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Abstract

Glycinebetaine, a compatible osmolyte of halotolerant plants and bacteria, partially
protected photosystem (PS) 1 and PS2 electron transport reactions against thermal
inactivation but with different efficiencies. In its presence, the temperature for half-
maximal inactivation (t;;;) was generally shifted downward by 3-12°C.
Glycinebetaine stabilized photoinduced oxygen evolving reactions of PS2 by
protecting the tetranuclear Mn cluster and the extrinsic proteins of this complex. A
weaker, although noticeable, stabilizing effect was observed in photoinduced PS2
electron transport reactions that did not originate in the oxygen-evolving complex
(OEC). This weaker protection by glycinebetaine was probably exerted on the PS2
reaction centre. Glycinebetaine protected also photoinduced electron transport across
PS1 against thermal inactivation. The protective effect was exerted on plastocyanin,
the mobile protein in the lumen that carries electrons from the integral cytochrome
bef complex to the PS1 complex.
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acid; MV - methylviologen; OEC - oxygen-evolving complex; PC - plastocyanin; PBQ - phenyl-p-
benzoquinone; PMS - phenazine methosulfate; PS - photosystem; Q, and Qg - primary and secondary
quinone acceptors of PS2, respectively, RC - reaction centre; Tricine - N-tris(hydroxymethyl)-
methylglycine.
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Introduction

High temperatures destroy photosynthetic functions of higher plants due to a number
of thermally-induced processes that include: (/) Dissociation of the peripheral
chlorophyll-protein antenna complexes from PS2 core complexes and destacking of
grana (Armond et al. 1980, Gounaris 1984). (2) Inactivation of the OEC (Berry and
Bjorkman 1980, Nash ef al. 1985, Thompson et al. 1989). (3) Alterations in the Qs
Qg electron transfer at the acceptor site of PS2 (Bukhov et al. 1990). The PS2
complex is the most labile segment of the photosynthetic apparatus (Al-Khatib and
Paulsen 1989, Srivastava ef al. 1997). In contrast, the PS1 complex resists elevated
temperatures more effectively (Thomas et al. 1986, Boucher and Carpentier 1993).

Glycinebetaine (hereinafter betaine) is an amphiphilic zwitterion accumulating in
photosynthetic cells of higher and microbial plants, that protects the tetranuclear Mn
cluster and extrinsic proteins of the OEC from chaotropic denaturation by high con-
centrations of NaCl and other electrolytes (Papageorgiou ef al. 1991, Murata et al.
1992, Mohanty et al. 1993, Rajasekaran et al. 1997) as well as against thermal inacti-
vation (Mamedov ef al. 1991, 1993). But there has been no report on the stabilization
by betaine of photoinduced electron transport reactions that do not involve photosyn-
thetic oxygen evolution. Yet more recent data favour a protective effect by betaine of
oxygen evolution-independent PS2 electron transport (Allakhverdiev et al. 1996).

In the present study we examined systematically the protective effect of betaine
against the thermal inactivation of photoinduced PS2 and PSI electron transport
reactions, using unstacked spinach thylakoids and PS2 and PS1 membrane particles.

Materials and methods

Unstacked thylakoids isolated from spinach leaves (Spinacea oleracea L.) according
to Steinback e al. (1979) were stored in liquid nitrogen. Thylakoid membranes were
prepared and stored in solutions containing 0.5 M betaine. The thylakoid membranes
were incubated for 10 min at designated temperatures in darkness, in a medium that
contained 25 mM Hepes NaOH (pH 7.5), 400 mM sucrose, and 10 mM NaCl, either
in the absence or presence of betaine. The suspension was then cooled down to 20 °C
and after the addition of electron transport cofactors, photosynthetic electron
transport was measured.

