitions. There are brakes and discontinuities of
the ratios of oxygen yield under certain flashes
(Fig. 1) which appear at about 25°C, 21°C, 15°C,
11°C and 5°C. These transitions can have a com
plex origin and might be due for example to con
formational changes of photosystem II (proteins
and lipids) or to small modifications on the donor
or/and acceptor side of PS II.

Fig. 1. Temperature dependence of the ratio of oxygen yield (a) of the second and first flash, (b) the fourth and
third flash in Oscillatoria chalybea and (c) the fourth and third flash in Chlorella kessleri. Maximal error bars are
given in the figures.
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We have also measured F 0 and Fm changes in
dependence on the tem perature for Chlorella kessleri (Fig. 2). Such an experim ent was not possible
for Oscillatoria chalybea because in this case the
fluorescence signals are too low in comparison to
the noise level. Minimal fluorescence (dark) F 0
represents the fluorescence intensity with all PS II
reaction centers open whereas maximal fluores
cence (dark) Fm corresponds to the maximal level
of fluorescence, when photosystem II reaction
centers are closed (Kooten and Snel, 1990; Horton
and Ruban, 1993). In Fig. 2a and b the tem per
ature dependences of F 0 and Fm are shown for
chlorella. They depend in a comparable way on
the tem perature changes. In the range of 0 - 5 °C,
5 -1 1 °C and 11-15 °C they decrease with increas
ing tem perature exhibiting discontinuities at tran

sition temperatures. When the tem perature in
creases from 15 °C to 25 °C both param eters
increase with a brake at about 21 °C. Then they
decrease when the tem perature increases up to
30 °C.
Looking for the relations of the fluorescence
param eters which usually reflect changes on the
acceptor side of PS II connected with the donor
side we have carried out a mathem atical analysis
of the pattern of oxygen evolution. We have used
a heterogeneous model, considering 5 S-states (S0,
Si, S2, S3, S4) assuming two ways of 0 2 yield - a
fast one passing through the S3 —»• S0 transition
and a slower one including a longer living S4 -state.
The detailed description of this model is given by
Burda and Schmid (1996). The calculated initial
distribution of S; states in the case of chlorella

Fig. 2. Fluorescence characteristics (a) F,h (b) Fm and (c) Fv as functions of temperature in Chlorella kessleri. Maxi
mal error bars are given in (a) and (c). In the case of Fm (b) the error bars are within the sign size of the curve
symbols.
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shows a main occupation of the S] state varying
with tem perature, a small population of the S2
state and no occupation of higher states. The tem 
perature dependence of the S; occupation is de
picted in Fig. 3. It is evident that the tem perature
dependence of S0 has the same characteristics as
the ratio Y 4 /Y 3 (Fig. lc), however without showing
the discontinuities at tem peratures higher than 15
°C. This correlation is not surprising because the
first am plitudes of oxygen evolution are mostly
sensitive to the initial S-state distribution. The
gradual decrease of the S0 occupation with tem 
peratures decreasing from 30°C to 15°C and
increase of Sj on the other hand can be explained
by the m ore effective reduction of TyrDox by the
S0 state (Vermaas et a l, 1984, 1988; Styring and
R utherford, 1987; Messinger and Renger, 1993)
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during the dark adaptation time at lower tem per
atures. This process seems to be 20% more effi
cient at 16 °C than at 28°C. Small tem perature
changes of S2 cannot significantly influence the ox
idation of the S0 state by TyrDox. Below 16 °C the
process of dark stabilization of the donor side of
photosystem II seems to be more complicated. It
looks as if the modifications on the acceptor side
of PS II are more pronounced. The total miss
param eter a t (Fig. 4a) which is the sum of misses
for the separate transitions S; —»• Si + 1 (i=0,l,2,3)
comes mainly from the unsuccessful transition be
tween the S2 —> S3 states in the range of tem per
atures from 15 °C to 30 °C. Below 15°C the effi
ciency of transitions from S0 to Si decreases with
decreasing tem perature as well.
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Fig. 3. Temperature dependence of the initial S-states distribution: (a) the S0 state, (b) the Si state and (c) the S 2
state in Chlorella kessleri. The Ss states are calculated from a heterogenous 5 S-state model. There is no population
of the S 3 and S 4 states. Maximal error bars are given in the figures.
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Fig. 4. The total miss parameter a„ (a) and the probability of a fast transition S3 —* S0, d , (b) as a function of
temperature in Chlorella kessleri. These parameters are calculated from a heterogenous 5 S-state model. The error
bars are within the sign size of the curve symbols.

