
Biochimica et Biophysica Acta, 767 (1984) 451-459 451 
Elsevier 

BBA 41619 

SPECIFICITY OF ENERGY TRANSFER TO PHOTOSYSTEM II BY IN VITRO 
REASSOCIATED HOMOLOGOUS AND HETEROLOGOUS MEMBRANE-BOUND 
PHYCOBILISOMES 

DIANA KIRILOVSKY, NELLY LAVINTMAN, DVORAH ISH-SHALOM and ITZHAK OHAD 

Department of Biological Chemistry, Institute of Life Sciences, The Hebrew University of Jerusalem, 91904 Jerusalem 
(lsrael) 

(Received February 13th, 1984) 
(Revised manuscript received May 29th, 1984) 

Key words: Phycobilisome," Energy transfer; Photosystem II; (Bacteria) 

In a previous publication we have reported the in vitro reassociation of phycobiliproteins with thylakoids of 
Fremyella diplosiphon to form homologous, functional, membrane-bound phycobilisomes (Kirilovsky, D., 
Kessel, M. and Ohad, I (1983) Biochim. Biophys. Acta 724, 416-426). In the present work, using the same 
experimental system, we demonstrate the in vitro formation of heterologous, membrane-bound phycobili- 
somes. Analysis of phycobiliprotein association and binding curves disclosed two types of binding sites: 
specific sites which allow energy transfer to Photosystem II and non-specific sites which become occupied 
only after saturation of the Photosystem II specific sites. Binding to non-specific sites does not result in 
energy transfer. Both types of sites are present o n  cyanophyte thylakoids. Thylakoids of eukaryotic 
chloroplasts such as those of Chlamydomonas reinlmrdtii or Euglena gracilis can bind phycobiliproteins which 
reassociate to form intact membrane-bound phycobilisomes. However, only non-specific binding occurs in 
such heterologous systems. Limited proteolysis of membrane-bound phycobilisomes results in a rapid loss of 
the 94-95 kDa polypeptide assumed to be required for binding and energy transfer (Redlinger, T. and Gantt, 
E. (1982) Proc. Natl. Acad. Sci. USA 79, 5542-5546). Phycobilisomes lacking this polypeptide cannot bind 
to either specific or non-specific sites. Based on these results, we conclude that the 94-95 kDa polypeptide is 
required for the association of the phycobilisomes to both homologous and heterologous membranes; 
however, additional factors within the Photosystem II unit of cyanophytes are also required for establishing 
energy transfer. 

Introduction 

During recent years a wealth of information has 
been accumulated on the composition, structure 
and mode of assembly of phycobiliproteins form- 
ing the major light harvesting antenna of Photo- 
system II of cyanophyte thylakoids, the phyco- 

Abbreviations: PMSF, phenylmethylsulfonyl fluoride; DCIP, 
2,6-dichlorophenolindophenol; LDS, lithium dodecyl sulfate. 

bilisomes [1-4]. The primary sequence of 
phycoerythrin, phycocyanin and allophycocyanin 
from various sources has been elucidated [5-8], 
and in vitro reconstitution of phycoerythrin, 
phycocyanin and allophycocyanin complexes as 
well as complete assembly of homologous and 
heterologous phycobilisomes has been achieved 
[9-14]. The results of such experiments have dem- 
onstrated that linkers or 'colorless' polypeptides 
are essential in the assembly of the phycobilisomes 
[11,13-17]. Also, there are indications that a 90-95 
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kDa polypeptide is required for binding and en- 
ergy transfer from phycobilisomes to the mem- 
brane [18-20]. 

As opposed to the impressive progress made in 
the understanding of structure-function relation- 
ship in phycobilisome assembly, only limited in- 
formation is available concerning the mechanism 
of phycobilisome binding to the membrane, the 
specificity of association with Photosystem II, and 
the identification of the polypeptide(s) involved in 
the specific binding and mechanism of energy 
transfer. A membrane-bound phycobilisome com- 
plex (MP) from Anabaena variabilis has been iso- 
lated and characterized by Katoh and Gantt [21]. 
Successful isolation, dissociation and in vitro reas- 
sociation of such a complex from Fremyella di- 
plosiphon has recently been reported by Kirilovsky 
et al. [22]. In the present work the specificity of 
binding and energy transfer as well as the role of 
the 94 kDa polypeptide in this process was in- 
vestigated, using homologous and heterologous 
complexes formed by in vitro reassociation of 
phycobiliproteins and thylakoids of different 
cyanophytes and of unicellular phycobilisome-less 
algae in which a chlorophyll a, b-protein complex 
serves as the main light-harvesting antenna. 