Membrane particles enriched in PS2 activity (PS2 particles) were isolated from
spinach leaves as described by Berthold ez al. (1981). Their oxygen evolution activity
was 167 mmol(O,) kg!(Chl) s-1. To obtain modified PS2 particles that lacked all
three extrinsic proteins, samples of PS2 membrane particles were incubated in a
medium consisting of 1 M CaCl,, 300 mM sucrose, 25 mM Mes-NaOH, pH 7.0 (Ono
and Inoue 1984). Membrane particles enriched in PS1 were isolated according to
Boardman (1971). Plastocyanin was isolated from spinach leaves as described by
Morand (1993), with minor modifications. Plastocyanin was collected on a
Toyopearl HW-60 column in the presence of ammonium sulfate and eluted in the
absence of ammonium sulfate.
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Oxygen evolution or uptake by suspensions of thylakoid membranes and PS2- or
PS1-enriched membrane particles was measured by monitoring the concentration of
oxygen with a Clark-type oxygen electrode. "White light" (160 W m-2) was provided
to samples from a 150 W tungsten-halogen source. H;O—DCIP and H,0/DPC—
DCIP photoinduced electron transport was measured by DCIP photoreduction with a
single-beam absorption spectrophotometer according to Kuwabara and Murata
(1983). DCIP photoreduction was quantified in terms of absorbance decrease at 600
nm. The chlorophyll (Chl) content of samples was determined according to Amon
(1949). Thylakoid membranes were added to a final concentration that corresponded
to 5-10 g(Chl) m-3. Duroquinone was reduced according to Izawa and Pan (1978)
immediately before use.

Results

Results will be discussed by reference to the simplified photosynthetic electron
transport sequence shown below. Only relevant intermediates are indicated.
Immobile electron carriers, embedded in integral membrane complexes, are enclosed
within brackets. Artificial electron donors appear above the main electron transport
sequence (shown in bold symbols), artificial electron acceptors below it. The reaction
centres for PS2 (P680) and for PS1 (P700) are indicated in italics.
DPC DQH, DADH,  DCIPH,
\ ! ! \
H,0 - {Mn4 >Tyrz—> P680 —)Qi}—> P? = {Cyt bgf} > PC > {P700 - F,5} > MV

PBQ DCIP

120

100 -

[o2]
o
I

IS
o
T

[x*]
[=]
T

RELATIVE OXYGEN EVOLUTION [%]
o
S

B L 1
20 30 40 50 60
TEMPERATURE OF TREATMENT [°C]

Fig. 1. Effect of 0.5 M betaine (W) on the thermal inactivation of PBQ-dependent photosynthetic
oxygen evolution by spinach thylakoid membranes. Thylakoid suspensions with 10 kg(Chl) m in 25
mM Hepes.NaOH, 10 mM NaCl, 400 mM sucrose, pH 7.5, were incubated at designated
temperatures for 10 min and then they were cooled to 20 °C. Afier addition of 0.4 mM PBQ the
electron-transport activity was measured by monitoring of oxygen evolving. ® - no betaine added to
both the preparation and incubation mixtures.
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Fig. 2. Effect of 0.5 M betaine (W) on the thermal inactivation of the H;O—>DCIP (4) or DPC—DCIP
(B) photoreduction by spinach thylakoid membranes. Conditions as in Fig. 1. After the addition of
0.05 mM DCIP and 0.5 mM DPC the electron-transport activity was measured by monitoring the
photoreduction of DCIP. ® - no betaine added to both the preparation and incubation mixtures.

Temperature affects the electron transport from H,O to PBQ in suspensions of
unstacked thylakoid membranes (Fig. 1). PBQ accepts electrons from PS2
exclusively (Renger et al. 1988, Iwaki and Itoh 1989). The segment comprises
immobile carriers integrated in the D;D, heterodimer (i.e., the OEC and the PS2
photoreaction complex). The rate of photoinduced electron transport was quantified
in terms of oxygen evolution. In the absence of betaine, inactivation of oxygen
evolution became appreciable above 30 °C, and the activity was lost gradually up to
ca. 50 °C. By contrast, in the presence of betaine, oxygen evolution increased
gradually up to ca. 40 °C, but then it dropped abruptly. The protective effect of the
betaine was apparent in the t;/,, the half-maximal inactivation temperature of oxygen
evolution. In the betaine-free suspensions it was at 39 °C, while in the betaine-
containing suspensions at about 50 °C. Analogous results were reported by Mamedov
et al. (1993) for cell-free thylakoid membranes of the cyanobacterium Synechocystis
sp. PCC 6803.

