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PROPERTIES OF PHYCOBILIPROTEIN PREP- 
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ABSTRACT 

The e f f e c t s  of s a l t  c o n c e n t r a t i o n  and pH on b i l i p r o t e i n  
s e l f - a s s o c i a t i o n  were examined us ing  polyacrylamide g e l  e l e c t r o -  
p h o r e s i s  and d i r e c t  scanning g e l  f i l t r a t i o n .  F r a c t i o n s  c o n t a i n i n g  
d i f f e r e n t  r e l a t i v e  c o n c e n t r a t i o n s  of C-phycocyanin, allophycocya- 

2'  n i n ,  and l i n k e r  p r o t e i n s  were prepared from Anacys t i s  n i d u l a n s  R 
Four l i n k e r  p r o t e i n s  and t h r e e  pigmented p r o t e i n  bands were 
i d e n t i f i e d  by g e l  e l e c t r o p h o r e s i s .  The migra t ion  rates of b i l i -  
p r o t e i n s  were monitored i n  g e l  f i l t r a t i o n  columns us ing  a d i r e c t  
scanning system. High sal t  c o n c e n t r a t i o n s  and low pH enhanced t h e  
b i l i p r o t e i n  migra t ion  ra tes ,  c o n s i s t e n t  w i t h  an  i n c r e a s e d  s e l f  
a s s o c i a t i o n  under t h e s e  c o n d i t i o n s .  The i n c r e a s e d  m i g r a t i o n  rates 
were g r e a t e r  i n  p r e p a r a t i o n s  c o n t a i n i n g  l a r g e r  amounts of  l i n k e r  
p e p t i d e s ,  i n d i c a t i n g  a r o l e  f o r  t h e s e  p e p t i d e s  i n  s t a b i l i z i n g  t h e  
b i l i p r o t e i n  aggrega tes .  The p r o f i l e s  ob ta ined  from d i r e c t  column 
scanning sugges t  t h a t  a r a p i d  e q u i l i b r i u m  e x i s t s  between monomer 
and hexamer of C-phycocyanin i n  t h e  absence of l i n k e r  p r o t e i n s .  
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INTRODUCTION 

DAVIS, RADKE, AND GUIKEMA 

Direct scanning g e l  f i l t r a t i o n  chromatography i s  a technique  

o r i g i n a l l y  developed i n  Acker 's  l a b o r a t o r y  (1) and i s  p r e s e n t l y  

be ing  a c t i v e l y  used i n  t h i s  l a b o r a t o r y  (2-6).  Earlier systems 

permi t ted  scanning of a Sephadex column a t  o n l y  one wavelength . 
We have modified t h e  scanner  t o  s c a n  a t  m u l t i p l e  wavelengths; t h u s  

f a r ,  w e  u s e  o n l y  two a t  a t i m e .  I n  common w i t h  o t h e r  d u a l  wave- 

length  techniques ,  t h i s  a l lows  one t o  d i s t i n g u i s h  s p e c t r a l l y  

observable  states o r  components i n  a r e a c t i n g  system. The model 

system t o  which w e  have a p p l i e d  d u a l  wavelength scanning i s  t h e  

a s s o c i a t i o n  of phycocyanins t o  form l a r g e r  aggrega tes  which 

u l t i m a t e l y  y i e l d  t h e  phycobilisome (PBS),  t h e  l i g h t - h a r v e s t i n g  

pigment complex of  cyanobacter ia .  

The a s s o c i a t i o n  p r o p e r t i e s  of phycocyanins were s t u d i e d  by 

Svedberg many y e a r s  ago (7,8) and have been pursued b y  a number of 

groups. Glazer ,  i n  a series of r e c e n t  reviews (9-11) h a s  

presented a model f o r  phycobilisome assembly i n  which s p e c i f i c  

c o l o r l e s s  l i n k e r  p r o t e i n s  hold  complexes of one o r  more phycocya- 

n i n s  toge ther .  The exact n a t u r e  of t h e  phycocyanins and t h e  

s t r u c t u r e  of t h e  phycobilisomes i s  s p e c i e s  dependent. We have 

worked w i t h  Anacyst is  n i d u l a n s  R2 which i s  v e r y  similar t o  

G l a z e r ' s  Synechococcus 6301 b u t  which is somewhat b e t t e r  gene t i -  

c a l l y  c h a r a c t e r i z e d .  

