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Summary 

Photosynthet ical ly active vesicles with attached phycobil isomes from 
Anabaena variabilis, were isolated and shown to transfer excitation energy from 
phycobil iproteins to F696 chlorophyll  (Photosystem II). The best results were 
obtained when cells were disrupted in a sucrose/phosphate/ci trate mixture 
(0.3 : 0.5 : 0.3 M, respectively) containing 1.5% serum albumin. The vesicles 
showed a phycocyanin/chlorophyl l  ratio essentially identical to that of  whole 
cells, and oxygen evolution rates of  250 umol O:/h per mg chlorophyll  (with 
4 mM ferricyanide added as oxidant),  whereas whole cells had rates of  up to 
450. Excitation of  the vesicles by 600 nm light produced fluorescence peaks 
(--196°C) at 6 4 4 , 6 6 2 , 6 8 5 ,  695, and 730 nm. On aging of  the vesicles, or upon 
dilution, the fluorescence yield of  the 695 nm emission peak gradually decreased 
with an accompanying increase and final predominant  peak at 685 nm. This 
shift was accompanied by a decrease in the quantum efficiency of  Photosystem 
II activity from an initial 0.05 to as low as 0.01 mol O~/einstein (605 nm), with 
a lesser change in the Vmax values. The decrease in the quantum efficiency is 
mainly at t r ibuted to excitation uncoupling between phycobil isomes and 
Photosystem II. It is concluded that  the F685 nm emission peak, often exclu- 
sively at tr ibuted to Photosystem II chlorophyll,  arises from more than one 
componen t  with phycobil isome emission being a major contributor.  Vesicles 
from which phycobil isomes had been removed, as verified by electron micro- 
scopy and spectroscopy,  had an almost negligible emission at 685 nm. 

* Present address: Department  of  Botany,  Faculty of  Science,  Kyoto  University, Kita-Shirakawa, Kyoto  
606, Japan. 

Abbreviations: DCIP, 2 ,6-dichlorophenol  indophenol ;  PS I, PS If, Photosystem I and II, respectively;  
Chl, chlorophyl l .  
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Introduction 

The photosynthet ic  apparatus of  blue-green algae is characteristically differ- 
ent from those of  higher plants in that  the former is much more fragile than the 
latter when isolated in aqueous media. Suspension of  the thylakoids of  blue- 
green algae in conventional sucrose media, such as applied for isolating chloro- 
plasts, has generally resulted in a release of  phycobiliproteins and a loss of  
photosys tem II (PS II) activity. In past studies on the photosynthet ic  apparatus 
of  blue-green algae, efforts were focused on isolating photochemically active 
membrane preparations [1--9] and little at tention was paid to the integrity of  
phycobil iproteins even though these pigments are the major light harvesters in 
these algae [10,11].  

Recent  work from this laboratory has revealed that  the phycobil isomes of  
various blue-green and red algae can be isolated in their intact form using high 
concentrat ion of  phosphate buffer [12,13].  These conditions, however, were 
not  suitable for preparation of  active phycobil isome vesicles, and this necessi- 
tated our a t tempts  in finding conditions whereby active preparations could be 
obtained.  Here we describe the isolation of  active vesicles and the correlation 
between efficient transfer of excitation energy absorbed by phycobiliproteins 
to chlorophyll  (Chl), and high electron transfer rates in these preparations. 

Materials and Methods 

Anabaena variabilis, strain M3, IAM Collection, University of  Tokyo,  were 
grown in an inorganic medium {medium I) [14] at 30°C supplied with 5% COs 
and air. Continuous illumination was provided by fluorescent lamps at a light 
intensity of  13.5 nE • cm -~ • min- ' .  