Materials and Methods 

Algae 
Fremyella diplosiphon and Anabaena variabilis 

were grown at 26 o C in the mineral medium de- 
scribed by Hughes et al. [23], as modified by Allen 
[24]. The culture of these algae was as previously 
described [22]. For growth of F. diplosiphon green 
or red light was used, while A. variabilis was grown 
in white fluorescent light. 

Chlamydomonas reinhardtii y-1 cells were grown 
in semicontinuous cell culturing apparatus with 
acetate as a carbon source [25]. Euglena gracilis Z 
was grown as reported by Gurevitz et al. [26]. 

In vitro reassociation and trypsin treatment of 
phycobilisome-membrane complexes 

Isolation of the phycobilisome-membrane com- 
plexes and reassociation experiments were carried 
out as described before [22]. Phycobilisome-mem- 
brane complexes in 0.3 M Na citrate and 0.5 M 
potassium phosphate buffer, pH 7.0 (0.2 mg chlo- 

rophyll/ml), were treated with bovine pancreas 
trypsin (type XI, 0.015 mg/ml) at 10°C. The 
reaction was stopped by the addition of 1 mM 
phenylmethylsulfonylfluoride (PMSF) and 0.06 
mg/ml soybean trypsin inhibitor at different times. 

Measurement of fluorescence emission spectra and 
photosynthetic activities 

Room temperature spectra were recorded using 
a Perkin-Elmer spectrofluorimeter, model MPF4. 
The excitation was at 380 nm. Measurements of 
Photosystem II activity were carried out spectro- 
photometrically using diphenylcarbazide as an 
electron donor and 2,6-dichlorophenolindophenol 
(DCIP) as an electron acceptor [27]. 

Analysis of polypeptide pattern 
Lithium dodecyl sulfate (LDS) polyacrylamide 

gel electrophoresis was carried out at 4°C, using 
14% gel for isolated phycobilisomes, as described 
by Delepelaire and Chua [28]. 

Chlorophyll and phycobiliprotein concentra- 
tions were quantitated from absorption measure- 
ments according to the method of Bennett and 
Bogorad [29]. 

Results 

Formation of hybrid membrane-bound phycobilisome 
complexes between phycobiliproteins and thylakoids 
of various cyanophytes 

It has previously been reported that a mixture 
of phycobiliproteins obtained by dissociation of 
phycobilisomes in low salt concentrations can re- 
associate with isolated thylakoid membranes to 
form functional membrane-bound phycobilisomes 
[22]. Formation of hybrid complexes, using differ- 
ent phycobiliproteins and membranes from vari- 
ous cyanophyte species could also be obtained by 
the same procedure. The complexes formed by 
gradual increase in the salt concentration during 
2.5 h of dialysis of appropriate mixtures of 
phycobiliproteins and membranes against 0.5 M 
phosphate buffer and 0.3 M sodium citrate, could 
be separated from the dialysis mixture by centrifu- 
gation on a linear sucrose gradient prepared in the 
same buffer. The sedimentation pattern of such 
hybrid complexes formed from F. diplosiphon or A. 
variabilis phycobiliproteins with membranes from 



453 

7:: 20 

~:~ IC 

A 

5 I0 15 20 25 30 
mg PE / mg Chl 

u 

o o 

mgPC / m g  Chl 

Fig. 1. Reassociation of phycobiliproteins and thylakoid mem- 
branes in homologous and heterologous systems as a function 
of their relative concentration in the reassociation mixture. 
Mixtures of phycobiliproteins and thylakoids, in which the 
phycobiliprotein concentration was kept constant and that of 
the membranes varied, were dialysed as described in Materials 
and Methods. The resulting phycobilisome-membrane com- 
plexes were isolated, and the ratio phycoerythrin/chlorophyll a 
or phycocyanin/chlorophyll a in the complexes was estimated. 
(A) F. diplosiphon phycobilisomes associated to F. diplo- 
siphon membranes (O O); A. oariabilis membranes 
( O ~ O ) ;  and C. reinhardtii membranes (A A). 
(Chlorophyll concentration was 0.02-0.3 mg chlorophyll a /ml ,  
and phycoerythrin concentration was 0.6 mg/ml.  PE, 
phycoerythrin. (B) A. oariabilis phycobilisomes associated to A. 
oariabilis membranes (O .O) and F. diplosiphon mem- 
branes (O O). Membrane concentration was 0.012-0.6 
mg chlorophyU/ml; phycobiliprotein concentration was 0.3 mg 
phycocyanin/ml. 

