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Spheroplast membranes o f a thermophilic cyanobacterium Synechococcus sp. have been treated 
with the detergent lauryldimethylamine oxide (LDAO). The resulting extracts show (1) light- 
induced 0 2 evolution with artificial electron acceptors, (2 ) four-fold enhancement o f  the 0 2 

evolution relative to chlorophyll, (3) parallel increase o f both the molar ratios o f  PS 2/C hl and cyt 
b559/Chl in the extract, (4) dissociation o f the auxiliary pigment phycocyanin upon treatment with 
LDAO, but still tight association o f allophycocyanin to the photosystem 2 preparation.

1. In troduction

Cyanobacterial thylakoids turned out to be well 
apted for extraction o f oxygen-evolving photosys­
tem 2 preparations [1—3]. The m ethod was first 
developed and reported [1, 2] for the therm ophilic 
cyanobacterium  Phormidium laminosum  using 
LDAO as detergent (to solubilize PS 2).

Later [3], w ith some m odifications o f the m ethod, 
LDAO was shown to be sim ilarly applicable to the 
cyanobacteria Anacystis nidulans (Synechococcus 
6301) and Aphanocapsa.

F or another therm ophilic cyanobacterium , Syne­
chococcus sp. isolated from  hot springs [4] extraction 
with d igitonin and chrom atographic separations o f 
photosystem s 1 and 2 have been reported  [5]. These 
latter p reparations o f reference [5] however, showed 
electron transport only in the presence o f artificial 
donors, but no 0 2 evolution. In the present work we 
report the extraction o f an oxygen-evolving p repara­
tion from this cyanobacterium  with use o f LDAO as 
detergent.

Abbreviations. APC, allophycocyanin; Chi, chlorophyll; 
Cyt, cytochrome; HEPES, N-2-hydroxyethylpiperazine-N'-
2-ethane sulfonic acid; HMP-buffer, buffer containing 
20 mM HEPES-NaOH, 10 mM magnesium chloride and
2 mM Na-K-phosphate; HMPM-buffer, HMP-buffer con­
taining 0.5 M mannitol; LDAO, lauryldimethylamine oxide; 
MES, 2-(N-m orpholino)ethane sulfonic acid; PBS, phy- 
cobilisomes; PMS, phenazine methosulfate; PS, photo­
system.
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2. M aterials and M ethods

2.1 Culture
A Synechococcus sp. therm ophilic cyanobacterium  

(gift from  Prof. S. Katoh, U niversity o f Tokyo and 
described in [4]) was cultivated at 50 °C  for 48 h in 
the m edium  of [6], supported  with 5% carbon 
dioxide and illum inated  with fluorescent lamps 
(O sram  “ L-daylight 5000”). Cells were harvested by 
centrifugation and washed twice in 20 mM HEPES- 
N aO H  (pH =  7.8), 10 mM M gCl2 and 2 mM Na-K- 
phosphate (HM P-buffer).

2.2 Preparation o f  spheroplast membranes 
and extracts

The washed cells were resuspended in 20 mM  

H EPES-N aO H  (pH  =  7.8), 10 mM MgCl, 2 mM Na- 
K -phosphate and 500 mM m annitol (HM PM -buffer) 
in a concentration o f 1 mg C hl/m l and treated with
0.2% (w/w) egg lysozyme (Serva) at 50 °C for 1 h 
in the dark and under gentle agitation. The lysed 
cells were centrifuged for 5 min at 1200 0 x g  and 
osm otically shocked by subsequent resuspension in 
H M P-buffer. A fter two washing cycles in that buffer, 
spheroplast m em branes were form ed which were 
suspended in a buffer o f 80% (v/v) HM PM  plus 20% 
glycerol at a concentration o f 1 mg C hl/m l. After 
addition o f 0.2% LDAO (F luka A G), the m ixture 
was stirred in the dark  at 4 °C  for 30 min, then 
centrifuged at 110 000 x g for 60 min. The superna­
tant was used for fu rther studies.