The c o l o r l e s s  l i n k e r  p r o t e i n s  were n o t  i d e n t i f i e d  u n t i l  about  

a decade ago and most p r e p a r a t i o n s  of phycocyanins s t u d i e d  p r i o r  

t o  t h a t  t i m e  were contaminated with l i n k e r s .  It i s  c l e a r  t h a t  

l i n k e r s  are e s s e n t i a l  f o r  s t a b l e  assembly of h i g h e r  order  s t r u c -  

t u r e s  (11) .  The main q u e s t i o n  t h a t  w e  wish t o  address  i s  whether 

t h e r e  i s  an o b l i g a t o r y  o r d e r  of assembly of  t h e  s i m p l e s t  s t a b l e  

phycocyanin aggrega te  t h a t  had  been  p r e v i o u s l y  i d e n t i f  l e d ,  t h e  

hexamer . 
Glazer  (10) h a s  proposed t h a t  i n t e r a c t i o n  of a c o l o r l e s s  

l i n k e r  p r o t e i n  w i t h  monomers of C-phycocyanin (C-PC) mediates  t h e  

assembly i n t o  hexamers, v i a  trimers. We have evidence,  b r i e f l y  
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PROPERTIES OF PHYCOBILIPROTEIN PREPARATIONS 1279 

c i t e d  previous ly  ( 4 )  t h a t  t h e  monomer-hexamer i n t e r c o n v e r s i o n  is a 

rap id  equi l ibr ium process  and t h a t  t h e  l i n k e r  p r o t e i n  s e r v e s  t o  

s t a b i l i z e  t h e  hexamer once formed. This e x p l a i n s  t h e  o l d e r  

o b s e r v a t i o n s  of t i g h t  a s s o c i a t i o n  t o  hexamers and t h e  a b i l i t y  of 

Neufield and Riggs (12) t o  i s o l a t e  d i s c e r n i b l e  monomer and hexamer 

peaks by g e l  f i l t r a t i o n  of  "pure" C-phycocyanin. Lundel l  e t .  a l .  

(13) showed t h a t  even DEAE chromatography does n o t  remove a l l  of 

t h e  l i n k e r  p r o t e i n  u n l e s s  s p e c i a l  care is taken t o  c o l l e c t  on ly  

l a t e - e l u t i n g  f r a c t i o n s  from a sha l low g r a d i e n t .  Older prepara-  

t i o n s  f r e q u e n t l y  used only ammonium s u l f a t e  f r a c t i o n a t i o n  t o  

p u r i f y  phycocyanins, and must have contained l i n k e r  p r o t e i n s .  

The phycobilisomes (PBS) of Synechococcus 6301 r e p r e s e n t  a 

wel l -s tudied example of PBS a r c h i t e c t u r e ,  and conta in  two b i l i -  

proteins--C-PC and allo-PC ( 9 ) .  I n  a d d i t i o n ,  l i n k e r  p r o t e i n s  w i t h  

Mr of 27,000, 30,000, and 33,000 s t a b i l i z e  aggrega t ions  of C-PC 

i n t o  d i s c - l i k e  s t r u c t u r e s  (13)  , whi le  polypept ides  a t  10,500 and 

75,000 Mr s e r v e  a similar f u n c t i o n  i n  s t a b i l i z i n g  allo-PC w i t h i n  

t h e  PBS c o r e  (14 ,15) .  High s a l t  concent ra t ions ,  low pH, and h igh  

b i l i p r o t e i n  concent ra t ions  have been impl ica ted  i n  main ta in ing  PBS 

s t r u c t u r e  by favor ing  i n t e r a c t i o n s  between b i l i p r o t e i n s  and 

l i n k e r s .  The n a t u r e  of  t h i s  i n t e r a c t i o n  h a s  n o t  been c l e a r l y  

e s t a b l i s h e d ,  nor  have t h e  rates of b i l i p r o t e i n  s e l f - a s s o c i a t i o n  

and d i s s o c i a t i o n  been s y s t e m a t i c a l l y  i n v e s t i g a t e d .  