A. variabilis or F. diplosiphon, respectively, showed 
the presence of a major band at apparent buoyant 
densities corresponding to between 28 and 35% 
sucrose, containing all the mebranes and at least 
85% of the phycobiliproteins initially present in 
the reassociation mixture. The residual phycobi- 
liproteins remained on top of the gradient. 

Examination of room temperature fluorescence 
emission spectra of hybrid complexes showed the 
usual emission pattern characterized by peaks at 
660 and 680 nm, as expected for native mem- 

brane-bound phycobilisomes. No emission of free 
or dissociated phycobiliproteins was detected. 

Titration curves in which the amount of bound 
phycobiliproteins is measured as a function of the 
relative concentration of phycobiliproteins and 
membranes in the reassociation mixture, are shown 
in Fig. 1. In these experiments the phycobili- 
protein concentration (measured as mg phyco- 
erythrin or phycocyanin/ml) was kept constant, 
while that of the membranes (measured as mg 
chlorophyll a/ml) was varied. The results show 
that membranes of A. variabilis bind larger 
amounts of phycobiliproteins than those of F. 
diplosiphon, regardless of the source of phycobi- 
liproteins. However, the total amount of phycobi- 
liproteins bound/mg chlorophyll a was slightly 
higher when phycobil isomes containing 
phycoerythrin were used. 

The ratio phycoerythrin to allophycocyanin in 
the reassociation mixtures containing F. diplosi- 
phon phycobiliproteins was about 3:1. However, 
this ratio was found to be 5 or more in the bound 
reassociated complexes formed in reassociated 
mixtures containing limiting amounts of mem- 
branes (i.e., high ratio phycobiliprotein/mem- 
brane). The ratio phycocyanin to allophycocyanin 
in the reassociation mixtures containing A. 
variabilis phycobiliproteins was 2 : 1. The reassoci- 
ated phycobilisomes formed in the presence of 
limiting amounts of membranes exhibited a higher 
ratio of phycocyanin to allophycocyanin (3:1). 
These results indicate that under conditions in 
which the membranes are the limiting factor, ex- 
cess amounts of phycoerythrin or phycocyanin are 
attached to the phycobilisome-membrane complex 
(Fig. 1). 

The stability of the reassociated complexes was 
also tested by measurements of their dissociation 
as a function of reducing the salt concentration 
(Fig. 2). The dissociation pattern of native com- 
plexes of A. variabilis or F.. diplosiphon are shown 
in Fig. 2A. The dissociation pattern of the reasso- 
ciated homologous complex of A. variabilis is simi- 
lar to that of the native one (Fig. 2B). The dissoci- 
ation pattern of F. diplosiphon complexes indicates 
that both the native (Fig. 2A) and the reassociated 
complexes (Fig. 2B) are less stable than those of A. 
variabilis. In reassociated complexes the stability 
appears to be dictated by the properties of the 
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Fig. 2. Dissociation of native and in vitro reassociated homol- 
ogous or heterologous phycobilisome-membrane complexes as 
a function of phosphate citrate buffer concentration. The dif- 
ferent complexes were incubated in various concentrations of 
buffer for 15 rain, and the ratio fluorescence 680/660 nm 
(chlorophyll/allophycocyanin) at room temperature was re- 
corded. (A) Native complex of A. variabilis (El El), F. 
diplosiphon grown in green light (O ©) and grown in 
red light (a zx). (B) Reassociated complexes with mem- 
branes and phycobilisomes of A. variabilis (n n) mem- 
branes and phycobiliproteins of F. diplosiphon containing 
phycoerythrin (O e )  and A. variabilis membranes associ- 
ated with phycobilisomes of F. diplosiphon (© ©). 

phycobiliproteins and not by those of the mem- 
branes. 