Fig. 2 shows the temperature inactivation curves for DCIP photoreduction with
H,0 (4) or DPC (B) as electron donors. DPC couples to Tyry, on the oxidizing side
of PS2 (i.e., it bypasses the Mn cluster of the OEC). DCIP photoreduction in the
presence of DPC reflects competing electron donations by H,O and by DPC.
Electron transport HyO—DCIP by unstacked thylakoids (Fig. 24) in vitro responded
to temperature similarly as the PBQ-dependent electron transport except for a shift of
ty/2 (Fig. 14). In the absence of betaine, the t,/, of the H,O—DPC electron transport
was at 44 °C, while in the presence of betaine t,,, it was at 53 °C. According to Fig,
2B and to the t;, values, electron transport H,O/DPC—DCIP was more stable at
increasing temperature than both the HyO—PBQ and the H,0—DCIP electron
transports. This probably reflects the fact that in DPC it couples to Tyry,, i.e., it
bypasses the heat-labile OEC, but DPC may also reduce DCIP chemically.

426



GLY CINEBETAINE STABILIZES PHOTOSYSTEM ELECTRON TRANSPORT

The obtained values for the rate of DPC—>DCIP (Fig. 2B) indicate that the PS2
complexes in the thylakoid membranes retain almost all the reaction centres active
for oxygen evolution. Betaine was capable of stabilizing the reaction probably by
affecting the RC of PS2 at those high temperatures when OEC was inactivated (Fig.
2B).
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Fig. 3. Effect of 0.5 M betaine (W) on the thermal inactivation of DCIP photoreduction by ddPS2
particles with DPC as electron donor. Conditions as in Fig. 1. After the addition of 0.05 mM DCIP
and 0.5 mM DPC the electron-transport activity was measured by monitoring the photoreduction of
DCIP. @ - no betaine added to both the preparation and incubation mixtures.

120

100 |- -

80 - -

60 - u

40 - L

OXYGEN UPTAKE [%]

20 -

0 Lt ! 1 i ] 1 I 1 I ! 1 !
20 30 40 50 60 70 8020 30 40 50 60 70 80
TEMPERATURE OF TREATMENT [°C]

Fig. 4. Effect of 1.0 M betaine (W) on the thermal inactivation of the MV-mediated photoinduced
uptake of oxygen by spinach thylakoid membranes with DQH, (4) and DADH,; (B) as electron
donors. Conditions as in Fig. 1. After the addition 0.01 mM DCMU, 0.2 mM MV, 0.5 mM DQH; (4)
or 0.5 mM DAD, 1 mM Asc-Na (B) electron-transport activity was measured by monitoring the
uptake of oxygen. ® - no betaine added to both the preparation and incubation mixtures.

To confirm that betaine is effective in protecting and stimulating the electron
transport reactions of PS2 complexes at heat stress, we analyzed the effect of betaine
on the DCIP photoreduction in ddPS2 particles that had lost all peripheral proteins
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maintaining OEC. There was a stabilizing effect of betaine on electron transport
reactions also with ddPS2 particles (Fig. 3). Moreover, a 50 % inactivation of
electron transport activity with ddPS2 particles took place at higher temperatures
than in membrane preparations. These results may be explained by a greater
thermostability of RC PS2 than of the OEC in general. Betaine shifted the t,,, of the
DCIP photoreduction from 49 to 55 °C. Thus under the heat stress betaine protects
not only the OEC but also stabilizes the reactions close to RC PS2.

Fig. 4 shows the temperature dependence of the heat inactivation of DQH,>MV
and DADH,—MV in the presence of DCMU in unstacked thylakoid membranes,
with or without betaine. MV accepts electrons from F,p,, the iron-sulfur centre on the
acceptor side of the PS1 complex (Parrett et al. 1989). Duroquinol functions as a
donor to plastoquinone in a DBMIB-sensitive PS1 electron transfer reaction. These
activities (Fig. 44) were, in contrast to the whole-chain and PS2 electron transport,
more tolerant to heat treatment. The t,,, values were 55 and 63 °C in the absence and
presence of betaine, respectively.
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Fig. 5. Effect of 1.0 M betaine (W) on the thermal inactivation of the MV-mediated photoinduced
uptake of oxygen by isolated PS1 particles with DCIPH, (4) and DADH; (B) as electron donors. PS1
particles at S kg(Chl) m'3, suspended in 25 mM Tricine-NaOH, 20 mM KClI, pH 7.0, were incubated
at designated temperatures for 10 min and then they were cooled to 20 °C. After the addition of 0.2
mM MV, | mM Asc-Na, 0.05 mM DCIPH; or 0.5 mM DADHj, the electron-transport activity was
measured by monitoring the uptake of oxygen. ® - no betaine added to both the preparation and
incubation mixtures.