2.3 Analytical M ethods
C hlorophyll-a extracted from m em branes or PS 2 

preparations w ith 80% acetone was determ ined from
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the absorbance at 663 nm [7], C-phycocyanin in situ 
was estim ated from the absorbances at 620 nm and 
678 nm using equations o f Arnon et al. [8], 0 2- 
evolving activity was m easured with a C lark-type 
electrode under conditions as elaborated  in [4]: at
40 °C  in 50 mM M ES-NaOH buffer (pH  =  5.5) con­
taining 500 mM sucrose, 20 mM sodium  chloride,
10 mM magnesium chloride and 1 mM K3(F e(C N )6) 
(potassium  ferricyanide) as an electron acceptor. 
Illum ination was provided by light from  a 250 W 
halogen lam p through a w ater filter at an intensity o f 
80 m W /cm 2. PS 2 activity was also estim ated by 
m easuring the absorption decrease o f K3(F e (C N )6) 
at 420 nm at 40 °C  in the above buffer. In either 
case the LDAO concentration in the assay m edium  
did not exceed 0.01%.

Content of photosystem  1 was determ ined by two 
methods: a) chemically recording reduced m inus 
oxidized difference spectra on a Beckm an UV 5260 
spectrophotom eter with 2 mM ascorbate as reductant 
and 1 mM K3(F e(C N )6) as oxidant [9] and calcu­
lating with a m olar extinction coefficient e — 64 000 
m -1 cm -1 at 700 nm [10]; b) m onitoring the flash — 
induced absorbance changes at 702 nm as described 
in [11] in H M PM -buffer supplied with PMS (20 ^m), 
sodium  ascorbate (0.2 m M ) and m ethylviologen 
(0.1 m M ). Content o f active photosystem  2 was 
determ ined by m easuring the average oxygen yield 
in repetitive single turnover flashes as described in 
[12] and under the following conditions: HM PM - 
buffer pH =  6.5 plus 0.1 mM  K3(F e(C N )6), aver­
aging 100 flashes, half m axim al flash duration  ~  20 
JJ.S, flash repetition frequency 2 s-1.

Cytochrom e b559 was estim ated from chem ically 
reduced minus oxidized difference spectra with 
dith ionite as reductant and K3(F e(C N )6) as oxidant 
using e =  20 000 m_1 cm -1 [13].

Fluorescence spectra were m easured with an SLM  
4800 S spectrometer. The sam ples were frozen in 
liquid nitrogen and connected with the spectrom eter 
by means of a bifurcated fiberoptic. Thus, em ission 
was m easured in reflection perpendicular to the 
surface o f the sample. Intensities o f the irrad ia tion  
arriving at the surface were determ ined by m eans o f 
a Hewlett-Packard radiant flux m eter 8330 A.

3. Results and Discussion

Fig. 1 shows the effect o f LDAO concentration on 
PS 2 extraction. W ith increasing concentration o f the

LDAO concentration for extraction j  %

Fig. 1. Effect o f  LDAO concentration on extraction o f  
chlorophyll and PS 2 activity. K3 (Fe(C N )6) reduction 
activity o f  supernatant (o), o f pellet ( • ) .  Chlorophyll-a 
concentration in supernatant (□).

detergent, an increasing am ount o f chlorophyll was 
solubilized in a form which rem ained in the super­
natant. Concom itantly, a decrease o f the water- 
splitting activity o f the pellet (closed circles) was 
observed. Usually, after extraction with about 0.2% 
LD AO  the supernatants showed m axim al oxygen 
evolving activity per chlorophyll. U nder such condi­
tions abou t 5% of the total am ount o f chlorophyll 
were solubilized. H igher detergent concentrations for 
extraction caused a decrease of the specific activity o f 
the supernatants (open circles).