Energy transfer in homologous and heterologous 
complexes 

In order to test the ability of reassociated heter- 
ologous complexes containing phycoerythrin to 
transfer energy to Photosystem II, the ratio of 
Photosystem II activity elicited by phycoerythrin 
absorbed light (560 nm) to that elicited by chloro- 
phyll a absorbed light (665 nm) was measured [22]. 
The results show that energy transfer to photosys- 
tem II from F. diplosiphon phycobilisomes reasso- 
ciated with A. oariabilis membranes is lower than 
that obtained for homologous complexes (Fig. 3A). 
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Fig. 3. Energy transfer from phycobilisome to Photosystem II 
in reassociated homologous and heterologous systems. (A) 
Phycobiliproteins of F. diplosiphon (grown in gree light) reasso- 
ciated with F. diplosiphon (O O) or A. variabilis 
(zx zx) thylakoids; ( t)  native complex of F. diplosiphon. 
(B) Phycobiliproteins of A. variabilis reassociated to A. variabi- 
lis (zx zx) or F. diplosiphon thylakoids (O O); 
native complex of A. variabilis (A). 

A plateau is reached in energy transfer when the 
ratio of bound phycoerythrin to chlorophyll a is 
about 10 mg/mg in both complexes (Fig. 3A). 

When A. variabilis phycobiliproteins were reas- 
sociated to F. diplosiphon membranes, energy 
transfer was similar to that obtained in the homol- 
ogous complex containing A. variabilis phycobi- 
liproteins and membranes at equal ratios of 
phycoerythrin bound/chlorophyll a (Fig. 3B). 
However, in the range of phycobiliprotein con- 
centration used, no plateau of energy transfer was 
reached for complexes containing A. uariabilis 
phycobiliproteins. Energy transfer increased with 
the amount of phycobiliproteins used, almost to 
the point of saturation of phycobiliprotein bind- 
ing, indicating that in these complexes there is less 
non-specific binding as compared to the situation 
obtained when F. diplosiphon phycobiliproteins 
were used (compare Fig. 3A with 3B). 

Energy transfer from phycobiliproteins of F. 
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TABLE I 

E N E R G Y  T R A N S F E R  F R O M  FREMYELLA DIPLOSIPHON PHYCOBILISOMES TO PHOTOSYSTEM II IN HETEROLO-  
GOUS REASSOCIATED COMPLEXES 

PE, phycoerythrin; Chl, chlorophyll; MP, membrane-bound phycobilisomes. 

Experimental system Activity (/~mol DCIP Activity 
r educed /mg  Chl per h) ratio 

Excitation Excitation 560 n m /  
665 n m  560 nm > 665 nm 

mg PE b o u n d / m g  Chl a 

A. variabilis membranes  7.1 119 0.06 - 
MP 33.7 134.8 0.25 6 

Pseudosynechococcus a membranes  10.1 72.2 0.14 - 
MP 23.6 84.4 0.28 5.2 

Pseudanabaena a membranes  5.35 71.4 0.075 - 
MP 16.5 82.7 0.2 8 

Phycobilisomeless mutan t  of membranes  8.14 90.5 0.09 - 
F. diplosiphon MP 21.2 92.3 0.23 8 
C. reinhardtii membranes  35 145.8 0.24 - 

MP 29.9 130 0.23 6 
E. gracilis membranes  12.2 81.3 0.15 - 

MP 11.5 82.2 0.14 5 

a These cyanophytes were isolated from the Dead Sea by Dr. A. Oren. 

diplosiphon to Photosystem II in the heterologous 
complexes occurred also when the membranes used 
were obtained from a phycobilisome-less mutant 
of F. diplosiphon as well as from Pseudanabaena 
and Pseudosynechococcus (Table I). 

Binding of phycobiliproteins to membranes from 
green algae 

In order to test the ability of phycobilisomes to 
transfer energy to photosynthetic membranes 
which do not contain phycobilisomes in situ, ex- 
periments were carried out in which F. diplosiphon 
phycobiliproteins were reassociated to C. rein- 
hardtii and E. gracilis thylakoids. Membrane- 
bound phycobilisomes were obtained, as ascer- 
tained by examination of their sedimentation pat- 
tern in sucrose gradients which could resolve dis- 
sociated phycobiliproteins from free phycobili- 
some membranes and membrane-bound phyco- 
bilisomes (Fig. 4, see also gel.  22). Room-temper- 
ature fluorescence-emission spectrum (Fig. 5) 
showed the presence of the phycobilisomes' char- 
acteristic 660 nm emission peak. Binding of 
phycobiliproteins to C. reinhardtii thylakoids as a 
function of their relative concentration is shown in 
Fig. 1. As opposed to the ability of reassociated 