Most r e c e n t  s t u d i e s  on PBS s t r u c t u r e  have used s u p e r s a t u r a t e d  

concent ra t ions  of d e t e r g e n t s  l i k e  T r i t o n  X-100 t o  d e t a c h  PBS from 

membranes (16) .  S ince  d e t e r g e n t s  are known t o  b ind  t o  chromatog- 

r a p h i c  suppor t  mat r ices  and form m i c e l l e s ,  t h e s e  PBS p r e p a r a t i o n s  

would n o t  b e  s u i t a b l e  f o r  such a n a l y s e s .  Our s t r a t e g y ,  t h e r e f o r e ,  

w a s  t o  i s o l a t e  f r a c t i o n s  enr iched  i n  b i l i p r o t e i n s  and l i n k e r  

p e p t i d e s  us ing  t h e  d i f f e r e n t i a l  e f f e c t s  o f  s a l t s  and pH on PBS 

i n t e g r i t y .  

I n  t h i s  r e p o r t ,  w e  c h a r a c t e r i z e  a set of b i l i p r o t e i n s  i n  

p r e p a r a t i o n s  reproducib ly  obta ined  from A. n i d u l a n s  R 2 .  Electro- 

p h o r e t i c  p r o f i l e s  of t h e s e  f r a c t i o n s  sugges t  t h a t  t h e  PBS of A. 
nidulans  R2 and Synechococcus 6301 are of s i m i l a r  composition. 
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1280 DAVIS, RADKE, AND GUIKEMA 

These f r a c t i o n s  were examined by d i r e c t  scanning g e l  f i l t r a t i o n .  

Our r e s u l t s  sugges t  t h a t  b i l i p r o t e i n s  i n t e r a c t  i n  a r a p i d  equi- 

l i b r i u m  manner, and t h a t  s a l t s  and pH d r a m a t i c a l l y  i n f l u e n c e  rates 

of d i s s o c i a t i o n .  

MATERIALS AND METHODS 

Cells of Anacys t i s  n idulans  R 2  were grown i n  l i q u i d  c u l t u r e  

a t  33OC under cons tan t  i l l u m i n a t i o n  (0 .4  mW/cm ) from cool  whi te  

f l u o r e s c e n t  l i g h t s  (17) .  C u l t u r e s  of 15 1 were bubbled v igorous ly  

wi th  a i r  and reached l a t e  l o g  phase i n  2-3 days. A f t e r  h a r v e s t i n g  

by c e n t r i f u g a t i o n ,  cells  were e i t h e r  used immediately o r  were 

s t o r e d  as p e l l e t s  a t  -2OOC. 

2 

C e l l  p e l l e t s  were resuspended i n  a h i g h  s a l t  medium (SPCM) 

conta in ing  0 .5  M s u c r o s e ,  0 .5  M KH2P04, 0 . 3  M sodium c i t r a t e ,  and 

10 mM MgC12 a t  pH 7.5 Mechanical breakage was achieved 

us ing  g l a s s  beads according t o  t h e  method o f  Cramer e t  a l .  (18) 

and unresolved c e l l  d e b r i s  was removed b y  c e n t r i f u g a t i o n  (3,000 x 

g f o r  15  min). A p e l l e t ,  conta in ing  t h e  thy lakoid  membranes, was 

obta ined  by c e n t r i f u g a t i o n  (27,000 x g f o r  30 min), and was used 

t o  prepare  four  PC-containing f r a c t i o n s  as  d e t a i l e d  i n  F ig .  1 and 

Resul t s .  A l l  of t h e  b u f f e r s  employed d u r i n g  c e l l  breakage and 

b i l i p r o t e i n  i s o l a t i o n  conta ined  10  pg/ml phenyl  methyl  su l fonyl -  

f l u o r i d e ,  1 mM benzamidine, and 1 mM n o r l e u c i n e  t o  i n h i b i t  prote-  

ase a c t i v i t y .  A l l  PC f r a c t i o n s  were e x t e n s i v e l y  d i a l y z e d  a g a i n s t  

a d i a l y s i s  b u f f e r  c o n t a i n i n g  10 rnM T r i c i n e  (pH 7.5) p l u s  t h e  

p r o t e a s e  i n h i b i t o r s .  

(16) .  