The temperature dependence of inactivation of the PS1 activity measured as
oxygen uptake with ascorbate-reduced DAD as electron donor is demonstrated in
Fig. 4B. PS1 activity may be destroyed by heat treatment, but the temperature
stability of PS1 was much higher than those of PS2 (Fig. 2B) and PS1 with DQH, as
electron donor. The oxidation site in DADH,-»MYV reaction is a soluble electron
carrier protein, plastocyanin (Izawa 1980). The stabilizing effect of betaine in this
reaction was stronger than in the DQH system. The t,/, in the absence of betaine was
about 61 °C, while in the presence of betaine the rate of oxygen uptake by PSI
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increased slightly along with temperature until a maximum was reached at about 50
°C and ty; was at 72 °C. The difference between both treatments for the DQH,—>MV
reaction, where the Cyt b¢f complex is predominantly included in electron transport
chain, was only 8 °C.

Our results demonstrate that betaine stabilizes not only PS2 reactions but also
electron transport reactions within PS1. We compared the effect of betaine on the
PS1 electron transfer reactions of isolated PS1 particles (Fig. 54) and in the presence
of exogenously added PC (Fig. 5B). A very slight protection of the PS1 electron
transfer by betaine in the PS1 particles was found under high temperatures. However,
the stabilizing effects of betaine were not as marked as in the case of thylakoid
membranes. The slight stabilizing effect of betaine on the donation from reduced
DCIP directly to P700 (Izawa et al. 1973) points to actions of a protector on the
donor side of PS1.

However, the inactivation of temperature dependence and betaine protection of
PS1 particles reconstituted with PC (Fig. 5) was similar to the results obtained with
unstacked thylakoid membranes. The PS1 particles reconstituted with PC preserved
60 % activity even at 70 °C if betaine was present, while in the absence of betaine
only 20 % of activity remained at 70 °C.

Discussion

Thylakoid membranes and multiprotein assemblies of the PS1 and particular PS2
reactions are thermally unstable, easily susceptible to structural randomization and
functional inactivation upon heating (Thompson et al. 1989, Bukhov ef al. 1990).
The main target for inactivation of photosynthetic electron transport activity by heat
has been generally considered to be the PS2 complex. The PS2 is unique with respect
to other photosynthetic multiprotein complexes in that it not only performs light-
induced charge separation but also can oxidize water to molecular oxygen. Thermal
inactivation of oxygen evolution has been correlated with the release of functional
Mn from PS2 together with the loss of three extrinsic polypeptides of 33, 24, and 17
kDa associated with oxygen evolution (Nash er al. 1985). Betaine stabilizes O,
evolution by PS2 particles from higher plants (Papageorgiou et al 1991) and
cyanobacteria (Stamatakis and Papageorgiou 1993) against salt-induced inactivation.
Initial suggestion on the mechanism of action of betaine was that it prevents the
release of Mn ions from the OEC (Mohanty et al. 1993). Almost the same was
concluded using the results obtained with Synechocystis sp. PCC6803 thylakoid
membranes (Mamedov et al. 1993). Betaine is partly hydrophobic and zwitterionic.
Local electrostatic interactions between zwitterions and proteins are perhaps
important for maintaining the Mn cluster in an active form. The presence of betaine
is beneficial only to the reactions of cyanobacterial photosynthesis under heat stress
that involve the OEC (Mamedov ef al. 1993, Papageorgiou and Murata 1995).
Betaine shifts t;, of the oxygen-evolving machinery of Synechocystis sp. PCC6803
thylakoids from 36 to 42 °C (Mamedov ef al. 1993).
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Allakhverdiev et al. (1996) showed that not only oxygen evolving activity but also
the PS2 RC activity is affected by betaine. Results of Figs. 24,B and 3 show a
betaine effect on RC PS2 activity at high temperature when OCE became inactivated.
The results obtained with ddPS2 particles (Fig. 3) confirm the stabilizing effect of
betaine on the reactions near PS2 RC including probably the acceptor side of this
photosystem. Mamedov ef al. (1991) report that betaine protects PMS-mediated
cyclic photophosphorylation driven by PS1 from the harmful effects of prolonged
incubation at 34 °C. In this connection, our results on the stabilizing effect of betaine
on the rate of oxygen uptake by PS1 complexes (Figs. 44,B and 5) are reasonable.
Moreover, stimulation of oxygen uptake does not occur with donors that act at the
level of PC but is observed with donors acting at the oxidation site in the Cyt bgf
complex (see Boucher and Carpentier 1993). Hence in the DADH,—MYV reaction,
PC is mainly involved in the oxidation site (see Figs. 4 and 5). Betaine is more
effective with regard to the heat-induced destabilization of soluble proteins (Laurie
and Steward 1990). According to our results, this osmolyte along with specific
effects on the oxygen-evolving complex (see Papageorgiou and Murata 1995)
demonstrates “co-solute” properties and probably acts on the soluble electron transfer
protein at the donor side of PS1. This stabilization effect of betaine is understandable
in terms of theory of Arakawa and Thimasheff (1985): it suggests that co-solutes
such as betaine might minimize the plastocyanin-water interaction (see Papageorgion
and Murata 1995).