phycobiliproteins of heterologous complexes to 
transfer energy to membranes obtained from 
cyanophytes, no energy transfer to Photosystem II 
was observed in heterologous complexes contain- 
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Fig. 4. Analysis by sucrose density gradient centrifugation of 
various preparations of in vitro associated phycobiliproteins 
and membranes.  F. diplosiphon phycobilisomes associated with 
(1) C reinhardtii or (4) F. diplosiphon membranes;  (2) C 
reinhardtii membranes;  (3) reassociated phycobilisomes of F. 
diplosiphon. DP, dissociated phycobilisomes; M, membranes;  
MP, phycobil isome-membrane complex, PB, intact phycobili- 
somes. 
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Fig. 5. Fluorescence emission spectra of F. diplosiphon mem- 
branes ( ) of C. reinhardtii membranes ( . . . . .  ), and of 
F. diplosiphon phycobiliproteins associated to F. diplosiphon 
membranes ( - - - - - )  or C. reinhardtii membranes ( . . . . . .  ). 
The chlorophyll concentration was 10 # g /ml  and the excitation 
was 380 nm. 

ing C. reinhardtii or E. gracilis membranes (Table 
I). 

Effect of trypsinization on binding of phycobi- 
liproteins to thylakoid membranes 

Trypsin treatment of native membrane-bound 
phycobilisomes resulted in their gradual dissocia- 
tion from the membranes and release of phyco- 
bilisomes in which the characteristic fluorescence 
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Fig. 6. Fluorescence emission spectra of phycobilisomes re- 
leased from membrane-bound complexes following trypsin 
treatment of native complexes. The released phycobilisomes 
were separated from the rest of the complex by centrifugation 
(80000xg,  10 min at 5°C) after 3 min ( - - - - - - ) ,  15 min, 
( . . . . . .  ) and 120 rain ( . . . . .  ) of trypsin incubation. ( ) 
Fluorescence emission spectrum of reassociated phycobilisomes 

emission band at 680 nm is reduced, while the 650 
nm emission band is increased (Fig. 6). 

Dissociated phycobiliproteins obtained from a 
membrane-bound phycobilisome complex treated 
with trypsin for increasing periods of time, gradu- 
ally lost their ability to reassociate and form func- 

TABLE II 

DISSOCIATION AND REASSOCIATION OF MEMBRANE-BOUND PHYCOBILISOMES FOLLOWING TRYPSIN TREAT- 
MENT 

Native Fremyella diplosiphon membrane-bound phycobilisome complexes were treated with trypsin, as indicated. At various times, 
aliquots were taken and the residual membrane-bound phycobilisomes were isolated by centrifugation (A); the residual trypsin treated 
samples were dissociated and reassociated as described in Materials and Methods, and the reassociated membrane-bound phycobili- 
somes were isolated by centrifugation (B). PS II, Photosystem II; PE, phycoerythrin; Chl, chlorophyll. 

Time of A B 
trypsin Native phycobilisome-membrane Reassociated phycobilisome-membrane 
incuba- complex complexes after trypsin treatment 
tion 

PE bound/Chl  a PS II activity PE bound/Chl  a PS II activity (rain) 
(mg/mg) ratio: 560/665 (mg/mg) ratio: 560/665 

0 8.2 0.59 7.2 0.47 
15 3.2 0.41 2.7 0.27 
30 3.1 0.36 2.8 0.29 

120 2.3 0.32 2.6 0.26 
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tions were as in Table II. 

tional membrane-bound phycobilisomes. The re- 
sidual energy-transfer activity of these trypsin- 
treated complexes was proportional to the fraction 
of reassociated phycobilisomes in both native and 
reassociated complexes (Table II). An examination 
of the polypeptide pattern of reisolated phycobi- 
liproteins obtained from trypsin-treated complexes 
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Fig. 8. Effect of trypsin treatment on membrane-bound 
phycobilisome complexes. Dissociation of the native F. diplosi- 
phon phycobilisome-membrane complex as a function of tryp- 
sin incubation (e e); reassociation of the phyco- 
biliprotein obtained from trypsin-treated iv. ̀  diplosiphon com- 
plexes for various time periods to F. diplosiphon (zx zx) or 
to C. reinhardtii ( 0  O) membranes. 
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showed an initial loss of the 94-95 kDa poly- 
peptide, followed by a gradual degradation of the 
27 kDa polypeptide and the appearance of lower 
apparent molecular weight degradation products 
(Fig. 7). Trypsin treatment of isolated thylakoids 
did not prevent their ability to bind phyco- 
biliproteins and form energy-transferring mem- 
brane-bound phycobilisomes. No significant 
changes in the thylakoid polypeptide pattern of 
trypsin-treated membranes were observed (data 
not shown). 