For preparation of  phycobilisome-containing vesicles, cells were collected in 
the early stationary phase, washed twice with distilled water and resuspended 
in a sucrose/phosphate mixture (0.5 : 0.1 M, respectively, pH 7.2). Lysozyme 
was added to this suspension (to 1 mg/20 ml) and allowed to react for 90 min 
(at 20°C) with gentle stirring. After this incubation the cells were collected by 
centrifugation and suspended in a mixture consisting of: sucrose/phosphate/  
citrate (0.5 : 0.5 : 0.3 M, respectively) and 1.5% bovine serum albumin at a cell 
density of  0.2--0.3 g (wet  weight)/ml. The suspension was passed through a 
chilled French press at 8000 lb/inch 2, and the disrupted cells were vigorously 
stirred at 0°C to disperse the clot which normally formed. Although DNAase 
was effective in dissolving the clot, it was no t  routinely applied since it resulted 
in vesicle preparations with lower efficiencies of  excitation transfer. Unbroken 
cells and wall layers were removed by sedimentation at 2000 × g  for 10 min. 
The vesicle fraction was subsequently collected from the supernatant by cen- 
trifugation at 10 000 × g for 20 min. The vesicle pellet was stored in the cold 
until needed, and just  before use it was rinsed and resuspended in the sucrose/ 
phosphate/ci t rate/albumin medium at room temperature.  

For  dissolving the phycobil isomes from the vesicles, freshly prepared 
vesicles, as above, were rinsed in a mixture of  0.3 M sucrose and 0.05 M phos- 
phate buffer  (pH 6.8) and stored for 2 h at 0°C. The phycocyanin and allo- 
phycocyanin content  was significantly reduced by three rinses in the same 
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mixture and centrifugation at 10 000 × g for 20 min. 
Oxygen evolution was measured with a Clark-type 02 electrode, which was 

kept  at 25°C by a circulating water-bath. The reaction mixture for Hill activity 
was composed of  the sucrose/phosphate/ci trate/albumin mixture plus potas- 
sium ferricyanide (2 mM) and potassium ferrocyanide (2 mM). For  the Mehler 
reaction, it was composed of  the sucrose/phosphate/ci trate/albumin mixture 
plus methylviologen (67 mM). For  P S I  activity, it consisted of  the sucrose/ 
phosphate/ci t rate/albumin mixture plus methylviologen (67 mM), 2,6- 
dichlorophenol indophenol (DCIP) (50/AVl), and sodium ascorbate (10 mM). 

Illumination was provided by a 1 kW xenon lamp, equipped with an 8 cm 
long (circulating) water filter. Intensity was controlled by the arc current and 
calibrated with wire screens. Irradiance was measured by a calibrated photo- 
metric sensor (Lambda Instruments Co.). 

To determine the quantum efficiency of  photosynthesis  of  phycobil iprotein 
absorption in the vesicles, the light intensity dependence of  02 evolution rates 
(V) with ferricyanide as electron acceptor  was measured under a range of  
intensities (from 1.2 to 63 nE/cm 2) at three different wavelengths: 605, 670 
and 690 nm. Measurements were completed within a 10 min time period. The 
interference filters used had the following half-bandwidths: 3 nm for the 
605 nm filter, and 10 nm for the 670- and 690-nm filters. By a modification of  
the conventional saturation curve 

labs _ KM +Iabs 
V Vmax 

the inverse of  quantum yield (Iabs/V) should be a linear function of  absorbed 
quanta (Iabs). When the values of  Iabs/V observed at different light intensities 
of  a given wavelength were plot ted against I~b~, the points generally fit a linear 
relationship giving coefficient of  determination (r 2) values greater than 0.96. 
We estimated the quantum efficiency at zero light intensity from the inverse of  
the y-intercept,  Km from the x-intercept and Vm~x from the inverse of  the 
tangent of  the curve. The fraction of  absorbed quanta was approximated from 
the difference between the transmission at the wavelength to be measured and 
at 750 nm, where vesicle preparations have only negligible absorbance. 

Chlorophyll  and phycobil iprotein contents  in the vesicles were estimated as 
in Arnon et ai. [15].  Fluorescence spectra were made in an NMR tube (4 mm 
inner diameter) and recorded on an Aminco-Bowman spectrofluorimeter in the 
standard mode,  or in the quantum emission correction mode (corrected up to 
700 nm). Bandwidths of  the excitation and emission monochromators  were 
11 nm and 2.7 nm, respectively. In the standard mode corrections were not  
made because of  the even photomultipl ier  response in the spectral range 
used. Fluorescence measurements were made at a final concentration 48 ~zg 
Chl/ml, and never above 80/~g Chl/ml. 