The most interesting correlation exists between
the d param eter and Fv . d expresses the fraction
of fast transition of S3 via/through S4 to the S0
state leading to 0 2 evolution (Burda and Schmid,
1996). The param eter Fv = Fm - F0 is the maxi
mum variable fluorescence in the state when all
non-photochemical processes are at minimum
(Holzwarth, 1993; Trissl et al., 1993). The tem per
ature dependence of Fv (Fig. 2c) is practically the
same as that of the d param eter (Fig. 4b) in the
range of 0 °C to 25 °C. This could mean that the
efficiency of charge recom bination on the acceptor
side is the higher the higher the probability for the
fast transition of S3 to S0 ( d ) is. A t tem peratures
higher than 25 °C d is very small and almost con
stant; therefore, at these tem peratures the increase
of a t could be well correlated with the decrease of
Fv with increasing tem peratures.
We have perform ed the same mathematical
analysis of the oxygen pattern for Oscillatoria cha
lybea. The calculated initial S-state distribution at
different tem peratures are shown in Fig. 5. The S4
state is always equal to 0 as it cannot be m etasta
ble. The populations of the Sj states exhibit the
same discontinuities at the same tem peratures as
in the case of chlorella namely at 25°C, 21°C,
16°C, 11°C and 5°C. The S-state distribution is in
the whole range of the m easured tem perature very
sensitive to tem perature changes. Thus, in the cya
nobacterium the dark stabilization of the oxygen
evolving system seems to be more influenced by
changes of the redox conditions on the acceptor

side than in the case of chlorella. In Fig. 6 a and 6 b
the “total miss” param eter (a t) and the d param e
ter are shown for Oscillatoria chalybea. The miss
param eter decreases with decreasing tem perature
in the characteristic tem perature ranges, whereas
the d param eter increases (except in the range of
5°C to 11°C). Thus, the more efficient the transfer
between the S; —» Si + 1 states is (increase of success
ful transitions) the more the pattern of oxygen
yield is improved in the case of Oscillatoria chaly
bea. In the case of Chlorella kessleri it is the
increasing dark occupation of the Sj state and the
increase of the fraction of fast transitions from S3
—►So which are responsible for the improvement of
oxygen oscillations under short saturating flashes
(the oxygen pattern is similar to that of higher
plant thylakoids). At tem peratures below 17°C the
damping of the amplitudes of oxygen evolution in
chlorella cells with increasing flash numbers seems
to be due to the inferior connectivity with pho
tosystem I. This circumstance has been taken into
account in the mathematical analysis. This phe
nomenon is not observed with the cyano
bacterium.
The tem perature dependence of different
param eters characterizing the oxygen evolving
complex have been carried out with different plant
species in the tem perature range of 0 °C to 30 °C
(Koike et al., 1987; Messinger et al., 1993; Kazanawa et al., 1992; Zhong et al., 1993). For example
a breakpoint for Y 2 /Y 2 3 _ 6 (using a Joliot-type
electrode) at around 21 °C was observed in spin-
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Fig. 5. Temperature dependence of the initial S-states distribution: (a) the S0 state, (b) the Sj state, (c) the S2 state
and (d) the S3 state in Oscillatoria chalybea. The Sj states are calculated from a heterogenous 5 S-state model. There
is no population of the S4 state. Error bars are given in the figures.