Gradual loss of the 94-95 kDa polypeptide due 
to progressive trypsinization prevented reassocia- 
tion of the phycobiliproteins to both cyanophytes 
and C. reinhardtii membranes (Fig. 8). 

Discussion 

In a previous work we have demonstrated that 
dissociated phycobiliproteins can be reassociated 
in vitro, in the presence of isolated homologous 
thylakoids, to form functional membrane-bound 
phycobilisomes [22]. The reassociated complex was 
similar to the native complex from which the 
phycobiliproteins and membranes were derived in 
terms of its spectroscopic properties, specificity of 
energy transfer to Photosystem II, polypeptide 
composition and structure, as observed by electron 
microscopy. Analysis of reassociation and binding 
of phycobiliproteins and membranes as a function 
of their relative concentration revealed two types 
of phycobilisome binding i.e., binding to sites 
specific for Photosystem II resulting in functional 
association, and non-specific binding whereby 
phycobilisomes can attach to the membranes but 
do not trasfer energy either to Photosystem II or I 
[221. 

These results prompted us to asses whether 
specific binding could also be obtained in heterol- 
ogous systems in which the phycobiliproteins and 
thylakoids used would be obtained from different 
cyanophytes. The data obtained here demonstrate 
that assembly and specific binding of phycobili- 
somes to Photosystem II can also occur in heterol- 
ogous systems, exhibiting properties quite similar 
to those of native or homologous systems, as de- 
scribed before [22]. 

The density of the specific Photosystem II bind- 
ing sites varies in different membranes. Thus, A. 
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variabilis thylakoids bind more functional phyco- 
bilisomes, both homologous and heterologous, than 
F. diplosiphon thylakoids. The amount of phyco- 
bilisomes bound is also affected by the presence of 
phycoerythrin which seems to increase the amount 
of non-specific binding. This seems to be due to 
the hydrophobicity of phycoerythrin [20] which 
might interact by hydrophobic non-specific bonds, 
either with the hydrophobic phase of the mem- 
brane or with other membrane-bound phycobili- 
somes. 

The stability of the phycobilisome-membrane 
association in low salt concentration is somewhat 
lower in reassociated complexes as compared with 
native ones. The dissociation pattern of heterolo- 
gous complexes as a function of lowering the salt 
concentration seems to be influenced primarily by 
the phycobilisome's origin rather than by that of 
the binding membrane. However, at the usual 
phosphate-citrate buffer concentration of 0.5 and 
0.3 M, respectively [22], both the homologous and 
heterologous complexes are stable and transfer 
energy to Photosystem II in a way comparable to 
that of the native homologous complexes. 

As previously demonstrated for the homologous 
complexes [22], non-specific binding also occurs in 
heterologous complexes after saturation of the 
specific binding sites. However, when the 
thylakoids used for the reassociation experiments 
are derived from organisms in which a chlorophyll 
a,b-protein complex serves as the major 
light-harvesting antenna of Photosystem II, only 
non-specific binding can be detected. 

It has been reported earlier that binding of 
phycobilisomes to Photosystem II and energy 
transfer require the presence of a 94-95 kDa poly- 
peptide [17-20], which is a constituent of the 
phycobilisome and might appear in the thylakoids 
as well [19]. The results presented here clearly 
demonstrate that while the presence of this poly- 
peptide is required for the binding of phycobili- 
some to the membranes, it is not sufficient for the 
formation of the specific link and energy transfer 
to Photosystem II. Thus, mild trypsin treatment 
which causes a rapid degradation of this poly- 
peptide in phycobilisome-membrane complexes, 
releases intact phycobilisomes (see also Ref. 31). 
Phycobilisomes in which the 94-95 kDa poly- 
peptide has been degraded by proteolysis cannot 

bind again to intact thylakoids of either homol- 
ogous or heterologous cyanophytes or thylakoids 
from algae such as C. reinhardtii in which only 
non-specific binding occurs. 