For  electron microscopy,  vesicles were fixed with 4--8% buffered glutaraide- 
hyde (pH 6.8) before or after applying them to the electron microscope grids. 
Fixation (5--30 min) was followed by  three rinses in distilled water and 
staining with 1% aqueous ammonium molybdate ,  or 2% phosphotungstic acid 
(both adjusted to pH 6.8). 
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Results 

Isolation conditions 
The absorption spectra of  the vesicle preparations are similar to those of  the 

whole cells from which they were derived (Fig. 1). When the vesicles, 
suspended in sucrose/phosphate/citrate/albumin medium, were excited by 
600 nm light the emission spectra at room temperature exhibited a peak at 
655 nm with a shoulder at 680 nm, while at liquid nitrogen temperature peaks 
were resolved at 644,  662,  6 8 5 , 6 9 8 ,  and 730 nm {Fig. 2). The peaks at 644 
and 662 nm are attributable to phycocyanin and allophycocyanin, respectively. 
The 698 and 730 nm have generally been assumed to originate from Photo- 
system II and I, respectively, with the 685 nm peak probably arising from 
phycobilisomes. On excitation of  chlorophyll by 435 nm light at liquid nitro- 
gen temperature, the fluorescence was predominant at 730 nm with small peaks 
at 685 nm and 695 nm. Both these patterns are very close to the corresponding 
fluorescence emission of  whole cells, but for a minor modification of  the 
695 nm peak (F696) which appeared at 695 nm in whole cells and at 698 nm 
in vesicle preparations (but also considered to be F696).  In addition, the 
730 nm fluorescence yield in vesicle preparations (--196°C) was higher than in 
whole cells. When these vesicles were suspended in a mixture of  low salt 
content,  such as buffer B of  Binder et al. [6] or the conventional sorbitol/ 
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Fig. 1. A b s o r p t i o n  spectra  ( 2 5 ° C )  at  equal  Chl c o n c e n t r a t i o n  o f  w h o l e  cel ls  ( ). and p h y c o b l l i s o m e  
ves ic les  ( . . . . . .  ), i so la ted  and s u s p e n d e d  in the  s u c r o s e / p h o s p h a t e / c i t r a t e / a l b u m i n  m e d i u m  (detai ls  in 
Materials  and M e t h o d s ) .  Ves i c l e s  ( . . . . . .  ) i so la ted  in the  buf fer  according  to  Binder et  al .  [ 6 ]  s h o w  
reduced  p h y c o b i l l p r o t e i n  absorpt ion .  

Fig. 2. F l u o r e s c e n c e  e m i s s i o n  spectra  at 2 5 ° C  ( le f t )  and - - 1 9 6 ° C  (right)  o f  w h o l e  cei ls  ( t o p )  and ves ic les  
( b o t t o m )  e x c i t e d  at  4 3 5  tun ( . . . . . .  ) and 6 0 0  n m (  ). Whole  ce l l s  w e r e  re suspended  in 0 . 0 5  M phos-  
phate  ( p H  7 . 2 )  and ves ic les  w e r e  s u s p e n d e d  in s u c r o s e / p h o s p h a t e / c i t r a t e / a l b u m i n  m e d i u m ;  in e i ther  case 
A 6 7 0  w as  b e l o w  0 . 2 .  
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Fig. 3. Effect of suspending media on fluorescence emission at 25°C ( ...... ) and at --196°C ( ) 

excited at 435 nm (top) and 600 nm (bottom). Vesicles were suspended in sucrose/phosphate/citrate/ 

albumin medium (left) or in buffer B [3] containing 10 mM Trlcine/NaOH, 10 mM MgCl 2 and 5 mM 

sodium and potassium phosphate, pH 7.8 (right). 

pyrophosphate solution used for chloroplast isolation [16], the fluorescence 
emission spectra changed instantaneously (Fig. 3). The fluorescence peak at 
655 nm, originating from uncoupled phycocyanin and allophycocyanin became 
overwhelming, a change which was not reversible when these treated vesicles 
were subsequently placed in sucrose/phosphate/citrate/albumin medium, 
reflecting the disintegration of  phycobilisome structure. However, when they 
were suspended in higher concentrations of phosphate (0.75 M) or citrate 
(0.5 M), both with added sucrose (0.5 M), the vesicles exhibited a broader peak 
around 685--695 nm. When they were subsequently placed in sucrose/phos- 
phate/water/albumin medium, the F696 nm peak was restored with a minor 
shoulder at 685 nm, providing the time interval was brief (i.e. within 15 min). 