This can be due to an increased solubilization o f 
such chlorophyll-protein-com plexes which do not 
contribute to PS 2 activity (e.g. light harvesting- or 
PS 1-complexes). The supernatant w ith m axim al 
oxygen evolving activity was applied to an Ultrogel 
A 4 colum n for gel-filtration. The resulting elution 
patterns o f oxygen evolving activity, chlorophyll 
concentration, C-phycocyanin-concentration, and 
O D 280 nm  (for protein concentration) are illustrated 
in Fig. 2. Chlorophyll is eluted in the first peak and 
C -phycocyanin (possibly from a rem ainder o f 
phycobilisom es) can be separated from  the PS 2 
p reparation  w ithout loss o f activity. The peak 
fractions for chlorophyll will be term ed purified  PS 2 
preparations in this paper.

The activities for the spheroplast m em branes, the 
supernatan t after 0.2% LDAO extraction and a 
purified  PS 2 preparation  are com pared in Table I.



46 S. Miyairi and G. H. Schatz • Oxygen-Evolving Extracts from a Thermophilic Cyanobacterium

~D

oo0  *< Q 
D
5 '

1
o
ooo(X>
3

Q
O’V)o—I
z

N>
00
O
3
3

Fig. 2. Chromatographical fractionation o f the PS 2 prepa­
ration: 1.5 ml o f supernatant was applied on a Ultrogel A 4  
(LKB) column (1 cm x 17 cm) and eluted with 90% (v/v) 
HMPM plus 10% glycerol, 60 drops per fraction, a) • — •: 
chlorophyll-a concentration, a  —  A C-phycocyanin concen­
tration, b) □ — □: absorbance at 280 nm. o — o: K3(Fe 
(C N )6) reduction activity.

C om parison between spheroplast m em branes and 
the supernatant shows a four-fold increase o f ac­
tivity. Oxygen-yields in single turnover flashes show 
that this corresponds with an increase o f the num ber 
o f active PS 2 centers per chlorophyll. The content o f 
Cyt b 559/C hl, also an indicator o f PS 2 reaction 
centers, was increased with a sim ilar ratio as that for 
enhancem ent o f activity. Sim ultaneously, the content 
o f P 700/Chl decreased upon extraction. Thus,

the m ethod is shown to cause a rather specific 
extraction o f PS 2 com ponents w ithout desactivation.

The absorption  spectra o f spheroplast m em branes, 
supernatant and purified PS 2 preparations are 
shown in Fig. 3. They indicate that the treatm ent 
w ith LDAO does solubilize most o f the phycocyanin 
Umax =  620 nm ), but only part o f the chlorophyll 
(about 5% of total chlorophyll according to Fig. 1).

F urtherm ore, the shoulder at about 650 nm in the 
absorption spectrum  o f the supernatant indicates 
that allophycocyanin is also extracted.

A fter gel filtration, separating the phycocyanin 
containing proteins from the PS 2 preparation 
(Fig. 2), the absorp tion  spectrum  reveals that large 
am ounts o f the auxiliary pigm ent allophycocyanin 
are still tightly bound to the PS 2 preparation. This 
has not been observed in the previously reported 
PS 2 preparations from  cyanobacteria [1 — 3].

O ur findings can be understood within the present 
model [14] for the organization o f auxiliary pigments 
in cyanobacteria. Phycocyanin (absorbing at / max ~  
620 nm) localized in the peripheral rods o f phyco- 
bilisom es transfers its excitation energy to allophyco­
cyanin (/.max ~  650 nm) and allophycocyanin-B 
Umax ~  670 nm) localized in the core o f the PBS
[14]. F rom  there it is channeled to the chlorophylls 
of the PS 2. The efficiency o f the latter energy 
transfer is facilitated by attachm ent o f the core of a 
PBS to chlorophyll proteins w ithin the m em brane 
(near or at PS 2). D issociation o f com plete phyco- 
bilisom es from  chlorophyll usually is achieved with 
1% Triton  X-100 as detergent and under high ionic 
strength (0.75 m  K ,H P 0 4 [14]); therefore it could be 
possible tha t treatm ent o f our spheroplast m em ­
branes with LDAO in low salt buffer solubilizes a 
m em brane fragm ent from which the phycocyanin 
containing part o f the PBS has been detached, while 
parts o f the core com plex rem ain still associated.

