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Active thylakoid membranes were prepared from Synechococcus PCC7002 in a medium
that contained glycinebetaine. The oxygen-evolving activity of photosystem II of these
thylakoid membranes was enhanced and stabilized by the presence of glycinebetaine. The
heat stability of the oxygen-evolving activity of the thylakoid membranes was also enhanced
by glycinebetaine.
Cyanobacteria are prokaryotes in which photosynthesis occurs as a result of the activities of membrane-bound PS I and PS II complexes, in a manner
similar to that of higher plants. Cyanobacterial thylakoid membranes provide a useful system with
which the structural and functional relationships
among components involved in the primary processes
of photosynthesis can be studied. Several methods
have been developed for the preparation of oxygenevolving thylakoid membranes from cyanobacteria
(Burnap et at., 1989; England and Evans, 1981; Ono
and Murata, 1978; Pakrasi and Sherman, 1984).
However, the thylakoid membranes isolated from
cyanobacterial cells are unstable and lose oxygenevolving activity within hours (Astier et al., 1986;
Burnap et aI., 1989; Gingrich et al. , 1990). Papageorgiou et al. (1991) and Murata et al. (1992)
discovered that glycinebetaine (hereinafter betaine) is
effective in the protection of oxygen-evolving activity
of PS II complexes from spinach against inactivation
by stabilizing the association of extrinsic protein components with the complex. Mamedov et al. (1991) demonstrated that betaine activates and stabilizes the
evolution of oxygen by thylakoid membranes from
Synechocystis PCC 6803.
The unicellular and transformable cyanobacterium
of marine origin, Synechococcus PCC7002, is capable
of very rapid growth under photoautotrophic conditions (Ferino and Chauvat, 1989; Gingrich et aI. ,
1990; Vermaas et al., 1986). Its cell wall can be
mechanically disrupted more easily than those of other
transformable cyanobacteria such as Synechocystis
PCC6803 and Synechococcus PCC7942 (Pakrasi and
Sherman, 1984). Since this bacterium is cultured in a
saline medium, it seems of interest to ask whether the
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same protective effect of betaine as in Synechocystis
PCC6803 can be observed in Synechococcus PCC
7002.
In this report, we describe the preparation of stable
and active thylakoid membranes from Synechoccous
PCC7002 by inclusion of betaine in the extraction
medium, and we demonstrate that betaine activates
and stabilizes oxygen-evolving complexes of this
cyanobacterium.

Materials and Methods
Growth conditions
Synechococcus PCC7002, obtained from the
Pasteur Culture Collection (Paris, France), was grown
photoautotrophically at 34 °C in medium A (Stevens
et al., 1973) supplemented with 20 mM HEPES (pH
7.5) with aeration with 1% CO 2 in air (Ono and Murata, 1981). Continuous illumination at an intensity of
10 W/m2 was provided from incandescent lamps.
Preparation of thylakoid membranes
Cells corresponding to 6 Ilg Chllml at the
exponential phase of growth were harvested by centrifugation at 5,000 x g for 10 min. The pelleted
cells were then washed twice by resuspension and
recentrifugation in 50 ml of 50 mM HEPES-NaOH
(pH 7.5) that contained 30 mM CaCI 2 . They were
finally suspended in 30 ml of 50 mM HEPES-NaOH
(PH 7.5) that contained 800 mM sorbitol, 1.0 M
betaine, and 1.0 mM aminocapronic acid. All the
procedures mentioned above were carried out at room
temperature, and subsequent steps were performed at
temperatures between 0 and 4 °c. The suspension of
cells was passed through a prechilled French pressure
cell operated at 160 MPa, with resultant disruption of
about 70% of the cells. In another method involving
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mechanical breakage of celis, a suspension of celis
was mixed with glass beads « 0.1 mm in diameter)
at a ratio of 1:1 (v/v) and the mixture was shaken
mechanically (Bead-Beater; Biospec Products, Bartlesville, OK, U.S.A.) with operation of the system
for 15 s at a maximum speed. Immediately after the
disruption of cells, the mixture was supplemented
with 50 III of 50 mM HEPES-NaOH (PH 7.5) that
contained 800 mM sorbitol, 1.0 mM MgCh and 0.1 %
DNase (DN-EP; Sigma Chemical Co., St Louis, MO,
U.S .A.) (Murata and Ornata, 1988). After incubation
for 15 min, the homogenate was centrifuged at 10,000
x g for 10 min to remove unbroken cells and cell
debris . The supernatant was centrifuged at 60,000 x
g for 60 min for collection of thylakoid membranes.
The pe\leted thylakoid membranes were suspended in
10 ml of 50 mM HEPES-NaOH (PH 7.5) that contained 800 mM sorbitol and 1.0 M betaine, and were
collected by centrifugation at 60,000 x g for 60 min.
The collected thylakoid membranes were suspended
in 1.0 ml of 50 mM HEPES-NaOH (PH 7.5) that contained 800 mM sorbitol and 1.0 M betaine, and were
kept at 4 ·c until use. For preparation of thylakoid
membranes in the absence of betaine, none of the
above media contained betaine.