Fig. 6. The total miss parameter, a t, (a) and the probability for the fast transition S3 —»■ S0, d, (b) as functions of
temperature in Oscillatoria chalybea. The parameters are calculated from a heterogenous 5 S-state model. The
maximal error bars for a t and d are within the sign size.
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ach thylakoids and PS II m em brane fragments
(Messinger and Renger, 1990). By measuring time
resolved absorption changes at 355 nm in dark
adapted PS II m em brane fragments from spinach,
a breakpoint at 5.9 °C for the reaction Yz oxS3 —>
YZS0 + 0 2 was detected by Renger and Hanssum
(1992). The tem perature-induced changes in Hill
activity for chloroplasts isolated from barley at 9
°C, 20 °C, 29 °C and 36 °C have been reported
(Nolan and Smille, 1976). The transitions at 9 °C
and 29 °C coincide with tem perature-induced
changes in the fluidity of chloroplast thylakoid
membranes. In the range of 10 °C to 30 °C, only
5 -1 0 % of polar lipids from spinach thylakoids un
dergo a phase transition as has been shown by
Law et al. (1984) using differential scanning cal
orimetry.
The lipid composition of biological mem branes
is complex and therefore the transition of m em 
brane lipids from the liquid crystalline to the
mixed solid-liquid crystalline phase occurs steadily
at higher tem peratures (> 0 °C in the room tem 
perature range). The break tem peratures observed
by us indicate very sharp transitions in the oxygen
evolving system. Thus, it is clear that the detected
transitions are the intrinsic feature of the PS II
reaction center and represent conformational
changes and interactions within the system. Of
course the influence of the tem perature changes
in the membrane lipids should not be excluded.
We want to emphasize that our measurem ents
have been carried out with intact species without
any external acceptors or other reagents. The re
corded transitions are not caused by pH changes.
The pH changed monotonously from 7.28 to 7.5
for the cyanobacterium and from 8.15 to 8.22 for
the chlorella medium with decreasing tem per
ature. The discontinuities of F0 and Fm appear at
the same tem peratures as in the case of the oxymetric measurements. The sharpness of the transi
tions depends at least in Chlorella somehow on
the age of the algae but is always detectable at the
same temperatures. The contribution of scattering
effects due to changes of the condition of the sam 
ple, could only lead to m onotonous changes of the
fluorescence parameters.
Conclusions
We have detected 5 characteristic discontinuities
of the pattern of oxygen evolution for Chlorella

kessleri and Oscillatoria chalybea in the range of
0 °C to 30 °C. The tem peratures at which these
discontinuities occur are: 5 °C, 11 °C, 15 °C, 21 °C
and 25 °C. The calculated initial S-states distribu
tion, the miss param eters and the fraction of the
fast transition S3 —*• S0 + 0 2 show for both species
discontinuities at the same transition tem per
atures. This is confirmed by fluorescence m easure
ments. F0 and Fm have the same tem perature de
pendence as the oxygen measurements. However,
it looks as if the tem perature-induced changes
have different characteristics suggesting different
equilibria between the donor and acceptor sides
of PS II in the cyanobacterium and in chlorella.
Based on these studies we can conclude that the
non-vanishing signal under the first flash observed
in Oscillatoria chalybea regardless whether the
time of dark adaptation is more or less long cannot
have its origin in interactions between oxygenevolving complexes. The decrease of tem perature
should slow down the expected charge ex
changes - improve the oscillations, lower the first
two amplitudes and influence the transition tem 
peratures for the conformational (redox) changes
of the water oxidase. The improvement of oscilla
tions has been observed for both species and in
the case of the cyanobacterium the oxygen release
under the first flash has not vanished even at tem 
peratures closed to 0 °C (see also Messinger et al.,
1993). There is no doubt that such interactions do
not exist in chlorella (Mauzerall and Dubinsky,
1993), and the oxygen pattern for Chlorella kessl
eri and Oscillatoria chalybea show the same transi
tion temperatures. It is more probable that the
phenom enon observed in cyanobacteria is the re
sult of different redox equilibria between the do
nor and acceptor side of the reaction center. It
might be that one should analyze the kinetics of
the first two signals (Bader et al., 1983). On the
other hand, excitation energy transfer from closed
reaction centers to open ones cannot be excluded.
If there is a certain num ber of PS II units sharing
a definite antenna or when all reaction centers are
connected to an infinite sea of chlorophyll (M auz
erall and Greenbaum. 1989) the original Kok idea
is still valid and models based on it can well de
scribe oxygen evolution under short saturating
flashes. The transfer of excitation energy from
closed to opened reaction centers increases the
probability of oxygen yield (as long as there is no