Photochemical activity 
In the presence of  ferricyanide as electron donor, the vesicle preparations 

evolved oxygen at rates of 250 umol O2/h per mg Chl (Table I), while the photo- 

T A B L E  I 

P H O T O C H E M I C A L  A C T I V I T Y  O F  V E S I C L E  P R E P A R A T I O N S  W I T H  B O U N D  P H Y C O B I L I P R O T E I N S  

D e t a i l s  o f  i s o l a t i o n  in  M a t e r i a l s  a n d  M e t h o d s .  T h e  a c t i v i t i e s  w e r e  t e s t e d  i m m e d i a t e l y  a f t e r  5 ~1 o f  v e s i c l e s  
( 1 . 8 - - 2 . 3  m g  C h l / m l )  w e r e  s u s p e n d e d  in  1.0  m l  s u c r o s e / p h o s p h a t e / c i t r a t e / a l b u m i n  m e d i u m .  

A c t i v i t y  in :  ~ m o l  O 2 / h  p e r  m g  C h l  

H 2 0 - - f e r r i c y a n i d e  247  ± 2 2  

M e t h y l v i o l o g e n - - H 2 0  7 2  ± 13  
M e t h y l v i o l o g e n - - D P I P H  2 2 7 6  ± 14 
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T A B L E  II 

C O M P A R I S O N  OF P H O T O S Y N T H E S I S  IN W H O L E  C E L L S  A N D  H I L L  R E A C T I O N  IN V E S I C L E  PRE- 
P A R A T I O N S  Vmax,  K m AND Q U A N T U M  Y I E L D  OF O X Y G E N  E V O L U T I O N  

02  evo lu t ion  of  who le  cells was m e a s u r e d  in 0 .05  M p h o s p h a t e ,  and tha t  of  the  vesicles in sucrose /phos-  
p h a t e / c i t r a t e / a l b u m i n  m e d i u m  con ta in ing  po t a s s ium fe r r icyan ide  and po tass ium f e r rocyan ide  (2 m M  
each) .  M e a s u r e m e n t s  w e r e  c o m p l e t e d  with in  10 rain a f t e r  d i lu t ion  w i t h  s u c r o s e / p h o s p h a t e / c i t r a t e / a l b u -  
m i n  m e d i u m  to m i n i m i z e  decay  of  the  q u a n t u m  ef f ic iency  dur ing  the  m e a s u r e m e n t .  Fresh  vesicles w e r e  
s to red  und i lu t ed ,  b u t  aged vesicles were  s to red  for  4 h at  0 .48  m g  Chl /ml  (1), or  at  0 .19  m g  Chl /ml  ( I I )  
p r io r  to  m a k i n g  the  m e a s u r e m e n t s .  

Act in ic  Vma x K m Q u a n t u m  
l i g h t  (~zmol 0 2  fh per  m g  Chl) (nEabs/S pe r  c m  2) yield 
( n m )  ( too l /Eabs)  

Whole cells 605  407 2 .55  0.07 
670  412  2 .64  0 .07  
690  382  7 .00  0 .02  

Vesicles, fresh 605  190 2.89 0 .05  
670  192 2.61 0 .06  
690  182 7 .22  0 .02  

Vesicles, aged I 605  156 8.71 0 .02  
670  155 3.87 0 .04  
690  -- --  0 .02  

Vesicles, aged II 605  83 7 .60  0.01 
670  86 3 .43  0 .02  
690  76 6 .00  0.01 

synthetic rates of  the whole cells from which they were derived showed 330--  
450 lzmol O2/h per mg Chl. 

Such preparations were also capable of  catalyzing methylviologen-mediated 
oxygen uptake both  in the presence and absence of  ascorbate-reduced DCIP. 
The activity wi thout  added DCIPH2 was stable only in sucrose/phosphate/  
citrate/albumin medium and decayed rapidly in a low phosphate (0.1 M) 
medium, while the reaction with DCIPH2 showed higher stability. The activity 
wi thout  DCIPH2 would correspond to electron transport  from the O2-evolving 
site to the reducing site of  Photosystem I. 