Measurement of photosynthetic activities
Photosynthetic evolution of oxygen was measured
by monitoring the concentration of oxygen in the
reaction medium with a Clark type oxygen electrode
(YSI 553; Yellow Springs Instrument Co., Yellow
Springs, OH, U.S.A.) equipped with a circulating water jacket set at 25 ·C . The initial rate of change in
the concentration of oxygen was chosen as the measure of oxygen-evolving activity. An incandescent
lamp combined with a yellow optical filter (Y-46;
Hoya Glass Co., Tokyo) was used to supply a saturating light of 640 W/m2. The reaction medium contained 50 mM Tricine-NaOH (PH 7.5), 30 mM CaCI 2
and 600 mM sucrose, 0.1 mM PBQ (phenyl-p-benzoquinone) and the thylakoid membranes that corresponded to 5-10 Ilg ChI/mIl. The photosynthetic
evolution of oxygen in intact cells was measured by
the transport of electrons from H 20 to PBQ. Harvested cells were washed twice with 50 mM HEPESNaOH (PH 7.5) and were suspended in the same reaction buffer as above for measurements.
Reduction of DCPIP (2,6-dichlorophenolindophenol) was determined by following the change in
absorbance at 580 nm, with 500 nm as the
wavelength of the reference beam, with a spectrophotometer (UV-300; Shimadzu, Kyoto) operated
in the dual-wavelength mode. The reaction medium
contained 50 mM Tricine-NaOH (PH 7.5), 10 mM
CaCI 2 and 600 mM sucrose, thylakoid membranes
corresponding to 10 Ilg Chl/ml, plus 1.0 M betaine or
without added betaine. The concentration of the added electron acceptor, DCPIP, was 0.1 mM and that of
the donor, DPC (diphenyl-carbazide), was 1.0 mM.
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The temperature of the measurement was 25 ·C. Red
actinic light at an intensity of 1200 W/m2 was provided from an incandescent lamp through a combination of a heat-absorbing optical filter and a red
optical filter (R-60; Toshiba, Tokyo). The concentration of Chi was determined by the method of
Arnon et al. (1974).
Results and Discussion
Figure 1 shows the absorption spectrum at room
temperature of thylakoid membranes prepared in the
presence of betaine from Synechococcus PCC7002.
Peaks of absorbance due to ChI a in these membranes can be seen at 678 nm and 418 nm. The
shoulder near 490 nm is indicative of the presence of
carotenoids (Burnap et al., 1989). Since the absorption around 625 nm was insignificant, it appears
that a large fraction of phycobilins had been removed
from the thylakoid membranes.
Table 1 shows that the oxygen-evolving activity of
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Figure 1. The absorption spectrum at room temperature of
thylakoid membranes prepared in the presence of betaine
from Synechococcus PCC7002. The suspension medium
was 50 mM Tricine-NaOH (PH 7.5), 30 mM CaCI 2 and 600
M sucrose. The length of the light path was 1 cm.
Table 1. The effects of betaine on the oxygen-evolving activity of various preparations. The reaction medium contained 50 mM Tricine-NaOH (PH 7.5), 30 mM CaCI2, 600
mM sucrose, 100 11M PBQ, and thylakoid membranes or
intact cells that corresponded to 5 I1g Chl/m!. The results
are averages ± S.D. of determinations from three independent experiments.
Type of preparation

Betaine during
measurements of activity
None

Thylakoid membranes prepared
with 1.0 M beta nine
Thylakoid membranes prepared
without betaine
Intact cells

1.0 M

(I1moles 0 2/mg Chllh)
327 ± 35
400 ± 37
254±23

302± 20

292 ± 53

362 ± 45
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Figure 2. The effects of betaine on the stability of the oxygen evolving system in thylakoid membranes. Thylakoid
membranes, prepared in the presence of 1.0 M betaine, were
incubated at 25 °C in a medium that contained 50 mM Tricine-NaOH (PH 7.5), 30 mM CaCI2 and 600 mM sucrose
plus 1.0 M betaine or without added betaine. The oxygenevolving activity was measured after 0.1 mM PBQ had been
added to the incubation medium. 0 - 0 , In the absence of
betaine; • - . , in the presence of 1.0 M betaine.