Our present study demonstrates that betaine is capable to protect and stimulate the
electron transport in unstacked spinach thylakoid membranes within PS2 and PS1
complexes.

References

Al-Khatib, K., Paulsen, G.M.: Enhancement of thermal injury to photosynthesis in wheat plants and
thylakoids by high light intensity. - Plant Physiol. 90: 1041-1048,1989.

Allakhverdiev, S.1., Feyziev, Ya.M., Ahmed, A., Hayashi, H., Aliev, Ja.A., Klimov, V.V, Murata,
N., Carpentier, R.: Stabilization of oxygen evolution and primary electron transport reactions in
photosystem 2 against heat stress with betaine and sucrose. - J. Photochem. Photobiol. B 34: 149-
157, 1996.

Arakawa, T., Timasheff, S.N.: The stabilization of protein by osmolytes. - Biophys. J. 47: 411-414,
1985.

Armond, P.A., Bjorkman, O., Stachelin, L.A.: Dissociation of supramolecular complexes in
chloroplast membranes. A manifestation of heat damage to the photosynthetic apparatus. -
Biochim. biophys. Acta 601: 433-442, 1980.

Armon, D.I.: Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. - Plant
Physiol. 24: 1-15, 1949.

Berry, J., Bjérkman, O.: Photosynthetic response and adaptation to temperature in higher plants. -
Annu. Rev. Plant. Physiol. 31: 491-543, 1980.

Berthold, D.A., Babcock, G.T., Yocum, C.F.: A highly resolved, oxygen-evolving photosystem II
preparation from spinach thylakoid membranes. EPR and electron-transport properties. - FEBS
Lett. 134: 231-234, 1981.

Boardman, N.H.: Subchloroplast fragments: digitonin method. - In: Colowick, S.P., Kaplan, N.O.
(ed.): Methods in Enzymology. Vol. 23. Pp. 268-276. Academic Press, New York - London 1971.

430



GLYCINEBETAINE STABILIZES PHOTOSYSTEM ELECTRON TRANSPORT

Boucher, N., Carpentier, R.: Heat-stress stimulation of oxygen uptake by photosystem I involves the
reduction of superoxide radicals by specific electron donors. - Photosynth. Res. 35: 213-218,
1993.

Bukhov, N.G., Sabat, S.C., Mohanty, P.: Analysis of chlorophyll a fluorescence changes in weak
light in heat treated Amaranthus chloroplasts. - Photosynth. Res. 23:.81-87,1990.

Gounaris, K.: Structural reorganization of chloroplast thylakoid membranes in response to heat stress.
- Biochim. biophys. Acta 767: 198-208, 1984.

Iwaki, M., Itoh, S.: Electron transfer in spinach photosystem 1 reaction center containing benzo-,
naphtho- and anthraquinones in place of phylloquinone. - FEBS Lett. 256: 11-16, 1989.

Izawa, S.: Acceptors and donors for chloroplast electron transport. - In: Colowick, S.P., Kaplan, N.O.
(ed.): Methods of Enzymology. Vol. 69. Pp. 413-434. Academic Press, New York - London -
Toronto - Sydney - San Francisco 1980.

Izawa, S., Pan, R.L.: Photosystem 1 electron transport and phosphorylation supported by electron
donation to the plastoquinone region. - Biochem. biophys. Res. Commun. 83: 1171-1177, 1978.
Izawa, S., Kraayenhof, R., Ruuge, EK., De Vault, D.: The site of KCN inhibition in the

photosynthetic electron transport pathway. - Biochim. biophys. Acta 314: 328-339, 1973.

Kuwabara, T., Murata, N.: Quantitative analysis of the inactivation of photosynthetic oxygen
evalution and the release of polypeptides and manganese in the photosystem II particles of spinach
chloroplasts. - Plant Cell Physiol. 24: 741-747, 1983.