It should be noted that energy transfer to Pho- 
tosystem II of the latter membranes does not 
occur, even if this polypeptide is intact and present 
in the normal amount in the reassociated phyco- 
bilisome. Based on these results, we conclude that 
the formation of a Photosystem II specific binding 
site for energy transfer requires the presence of 
additional polypeptide(s) characteristic of the Pho- 
tosystem II complex of thylakoids from organisms 
which usually contain phycobilisomes and which 
are yet to be identified. The fact that mild trypsin 
treatment of the phycobilisome-membrane com- 
plex sufficient to degrade the 94-95 kDa poly- 
peptide does not affect the membrane, suggests 
that such components, if present, are not available 
to proteolysis under these experimental conditions. 
The possibility should also be considered that the 
presence of the light harvesting chlorophyll a,b- 
protein complex in green algal thylakoids, whose 
partially surface-exposed polypeptides are hydro- 
philic and charged [32,33], might prevent the hy- 
drophobic interaction between the 94-95 kDa 
polypeptide of the phycobilisome and the core 
antenna reaction center II complex, which is buried 
in the membrane [34]. If this were the case, energy 
transfer might occur from phycobilisomes to iso- 
lated photosystem II particles lacking the light- 
harvesting complex. Experiments designed to test 
this possibility are now in progress. 

An additional aspect of the results presented in 
this work is related to the composition of the 
reassociated phycobilisomes formed at various rel- 
ative concentration ratios of phycobiliproteins and 
thylakoids. In reassociation conditions in which 
the thylakoids were present at limiting concentra- 
tions relative to phycobiliproteins, a higher ratio of 
phycoerythrin or phycocyanin to allophycocyanin 
was found in the reassociated complex than in the 
original phycobiliprotein mixture used for reas- 
sociation. Assuming that the amount of 94-95 
kDa polypeptide and aUophycocyanin bound, 
which form the core of phycobilisomes, is limited 
by the binding sites on the membrane, one would 
expect that in mixtures containing excess amounts 
of phycobiliproteins relative to the membranes, 



phycobilisomes will be formed with larger amounts 
of phycocyanin or phycoerythrin, thus resulting in 
higher ratios of phycoerythrin or phycocyanin to 
chlorophyll a than in the native complex. Addition 
of phycoerythrin alone to already formed phyco- 
bilisomes containing only phycocyanin and al- 
lophycocyanin might occur during the early phase 
of the chromatic adaptation process in F. diplosi- 
phon. It was reported before that a significant 
increase in the ratio phycoerythrin/phycocyanin 
could be detected within 5-7 h following transfer 
of cells grown in red light to green light [35]. 
Under these conditions, no detectable increase 
could be observed in the total content of phyco- 
cyanin or chlorophyll a of the cultures. Further- 
more, the newly formed phycoerythrin was in- 
tegrated into functional phycobilisomes, as ascer- 
tained by measurements of fluorescence excita- 
tion-emission spectra (Kirilowsky, D. and Ohad, 
I., unpublished data). Hence, the in vitro reassoci- 
ation experimental system desribed here might 
mimic to some extent the process of in vivo assem- 
bly of phycobilisomes. Whether the 'large' phyco- 
bilisomes containing excess phycocyanin or 
phycoerythrin are evenly distributed between 
specific and non-specific binding sites, or are 
bound only to one of these two types of sites, 
cannot yet be decided on the basis of the data 
available so far. Experiments aimed towards 
elucidating these questions are now under way. 

Acknowledgements 

This work was supported by an Ernst Bergman 
Foundation award from the Authority for Re- 
search and Development of The Hebrew Univer- 
sity of Jerusalem. We wish to thank Dr. G. 
Cohen-Bazire (Institut Pasteur, France) for pro- 
viding us with a phycobilisome-less mutant of 
Fremyella diplosiphon, and Dr. Aaron Oren 
(Marine Microbiology, Hebrew University) for 
providing us with Pseudanabanena and Pseudosyn- 
echococcus. 