K. Burda et al. ■Temperature D ependence of the S-State Distribution in Oscillatoria chalybea

cyclic electron flow around PS II (Falkowski et al.,
1988; Gruszecki et al., 1996) but the process of
water oxidation remains a four electron act requir
ing the trapping of four photons by the reaction
center.

831

Stipendium. P. He was supported within the frame
of a cooperation project between the DFG and
the National Natural Science Foundation of China
(NSFC), Az.: 446 CHV 113/26/0. K. P. Bader was
supported by the Deutsche Forschungsgem
einschaft.

Acknowledgem ent

K. Burda thanks the Konferenz der Deutschen
Akadem ien der Wissenschaften for the award of a

Bader K.P.. Thibault P. and Schmid G.H., (1983), A
study on oxygen evolution and on the S-state distribu
tion in thylakoid preparations of the filamentous bluegreen alga Oscillatoria chalybea. Z. Naturforsch. 38c,
778-792.
Bader K.P., Renger G. and Schmid G.H. (1993), A mass
spectrometric analysis of the water-splitting reaction.
Photosynth. Res. 38, 355-3 6 1 .
Burda K. and Schmid G.H. (1996), On the determination
of the S-states distribution in the Kok model. Z. Naturforsch. 51c (in press).
Gruszecki W.I., Strzalka K., Radunz A. and Schmid
G.H. (1995), Blue light-enhanced photosynthetic oxy
gen evolution from liposom e-bound photosystem II
particles; possible role of the xanthophyll cycle in the
regulation of cyclic electron flow around photosystem
II? Z. Naturforsch 50c, 6 1 -6 8 .
Gruszecki W.I., Strzalka K., Bader K.P., Radunz A. and
Schmid G.H. (1996), Involvement of the xanthophyll
cycle in regulation of cyclic electron flow around pho
tosystem II. Z. Naturforsch. 51c, in press.
Holzwarth A.R. (1993), Is it time to throw away your
apparatus for chlorophyll fluorescence induction? B i
ophys. J. 64, 1280-1281.
Horton P and Ruban A.V. (1993), ApH dependent
quenching of the F0 level of chlorophyll fluorescence
in spinach leaves. Biochim. Biophys. Acta 1142,
203-206.
Joliot P., Barbieri G. and Chabaud R. (1969), Un nonveau modele des centres photochimiques du syteme.
Photochem. Photobiol. 10. 3 0 9 -3 2 9