thylakoid membranes prepared in the presence of 1.0
M betaine was 40% higher than that of thylakoid
membranes prepared in the absence of betaine. Activities of both types of thylakoid membrane were
greatly enhanced by exogenously added betaine. It is
noteworthy that betaine also enhanced the rate of evolution of oxygen by intact cells. The thylakoid membranes prepared in the presence of betaine and
suspended in medium that contained betaine were as
active as intact cells in terms of evolution of oxygen.
These findings suggest that most of the oxygen-evolving complexes of thylakoid membranes prepared in
the presence of betaine were intact, and that a large
fraction of the oxygen-evolving complexes of thylakoid membranes was damaged when the complexes
were prepared in the absence of betaine.
Figure 2 shows the effect of betaine on the stability of oxygen-evolving activity associated with the
thylakoid membranes prepared in the presence of betaine. During incubation at 25°C in the dark in the
presence of 1.0 M betaine, the oxygen-evolving activity with PBQ as the electron acceptor declined
only very slowly, and 95 % of the original activity
still remained after a lO-h incubation . In the absence
of betaine, by contrast, the activity declined rapidly,
reaching 35 % of the original activity after 10 h.
These observations suggest that betaine can stabilize
the evolution of oxygen by isolated thylakoid membranes.
Figure 3 shows the effect of betaine on the heat sta-
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Figure 3. The effects of betaine on inactivation by heat of
the oxygen-evolving system. Thylakoid membranes, prepared in the presence of betaine, were incubated at designated temperatures for 20 min in the presence of 1.0 M betaine and in its absence . The medium for incubation and
conditions for measurements of activity were the same as
those described in the legend to Figure 2. 0 - 0 , In the
absence of betaine; • - . , in the presence of 1.0 M
betaine.
Table 2. The effects of betaine on the stability of the system for reduction of DCPIP in thylakoid membranes. Thylakoid membranes prepared in the presence of betaine were
incubated at 25 °C in the presence or absence of 1.0 M betaine. The transport of electron from H 2 0 to DCPIP was
measured after 0.1 mM DCPIP had been added to the incubation medium. The transport of electron from DPC to
DCPIP was measured after 0.1 mM DCPIP and 1.0 mM
DPC had been added.
Duration of
incubation

DPC
- betaine

+ betaine

->

- betaine

DCPIP

+ betaine

(j..lmoles DCPIP reduced/mg Chllh)

oh
6 h

231 ± 15
174 ± 9

254 ± 21
240 ± 7

347 ± 40
312 ± 10

373 ± 26
339 ± 47

bility of oxygen-evolving actIVIty in thylakoid membranes. Thylakoid membranes were heated without betaine for 20 min at various temperatures, and the extent of inactivation was considerable at a temperature
above 35 °C. In the presence of betaine, by contrast,
the disappearance of oxygen-evolving activity was
significant above 40 °c. There was a marked difference between the profiles of inactivation by heat in
the presence and absence of betaine. These findings
suggest that betaine protects the oxygen-evolving system from inactivation at a high temperature.
Table 2 shows the effect of betaine on the stability,
in terms of electron transport from H 20 to DCPIP,
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prepared In the presence of betaine. Betaine
prevented the inactivation of the electron transport
system from H2 0 to DCPIP during the incubation at
25 °C in the dark. In the presence of betaine,
approximately 90% of the original activity remained
after incubation for 6 h. In the absence of betaine, by
contrast, activ ity decli ned more rapidl y, and only
about 75 % of the activity was left after incubation for
6 h. These results are consistent with the effect of
betaine on the stabilization of the electron-transport
system from H20 to PBQ (Fig. 2). The rate of electron transport from DPC to DCPIP appeared to be
enhanced to onl y an insignificant extent by the presence of betaine. Th e extent of in activ ation of this
electron-transport system during incubation at 25 °C
for 6 h was only about 10%, and it was not affected
by the presence of betaine (Table 2). These findings
suggest that the stability of the electron transport system fro m DPC to DCPIP during incubation is not affected by the presence of betaine, and that the effect
of betaine is specific to th e oxygen-evolving system.
The present results indicate that active thylakoid
membranes can be prepared from Synechococcus
PCC7002 in the presence of betaine and th at betaine
exerts a protective effect on the oxygen-evolving
activity of isolated thylakoid membranes. Two conclusions can be drawn from our results. First, the presence of betaine at 1.0 M in all buffers throughout the
preparation and the incubation of thylakoid membranes stabilizes the oxygen-evolving system, but not
the components of PS II involved in the photochemical reaction. Second, exogenously added
betain e in the reaction medium activates the evolution
of oxygen. Therefore, it appears that betaine renders
the structure of the oxygen-evolving complex more
suitable for the evolution of oxygen. This conclusion
is consistent with the previous observation of PS II
particles isolated from spinach thylakoid membranes
(Papageorgiou et at., 1991) and thylakoid membranes
from Synechocystis PCC6803 (Mamedov et at., 1991).
Moreover, the inactivation by heat of the oxygenevolving complex was also suppressed by betaine.
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Thus, very stable and highly active thylakoid membranes can be prepared with the inclusion of
betaine in the extraction and assay media.
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