To estimate the contr ibut ion of  phycobilisomes in these vesicles to Photo- 
system II activity, the quantum efficiency of  02 evolution rates was measured 
with ferricyanide as electron acceptor  either under the light absorbed by 
phycocyanin and al lophycocyanin (605 nm) or by chlorophyll  (670 and 690 
nm). As seen from Table II, the quantum efficiency of  freshly suspended 
vesicles is about  80% as high as of  photosynthesis  in whole cells, and the ratio 
of  the quantum efficiency with 605 nm light to that  with 690 nm light in 
the fresh vesicles (2.50) is close to the corresponding ratio in the whole cells 
(2.76). These data indicate good integrity of  the isolated vesicles, both in their 
photosynthet ic  transport  chain and in their excitation energy coupling between 
phycobflisomes and PS II chlorophyll.  

Degeneration o f  photochemical integrity in isolated vesicles 
The photochemical  activity of  the isolated vesicles does not  decrease appre- 

ciably if they are stored in the cold as a tightly packed pellet free from super- 
natant. However,  if they are rinsed with any kind of  suspending media, the 
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Fig. 4 .  E f f e c t  o f  t i m e  o f  i n c u b a t i o n  on  f l u o r e s c e n c e  e m i s s i o n  spectra  ( - - 1 9 6 ° C )  o f  p h y c o b i l i s o m e  ves ic les  
w i th  e x c i t a t i o n  at  6 0 0  n m .  T h e  ves ic les  ( 0 . 4 8  m g  Ch l /m l )  w e r e  incuba ted  in sucrose~phosphate/citrate/ 
a lbumi n  m e d i u m  for  O, 4 ,  a n d  1 4  h in th e  dark at 2 5 ° C ,  and di luted  (1 0  fo ld )  in the  s a m e  m i x t u r e  just 
prior to  be ing  recorded .  

Fig. 5. E f f e c t  o f  d i lu t ion  on  p h y c o b i l i s o m e  ves ic les  in c u b ated  in the  sucrose/phosphate/citrate/albumin 
m e d i u m  for 4 h a t  2 5 ° C  in the  dark.  C o n c e n t r a t i o n s  in rag Chl /ml :  - - . ,  0 . 9 6 ;  . . . . . .  , 0 . 4 8 ,  and 
. . . . . .  , 0 . 0 4 8  m g .  Final c o n c e n t r a t i o n  o f  all preparat ions  at  w h i c h  e m i s s i o n  ( e x c i t a t i o n  at 6 0 0  rim) was  
recorded  at 0 . 0 4 8  m g .  

photochemical  activity o f  the vesicles begins to decay. Of the various suspend- 
ing media tested, the rate of  the decay was slowest in the sucrose/phosphate/  
citrate/albumin medium. The activity also greatly decreased with time {Fig. 4) 
and was affected by the density of  the suspension (Fig. 5 and Table II). 
Lowered transfer activity was indicated by a shift in the fluorescence emission. 
The F696  nm peak, which was predominant in freshly suspended vesicles, 
decreased with time o f  incubation and a gradual shift occurred with the 
increase of  a major peak at 685 nm. The rate of  change was also affected by the 
density of  the suspension {Fig. 5) and exhibited a similar change in emission 
pattern, as with the aging vesicles. With freshly suspended vesicles, at a density 
of  0 .96 mg Chl/ml, the fluorescence pattern remained essentially unchanged 
for 4 h, whereas at 0 .048  mg Chl/ml the 685 nm peak became predominant 
during that period. The vesicles incubated for 4 h at 0 .48 mg Chl/ml showed a 
Vmax value of  156 umol  O~/h per mg Chl and quantum yield of  0 .02 mol/E 
with 605 nm light, while those incubated at 0 .19 mg Chl/ml showed a Vmax of  
82.8 umol  O2/h per mg Chl and a quantum yield of  0 .01,  suggesting that the 
changes in fluorescence emission pattern is correlated with the lowered 
efficiency of  excitation transfer from phycocyanin to PS II chlorophyll.  