Kazanawa A., Kramer D. and Crofts A. (1992), Temper
ature dependence of PSII electron transfer reactions
measured by flash induced - fluorescence changes. In:
Research in Photosynthesis, vol. II (N. .Murata, ed.).
Klüver Academic Publishers, Netherlands, 131-134.
Koike H., Hanssum B., Inoue Y. and Renger G. (1987),
Temperature dependence o f S-state transitions in a
thermophilic cyanobacterium, Synechococcus vulcanus Copeland measured by absorption changes in the
ultraviolet region. Biochim. Biophys. Acta 893, 5 2 4 533.
Kok B., Forbush B. and McGloin M. (1970), Coopera
tion of charges in Photosynthetic 0 2 evolution - I. A
linear four step mechanism. Photochem. Photobiol.
11, 457-475.
Kooten O. and Snel J.FH. (1990), The use of chlorophyll
fluorescence nomenclature in plant stress physiology.
Photosyn. Res. 25, 147-150.
Kowallik W. (1963), Die Zellteilung von Chlorella im
Verlaufe einer Farblichtkultur. Planta 60, 100-108.
Kratz A. and Myers J. (1955), Nutrition and growth of
several blue algae. Am. J. Bot. 42, 282-287.
Law P.S., Ort D.R.. Cramer W.A., Whitmarsh J. and
Martin B. (1984), Search for an endotherm in chloro
plast lamellar membranes associated with chilling-inhibition of photosynyhesis. Archiv. Biochem. Bioph.
231. 336-344.
Mauzerall O. and Dubinsky Z. (1993), Interactions
among the photosystem II oxygen -forming com 
plexes: a novel model for damping of 0 2 oscillations.
Biochim. Biophys. Acta 1183, 123-129

832

K. Burda et al. ■Temperature D ependence o f the S-State Distribution in Oscillatoria chalybea

Messinger J. and Renger G. (1990), Temperature depen
dence of 0 2 - oscillation pattern of spinachthylakoids. In: Current Research in Photosynthesis
(M.Baltscheffsky, ed.). Klüver Academic Publishers,
Netherlands, 8 4 9-859.
Messinger J. and Renger G. (1993); Generation, oxida
tion by the oxidized form o f the tyrosine of polypep
tide D2 and possible electronic configuration of the
redox states S0, S_j and S.2 of the water oxidase in
isolated spinach thylakoids. Biochemistry 32, 93 7 9 9386.
Messinger J., Schröder W.P. and Renger G. (1993), Structure-function relations in photosystem II. Effects of
temperature and chaotropic agents on the period four
oscillation of flash-induced oxygen evolution. Bio
chemistry 32, 7658-7668.
Nolan W.G. and Smillie R.M. (1976), Multi-temperature
effects on Hill reaction activity of barley chloroplasts.
Biochim. Biophys. Acta 440. 461-475.
Renger G. and Hanssum B. (1992), Studies on the reaction
coordinates o f the water oxidase in PS II membrane
fragments from spinach. FEBS Lett. 299. 2 8 -3 2 .
Schmid G.H. and Thibault P. (1973), Evidence for a
rapid oxygen uptake in tobacco chloroplasts. Z. Naturforsch. 34c. 414-418.
Styring S. and Rutherford A.W. (1987), On the oxygenevolving com plex of photosystem II the S0 state is oxi
dized to the Sj state by D + (signal IIsi0w)- Biochem is
try 26, 2401-2405.

Trissl H.W.. G ao Y. and Wulf K. (1993), Theoretical fluo
rescence induction curves derived from coupled dif
ferential equations describing the primary photo
chemistry o f photosystem II by an exciton-radical pair
equilibrium. Biophys. J. 64, 9 7 4 -9 8 8 .
Tyystjärvi E., Kettunen R. and Aro E.M. (1994), The
rate constant of photoinhibition in vitro is indepen
dent o f the antenna size of photosystem II but de
pends on temperature. Biochim. Biophys. Acta 1186.
1 7 7 -185.
Vermaas W.F.J., Renger G. and Dohnt G. (1984), The
reduction o f the oxygen-evolving system in chloro
plasts by thylakoid components. Biochim. Biophys.
Acta 764, 194-202.
Vermaas W.F.J., Rutherford A.W. and Hansson Ö.
(1988), Site-directed mutagenesis in photosystem II of
the cyanobacterium Synechoscystis sp, PCC 6803: do
nor D is a tyrosine residue in the D-> protein.
Proc..Natl. Acad. Sei. U S A 85. 8477-8480."
Zhong S., Nolan W.G. and Shi P. (1993), Temperature induced changes in photosynthetic activities and thy
lakoid membrane properties of Euglena gracilis. Plant
Science 92, 121-127.