Lithium Dodecyl S u l f a t e  Polyacrylamide G e l  E l e c t r o p h o r e s i s  

(LDS-PAGE) was done e s s e n t i a l l y  as  descr ibed  by Guikema and 

Sherman (17) .  LDS (2%) , 2-mercaptoethanol ( l o % ) ,  and s u c r o s e  (6%) 

were added t o  samples conta in ing  2-4 mg p r o t e i d m l .  Sample 

mixtures  were incubated  15 min on ice  and were layered  a top  a 

10-20% polyacrylamide g r a d i e n t  g e l  having a 5% polyacrylamide 

s t a c k i n g  g e l .  Gels were prepared u s i n g  t h e  b u f f e r  system of  

Laemmli (19) ,  having 0.11 LDS in t h e  running b u f f e r .  These g e l s  
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Fig .  1. I s o l a t i o n  p r o t o c o l  and a b s o r p t i o n  s p e c t r a  of f o u r  
b i l i p r o t e i n  f r a c t i o n s  from Anacys t i s  n i d u l a n s  R . P r e p a r a t i o n s  
were resuspended and d i a l y z e d  a g a i n s t  d i a l y s i s  Z u f f e r  . 
Concentrated f r a c t i o n s  were d i l u t e d  i n  t h e  same b u f f e r  and t h e  
absorp t ion  s p e c t r a  were recorded.  
d e f l e c t i o n  of about  1 . 0  A ,  a l though t h e  t r a c i n g s  have been o f f s e t  
i n  t h e  f i g u r e  t o  f a c i l i t a t e  comparisons.(cont inued)  

Each sample showed a f u l l - s c a l e  

were run  overn ight  i n  t h e  co ld  (4-6'C) a t  a cons tan t  power of 3.5 
W. I n  a l l  i n s t a n c e s ,  g e l s  were examined b y  s t a i n i n g  w i t h  Coomas- 

s ie  Blue R - 2 5 0 ,  fe l lowed by c o u n t e r s t a i n i n g  w i t h  s i l v e r  n i t r a t e  

(20). The a b s o r p t i o n  p r o f i l e s  of samples and exc ised  g e l  p i e c e s  

a f t e r  e l e c t r o p h o r e s i s  were o b t a i n e d  u s i n g  a n  Aminco/SLM DW2-C 

record ing  spectrophotometer  i n  d u a l  beam mode. 
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1282 DAVIS, RADKE, AND GUIKEMA 

6 

550 600 650 700 75 

WAVELENGTH (nml 

I 

Fig. 1 (cont inued)  

Our method f o r  d i r e c t  scanning g e l  chromatography h a s  been 

previous ly  descr ibed  (2-6).  I n  essence  i t  c o n s i s t s  of a l i g h t  

source  and d e t e c t o r  t h a t  are moved p a s t  a s t a t i o n a r y  1 cm diameter  

column of g e l  f i l t r a t i o n  mat r ix  such as Sephadex G200. Flow of 

b u f f e r s  and sample a p p l i c a t i o n  i s  c o n t r o l l e d  by a s y r i n g e  pump. 

Scans of t h e  absorbance p r o f i l e  of  t h e  column a t  t h e  d e s i r e d  

wavelengths are obta ined  under c o n t r o l  of PDP1104 computer. 

T y p i c a l l y  194 d a t a  p o i n t s  are o b t a i n e d  p e r  s c a n  of 20 cm of t h e  

column length .  Data process ing  programs a l low conversion of  raw 

d a t a  t o  smoothed curves ,  d i f f e r e n c e  s p e c t r a  e tc .  
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RESULTS 

Figure  1 p r e s e n t s  a p r o t o c o l  used t o  r e s o l v e  f o u r  b i l i p r o t e i n -  

c o n t a i n i n g  f r a c t i o n s  from a thylakoid  membrane f r a c t i o n  of  

Anacys t i s  n i d u l a n s  R 2 .  The t h y l a k o i d s  were i s o l a t e d  i n  h i g h  s a l t ,  

and maintained h i g h  rates of photosystems I and I1 e l e c t r o n  

t r a n s p o r t  ( 2 1 ) .  B i l i p r o t e i n s  were removed from t h e  t h y l a k o i d s  by 

d i l u t i n g  t h e  h i g h  s a l t  b u f f e r ,  s i n c e  lowered i o n i c  s t r e n g t h  

induces  PBS d i s s o c i a t i o n .  A f t e r  t h e  t h y l a k o i d  f r a c t i o n s  were 

d i l u t e d  t o  10% SPCM, c e n t r i f u g a t i o n  y i e l d e d  a washed membrane 

p r e p a r a t i o n  and a b r i l l i a n t l y  b l u e  s u p e r n a t a n t  f r a c t i o n .  The 

s u p e r n a t a n t  f r a c t i o n  conta ined  a small contaminat ing amount o f  

c h l o r o p h y l l .  