Fluorescence emission o f  vesicles with and without phycobilisomes 
Photochemically active vesicles rich in phycobiliproteins can be seen to be 
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densely covered with phycobilisomes (Fig. 6A). Upon rinsing of the vesicles in 
low phosphate buffer (0.05M, and 0.3 M sucrose), the phycobilisomes 
disappeared (Fig. 6B}. Three rinses resulted in the removal of 98% of the 
phycocyanin. Removal of the phycobilisomes was correlated with a radical 
change in the fluorescence emission pattern. Excitation at 600 nm (--196°C) 
in phycobilisome-deficient vesicles showed only minor emission at 685 and 

Fig.  6 .  E l e c t r o n  m i c r o g r a p h s  o f  t h y l a k o i d  vesicles.  (A)  P h o t o s y n t h e t i c a l l y  ac t ive  phycobi l l some vesicles 
c o v e r e d  with  phycobi l l somes .  (B) Vesicles a f t e r  r e m o v a l  o f  p h l c o b i l l p r o t e l n s  b y  r in s ing  in  0 . 0 5  M phos- 
phate in  0 .3  M s u c r o s e .  ( S t a i n e d  g r a y i s h  b o d i e s  g r o u n d  vesicle  a re  g l y c o g e n - t y p e  s t o r a g e  p r o d u c t s ) .  (A)  
a n d  (B)  w e r e  f ixed  in g l u t a r a l d e h y d e  p r i o r  t o  b e i n g  s t a i n e d  w i t h  1% a m m o n i u m  m o l y b d a t e .  M a g n i f i c a t i o n  

1 3 8  0 0 0 × .  
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Fig. 7. Comparison of emission spectra (--196°C, exci ta t ion at  600 nm) of vesicles and phycobil isomes.  
(A) Photochemical ly  active phycobt l isome vesicle preparat ion.  Sample is equivalent  to Fig. 6A. (B) 
Rinsed vesicles with phycobfl isomes removed. Sample is equivalent  to  Fig. 6B. (C) Isolated phycobil i-  
somes after exhaustive e x t r a c t i o n  in acetone.  (D) Acetone-extracted phycobi l i some vesicles. (Specific 
e x t r a c t i o n  protocols  in Materials and Methods and Results). 

698 nm when compared to photochemical ly active vesicles (Fig. 7, lines A and 
B). Only the peaks of  chlorophyll  at 730 nm and of  uncoupled phycocyanin 
at 640 nm, were prominent.  

To assess the contr ibutions of  the 685 nm fluorescence emission further, 
phycobil isome vesicle preparations were exhaustively extracted with acetone 
to remove chlorophyll.  When the vesicle suspension was poured dropwise into 
90% aqueous acetone (cooled with solid CO2 to --25°C, with vigorous stirring} 
more than 99% of  const i tuent  chlorophyll  and more than 97% of  the caro- 
tenoids was extracted in the first supernatant,  leaving a blue-colored pellet. 
Upon suspending such a preparation in 0.75 M phosphate and excitation by 
600 nm light at  --196°C, it showed fluorescence emission peaks at 685 nm and 
660 nm (Fig. 7, line C). Separately isolated phycobil isomes of  this alga gave a 
similar emission pattern with a sharp peak at 685 nm (not  shown) as was also 
the case for phycobil isomes of  other  algae [17].  The 660 nm emission peak in 
the  phycobil isome preparation represents a partial uncoupling due to the treat- 
ment,  and can also be observed under dissociating conditions in phycobil isomes 
from several blue-green algae. Furthermore,  acetone-extracted phycobil isome 
vesicles (Fig. 7, line D) similarly had a major peak at 685 nm and lesser peaks at 
645 and 660 nm. The cause of  the lower 660 nm peak of  the acetone-extracted 
preparation vs. that  of  the unextracted phycobil isomes (Fig. 7, line C) is not  
known. 

Discussion 

The photosynthet ic  vesicles obtained here are distinct from other  prepara- 
tions of  blue-green algae thus far reported [1--9] in that  they have functionally 
bound phycobil isomes,  and exhibit  efficient transfer of  excitation energy from 
phycocyanin to  PS II chlorophyll  and also have high rates of  electron transport  
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activity from the O:-evolving site to the reducing site of  PS I. The quantum 
yield of  0 .05/molar  oxygen observed with 605 nm light is about  twice as high 
as the values observed in digitonin-treated vesicles of  Nostoc, free from phyco- 
bilin pigments, with 670 nm light [18]. 

The quantum efficiency with 605 and 670 nm light in whole cells and fresh 
vesicles are very close. The slightly lower value at 605 nm vs. 670 nm of  fresh 
vesicles, if significant, can probably by accounted for by a redistribution of  
quanta to P S I  where it would serve in ferricyanide reduction as in the case of  
chloroplast electron transport  [19].  