Laurie, S., Steward, GR.: The effects of compatible solutes on the heat stability of glutamine
synthetase from chickpeas grown under different nitrogen and temperature regimes. - J. exp. Bot.
41: 1415-1422, 1990.

Mamedov, M.D., Hayashi, H., Murata, N.: Effects of glycinebetaine and unsaturation of membrane
lipids on heat stability of photosynthetic electron-transport and phosphorylation reactions in
Synechacystis PCC6803. - Biochim. biophys. Acta 1142: 1-5, 1993.

Mamedov, M.D., Hayashi, H, Wada, H,, Mohanty, P.S., Papageorgiou, G.C., Murata, N.:
Glycinebetaine enhances and stabilizes the evolution of oxygen and the synthesis of ATP by
cyanobacterial thylakoid membranes. - FEBS Lett. 294: 271-274, 1991.

Mohanty, P, Hayashi, H., Papageorgiou, G.C., Murata, N.: Stabilization of the Mn-cluster of the
oxygen-evolving complex by glycinebetaine. - Biochim. biophys. Acta 1144: 92-96, 1993.

Morand, L.Z., Fromme, LK., Colvert, KK., Johnson, D.A., Krogmann, D.W., Davis, D.J.: Plasto-
cyanin cytochrome f interaction. - Biochemistry 28: 8039-8047, 1993.

Murata, N., Mohanty, P.S., Hayashi, H., Papageorgiou, G.C.: Glycinebetaine stabilizes the
association of extrinsic proteins with the photosynthetic oxygen-evolving complex. - FEBS Lett.
296: 187-189, 1992.

Nash, D., Miyao, M., Murata, N.: Heat inactivation of oxygen evolution in photosystem II particles
and its acceleration by chloride depletion and exogenous manganese. - Biochim. biophys. Acta
807: 127-133, 1985.

Ono, T., Inoue, Y.: CaZ*-dependent restoration of O,-evolving in CaCly;-washed PS2 particles
depleted of 33, 24 and 16kDa proteins. - FEBS Lett. 168: 281-286, 1984.

Papageorgiou, G.C., Fujimura, Y., Murata, N.: Protection of the oxygen-evolving photosystem 2
complex by betaine. - Biochim. biophys. Acta 1057: 361-366, 1991.

Papageorgiou, G.C., Murata, N.: The unusually strong stabilizing effects of glycine betaine on the
structure and function of oxygen-evolving Photosystem II complex. - Photosynth. Res. 44: 243-
252, 1995.

Parrett, K.G., Mehari, T., Warren, P.G., Golbeck, J.H.: Purification and properties of the intact
P-700 and F, containing Photosystem 1 core protein. - Biochim. biophys. Acta 973: 342-352,
1989.

Rajasekaran, J.R., Kriedemann, P.E., Aspinall, D., Paleg, L.G.: Physiological significance of proline
and glycinebetaine: Maintaining photosynthesis during NaCl stress in wheat. - Photosynthetica 34:
357-366, 1997.

431



Y .M. ALLAKHVERDIEVA et al.

Renger, G., Hansum, B., Gleiter, H., Koike, H., Inoue, Y.: Interaction of 1,4-benzoquinones with
Photosystem II in the thylakoids and Photosystem II membrane fragments from spinach. -
Biochim. biophys. Acta 936: 435-446, 1988.

Srivastava, A., Guisse, B., Greppin, H., Strasser, R.J.: Regulation of antenna structure and electron
transport in photosystem II of Pisum sativum under elevated temperature probed by the fast
polyphasic chlorophyll a fluorescence transient: OKJIP. - Biochim. biophys. Acta 1320: 95-106,
1997.

Stamatakis, C., Papageorgiou, G.C.: Stabilization of Photosystem II particles isolated from the
thermophilic cyanobacterium Phormidium laminosum with glycinebetaine and glycerol. - Biochim.
biophys. Acta 1183: 333-338, 1993.

Thomas, P.G., Quinn, P.J., Williams, W.P.: The origin of photosystem-I-mediated electron transport
stimulation in heat-stressed chloroplasts. - Planta 167: 133-139, 1986.

Thompson, LK., Blaylock, R., Sturtevant, J.M., Brudvig, G.W.: Molecular basis of the heat
denaturation of photosystem II. - Biochemistry 28: 6686-6695, 1989.

432