Fluorescence em ission spectra recorded at 77 K 
from spheroplast m em branes and from a purified 
PS 2 preparation  are presented in Fig. 4. U pon 
excitation o f chlorophyll (at 430 nm) spheroplast 
m em branes show the well known emission spectrum 
[5, 15], w ith peaks term ed F 685 and F 695, a ttribu t­
ed to PS 2 [15, 16] and an intense peak o f F 730 due 
to PS 1 [15, 16]. Fluorescence from  purified PS 2 pre­
parations shows peak values at 687.5 nm and 694 nm 
and only a very weak em ission from PS 1. This is 
in qualitative accordance with the results o f Table I, 
reflecting the increase o f the m olar ratio PS 2/PS 1.
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Table I. Properties o f preparations from Synechococcus sp.
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Rate o f electron transport PS 1 PS 2 cyt b559 PS 1
nmol 0 2 • (mg Chi) - 1  • hr1 1000 Chi

a b

1000 Chi 1000 Chi PS 2

Spheroplast membranes 75 4.1 3.6 1 2 . 6 3.6
Supernatant 246 2.3 2 . 2 3.8 1 1 . 2 ~  0 . 6

Purified 251 1 . 6 1 . 6 not 13.7 < 0 .5 C
PS 2 preparation analyzed 0

a From chemically, b from flash-induced absorbance changes (see analytical methods); c PS 2 not determined because o f 
technical problems arising from the low chlorophyll-concentration o f the sample; therefore, the PS 1/PS 2 ratio is estimated on 
the assumption that the PS 2/Chl ratio o f  purified PS 2 preparations is at least that o f the supernatant. This assumption is 
justified by the results obtained for cyt b559  and the rate o f  electron transport. Values give molar ratios.

In [5] and [17] the 77 K em ission spectra o f 
cyanobacterial PS 2 com plexes inactive in oxygen- 
evolution have been reported. Those spectra are 
very sim ilar to that o f the oxygen-evolving PS 2 
preparation  shown in Fig. 4.

Interestingly, upon irrad ia tion  at 650 nm, and thus 
exciting mainly the auxiliary  pigm ent allophycocya- 
nin, we observe a significantly altered em ission 
spectrum. Fluorescence then has a peak m axim um  
at 685 nm (not shown) and also fluorescence yields

are different: the determ ination  of the exciting irra ­
diation  flux revealed that the excitation at 650 nm 
gives abou t twice the yield com pared to excitation at 
430 nm. The em ission cannot arise from allophyco- 
cyanin which fluoresces at 655 nm [16]. Therefore, 
pigm ents to be discussed are allophycocyanin B, for 
which an em ission at 680 nm is reported [16, 18, 19] 
and chlorophyll. An intensive emission at 683 nm 
was reported  [5] from a chlorophyll-protein com plex 
tentatively interpreted  as antenna complex. Both

Wavelength / nm

Fig. 3. Absorption spectra o f sphero-
plast membranes (------- ), supernatant
(----- ) and purified PS 2 preparation
(— ). Spectra were recorded in 
HMPM buffer at 298 K. Samples 
were diluted arbitrarily.
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wavelength /n m
Fig. 4. Fluorescence emission spectra o f spheroplast m em ­
branes (top) and o f purified PS 2 preparations (bottom) 
upon excitation with light o f 430 ±  8  nm. Resolution o f  
emission wavelength: 1 nm, chlorophyll concentration 
5 |ig/m l. Spectra were recorded in HMPM buffer at 77 K.

emissions could contribute to the observed spectrum  
if  the pigm ents were linked to APC, bu t no longer 
efficient in energy transfer towards the reaction 
center.