The sucrose/phosphate/ci t rate/albumin medium was devised for the stabiliza- 
tion of  photosynthet ic  vesicles and has not  ye t  been fully characterized. 
Further  improvements for greater phycobil isome vesicle stability will be 
required. For the present, it is noteable for its high concentrations of phosphate 
and citrate. Since lower salt concentrations,  when applied to cell-free vesicles, 
caused a release of  phycobilin pigments from the thylakoids [6,8],  as well as 
inactivation of  PS II [3--5],  the high concentrat ion of  salts in the sucrose/ 
phosphate/ci t rate/albumin medium is considered to act protectively on the 
vesicles by stabilizing the phycobil isomes structure, and by preserving the 
thylakoid structure. 

The stability of  phycobil isome structure in a high concentrat ion of  phosphate 
has been well investigated with the phycobilisomes of  various algae [12,13,20].  
But  when the algal cells were disrupted in 0.75 M phosphate,  a concentrat ion 
generally applied in phycobil isome isolation, vesicle preparations did not  show 
any excitation tranfer from phycocyanin to PS II chlorophyll,  even though 
more than 75% of  the phycobil isomes remained in the vesicle-bound form 
{unpublished data). Although bovine serum albumin and citrate were found 
essential for  good excitat ion coupling between phycobilisomes and PS II 
chlorophyll,  we do not  know their function. As the isolated membranes of  
blue-green algae exhibit  high activity of  PS II even in media with low salt con- 
centration [6,8,18],  a high concentrat ion of  phosphate and citrate, as applied 
in sucrose/phosphate/ci t rate/albumin medium in the present study,  is con- 
sidered essential only for the phycobil isome binding at the specific acceptor  
sites on the thylakoid membranes. 

A fluorescence peak at 685 nm (at --196°C), in blue-green algae as well as in 
green plants has normally been at t r ibuted to arise from chlorophyll.  Our results 
suggest that  this peak arises primarily from phycobilisomes,  and that  the con- 
tr ibution from chlorophyll  may be considerably lower than had been previ- 
ously assumed [21,22] .  It is now well established that phycobil isomes contain 
al lophycocyanin forms [23,24] which emit at 685 nm and are responsible for 
the final emission of  isolated phycobil isomes [17].  

The reasons for assuming that the 685 nm emission (at --196°C) arises 
primarily from phycobil isomes are based on observations which show that: (a) 
membrane vesicles from which phycobil isomes have been removed have only a 
low fluorescence emission at 685 nm (Fig. 7, line B). (b) Phycobilisomes 
whether  or not  [17] extracted with acetone (Fig. 7, line C) have a predominant  
peak at 685 nm. (c) Phycobflisome vesicles exhaustively extracted to remove 
chlorophyll  (Fig. 7, line D) exhibit  a high 685 nm emission. (d) A decline of  
the 695 nm emission occurs when the 685 nm emission rises and is correlated 
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with a decrease in the photoactivity and quantum efficiency (Figs. 4 and 5, 
Table II). It is of  further interest to note that when phycobilisome vesicles were 
analyzed on a sucrose density gradient {0.25--1.5 M, in sucrose/phosphate/ 
citrate/albumin medium) greater amounts of free but not dissociated phycobili- 
somes were separable from the aged vesicles than from fresh vesicles. Whereas 
physical separation of the phycobilisomes and thylakoids results in energetic 
uncoupling, it is not the only indication of  uncoupling. For example, Porphyri- 
dium cruentum, phycobilisome vesicles [12,27] isolated in 0.75 M phosphate 
buffers have been shown to be physically bound but energetically totally un- 
coupled. 

Although our data are consistent with the above interpretation, and are 
actually closer to what might be expected from the reports which have shown 
that the chlorophyll component of  PS II is rather small and rather invariant 
[22,25--27] in blue-green algae, certain other possibilities need to be con- 
sidered. Phycobilisomes, attached to the vesicles, even if uncoupled from 
F696 chlorophyll, could transfer to another form such as F685 nm [21]. It is 
further possible, that separate chlorophyll and phycobilisome emission peaks 
exist, as yet unresolved, in the relatively broad 685 nm emission peak. 
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