References 

1 Bogorad, L. (1975) Annu. Rev. Plant Physiol. 26, 369-401 
2 Gantt, E. (1981) Annu. Rev. Plant Physiol. 32, 327-347 
3 Glazer, A.N. (1981) in The Biochemistry of Plants (Hatch, 

M.D. and Boardman, N.K., eds.), Vol. 8, pp. 51-96, 
Academic Press, New York 

459 

4 Cohen-Bazire, G. and Bryant, D.A. (1982) in Botanical 
Monographs, Vol. 19, The Biology of Cyanobacteria (Carr, 
N.G. and Whitton, B.A., eds.), pp. 125-141, Blackwell 
Publications, Oxford 

5 Glazer, A.N., Apell, G.S., Hixson, C.S., Bryant, D.A., 
Rimon, S. and Brown, D.M. (1976) Proc. Natl. Acad. Sci. 
USA 73, 428-431 

6 Brown, A.S. and Troxler, R.F. (1977) Biochem. J. 163, 
571-581 

7 Frank, G., Sidler, W., Widner, H. and Zuber, H. (1978) 
Hoppe-Seyler's Z. Physiol. Chem. 359, 1491-1507 

8 Muckle, G., Otto, J. and Ri~diger, W. (1978) Hoppe-Seyler's 
Z. Physiol. Chem. 359, 345-355 

9 Koller, K.P., Wehermeyer, W. and M6rschel, E. (1978) Eur. 
J. Biochem. 91, 57-63 

10 Bryant, D.A., Glazer, A.N. and Eiserling, F. (1976) Arch. 
Microbiol. 110, 61-74 

11 Lundell, D.J., Williams, R.C. and Glazer, A.N. (1981) J. 
Biol. Chem. 256, 3580-3592 

12 Canaani, O., Lipschultz, C. and Gantt, E. (1980) FEBS 
Lett. 115, 225-229 

13 Glick, R.E. and Zilinskas, B.A. (1982) Plant Physiol. 69, 
991-997 

14 Canaani, O. and Gantt, E. (1982) Proc. Natl. Acad. Sci. 
USA 79, 5277-5281 

15 Gingrich, J., Williams, C. and Glazer, A.N. (1982) J. Cell 
Biol. 95, 170-178 

16 Myeong, H.Y. and Glazer, A.N. (1982) J. Biol. Chem. 257, 
3429-3433 

17 Zilinskas, B.A. Howell, D. (1983) Plant Physiol. 71,379-387 
18 Zilinskas, B.A. (1982) Plant Physiol. 70, 1055-1059 
19 Redlinger, T. and Gantt, E. (1982) Proc. Natl. Acad. Sci. 

USA 79, 5542-5546 
20 M6rschel, E. (1982) Planta 154, 251-258 
21 Katoh, T. and Gantt, E. (1979) Biochim. Biophys. Acta 546, 

383-393 
22 Kirilovsky, D., Kessel, M. and Ohad, I. (1983) Biochim. 

Biophys. Acta 724, 416-426 
23 Hughes, E.O., Gorman, P.R. and Zehnder, A. (1958) Can. J. 

Microbiol. 4, 225-236 
24 Allen, M.M. (1968) J. Physiol. 4, 1-4 
25 Ohad, I., Siekevitz, P. and Palade, G.E. (1967) J. Cell Biol. 

35, 553-584 
26 Gurevitz, M., Kratz, H. and Ohad, I. (1977) Biochim. 

Biophys. Acta 461,475-488 
27 Bar-Nun, S. and Ohad, I. (1977) Plant Physiol. 59, 161-166 
28 Delepelaire, P. and Chua, N.H. (1982) J. Biol. Chem. 256, 

9300-9307 
29 Bennett, A. and Bogorad, L. (1973) J. Cell Biol. 58, 419-435 
30 Rosengren, J., Phl-dman, S., Glad, M. and Hjerten, S. (1975) 

Biochim. Biophys. Acta 412, 51-61 
31 Hiller, R.G., Post, A. and Stewart, A.C. (1983) FEBS Lett. 

156, 180-184 
32 Bennett, J. (1983) Biochem. J. 212, 1-13 
33 Staehelin, L.A. and Arntzen, C.J. (1983) J. Cell Biol. 97, 

1327-1337 
34 Regitz, G. and Ohad, I. (1976) J. Biol. Chem. 251,247-252 
35 Gendel, S., Ohad, I. and Bogorad, L. (1979) Plant Physiol. 

64, 786-790 