At present, a clear discrim ination between the 
possible contributions is not possible. Therefore, 
fu rther experim ents are required in order to clarify 
the question about the origin o f the strong emission 
at 685 nm excited by APC.

Hence, the preparations described in this paper 
may be o f great use for future studies on the energy- 
transfer m echanism s in cyanobacteria as well as on 
the donor sites o f PS 2 and on the w ater splitting 
reactions in general.

Acknowledgement

T he authors gratefully acknowledge the generous 
gift o f the Svnechococcus sp. and invaluable advice 
by Prof. S. Katoh (University of Tokyo) as well as 
the support o f this work in the M ax-Volm er-Institute 
by Prof. H. T. W itt. W e are grateful to Mr. M atthias 
Rögner (M ax-V olm er-Institut), Dr. H iroyuki Koike 
(Institute o f Physical and Chem ical Research), Mr. 
M asahiko H irano (Toray Co.) and Mr. Yuichiro 
T akahashi (U niversity o f Tokyo) for helpful d is­
cussions, Ms. E. D ieringer for technical assistance, 
Ms. B. Pitts for typing the m anuscrip t and Ms. A. 
Schulze for draw ing graphs. This work was sup­
ported by a scholarship o f the Alexander-von- 
H um boldt-S tiftung (to S. M iyairi) and by the 
D eutsche Forschungsgem einschaft (Project SFB 9).

[1] A. C. Stewart and D. S. Bendall, Biochem. J. 188, 
351-361 (1980).

[2] A. C. Stewart and D. S. Bendall, FEBS Lett. 107, 
3 0 8 -3 1 2  (1979).

[3] R. R. England and E. H. Evans, FEBS Lett. 134, 
175-177  (1981).

[4] T. Yamaoka, K. Satoh, and S. Katoh, Plant & Cell 
Physiol. 1 9 ,9 4 3 -9 5 4 (1 9 7 8 ).

[5] K. Nakayama, T. Yamaoka, and S. Katoh, Plant & 
Cell Physiol. 20, 1565-1576 (1979).

[6 ] D. L. Dyer and R. D. Gafford, Science 134, 6 1 6 -6 1 7  
(1961).

[7] D. I. Arnon, Plant Physiol. 24,1 — 15 (1949).
[8 ] D. I. Arnon, B. O. McSwain, H. Y. Tsujimoto, and K  

Wada, Biochim. Biophys. Acta 3 5 7 ,231—245 (1974).
[9] T. V. Marsho and B. Kok, Methods in Enzymology 

Vol. 23 (ed. A. San Pietro), pp. 515 -5 2 2 , Academic 
Press, New York and London 1971.

[10] T. Hiyama and B. Ke, Arch. Biochem. Biophys. 147, 
9 9 -1 0 8  (1971).

[11] B. Rumberg and H. T. Witt, Z. Naturforsch. 19b, 
6 9 3 -7 0 7  (1964).

[12] G. Renger, Biochim. Biophys. Acta 256, 428-439  
(1972).

[13] N. K. Boardman and J. M. Anderson, Biochim. 
Biophys. Acta 143, 187-203  (1967).

[14] E. Gantt, Int. Rev. Cytol. 6 6 ,4 5 -8 0  (1980).
[15] J. C. Goedheer, Ann. Rev. Plant Physiol. 23, 8 7 -1 1 2

(1972).
[16] C. P. Rijersberg and J. Amesz, Biochim. Biophys. Acta 

5 9 3 ,2 6 1 -2 7 1  (1980).
[17] P. J. Newm an and L. A. Sherman, Biochim. Biophys. 

Acta 5 0 3 ,343-361  (1978).
[18] A. C. Ley, W. L. Butler, D. A. Bryant, and A. N. 

Glazer, Plant Physiol. 5 9 ,9 7 4 -9 8 0  (1977).
[19] D. J. Lundell and A. N. Glazer, J. Biol. Chem. 256, 

12600-12606 (1981).