Ammonium s u l f a t e  f r a c t i o n a t i o n  a t  4OC f u r t h e r  r e s o l v e d  t h e  

s u p e r n a t a n t  f r a c t i o n .  A t i t r a t i o n  showed t h a t  95% of  t h e  

contaminat ing c h l o r o p h y l l  p e l l e t e d  a t  30% ammonium s u l f a t e  

s a t u r a t i o n  and a l l  of i t  w a s  removed a t  35% s a t u r a t i o n .  

Approximately 65% of t h e  b i l i p r o t e i n  was p r e c i p i t a t e d  as w e l l .  

When t h e  ammonium s u l f a t e  w a s  i n c r e a s e d  t o  55% s a t u r a t i o n ,  

e s s e n t i a l l y  a l l  of t h e  b i l i p r o t e i n s  could  b e  p e l l e t e d .  The two 

f r a c t i o n s ,  r e p r e s e n t i n g  t h e  0-35% and 35-55% ammonium s u l f a t e  

c u t s  , were resuspended and e x t e n s i v e l y  d i a l y z e d  a g a i n s t  d i a l y s i s  

b u f f e r .  These f r a c t i o n s  were f u r t h e r  p a r t i t i o n e d  by d i a l y s i s  

a g a i n s t  0 . 1  M sodium acetate,  pH 4 .7 .  T h i s  s h i f t  i n  pH y i e l d e d  a 

p r e c i p i t a t e  which was removed b y  c e n t r i f u g a t i o n .  Four f r a c t i o n s ,  

l a b e l e d  A ' ,  A ,  B '  and B ,  r e s u l t e d  from t h e s e  t r e a t m e n t s .  T h e i r  

a b s o r p t i o n  p r o f i l e s  are shown i n  F ig .  1. The c h l o r o p h y l l  ( a s  a 

marker f o r  r e s i d u a l  membrane fragments)  was observed in f r a c t i o n  

A' as a peak a t  673  nm. It i s  n o t  known i f  t h i s  673 nm peak a l s o  

c o n t a i n s  allo-PCB ( 1 1 ) .  F r a c t i o n  A '  w a s  t h e  o n l y  f r a c t i o n  w i t h  a n  

a p p r e c i a b l e  l i p i d  component as  monitored b y  gas  chromatography 

( d a t a  n o t  shown). A m a j o r i t y  of t h e  all-PC ( a t  650  nm) was 

observed in f r a c t i o n s  A' and B ' ,  sugges t lng  t h a t  pH s h i f t s  might 

b e  an e f f e c t i v e  method f o r  e n r i c h i n g  i n  t h i s  b i l i p r o t e i n .  Small 

amounts of allo-PC were d e t e c t e d  b y  g e l  e l e c t r o p h o r e s i s  in t h e  
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1284 DAVIS, RADKE, AND GUIKEMA 

o t h e r  two f r a c t i o n s  as  w e l l ,  w i t h  f r a c t i o n  A c o n t a i n i n g  r e l a t i v e l y  

much more than  f r a c t i o n  B .  The a b s o r p t i o n  peak f o r  B w a s  s h i f t e d  

s e v e r a l  nm t o  t h e  b l u e  i n  comparison w i t h  A. T h i s  s h i f t  w a s  

probably an express ion  of t h e  l o s s  of allo-PC from B ,  and of  a 

lowered o r g a n i z a t i o n a l  state o f  B owing t o  a d e p l e t i o n  of l i n k e r s  

(11) .  
The pept ide  composition of  t h e s e  f o u r  f r a c t i o n s  was examined 

by LDS-PAGE ( F i g .  2 ) .  Both f r a c t i o n s  A '  and B '  showed complex 

polypept ide p r o f i l e s ,  sugges t ing  t h a t  t h e  pH s h i f t  c a n  p r e c i p i t a t e  

many of t h e  contaminat ing p r o t e i n s .  F r a c t i o n  A '  conta ined  

r e s i d u a l  membrane fragments  (17) ,  whi le  b o t h  A '  and B '  conta ined  

traces of r i b u l o s e  b isphosphate  carboxylase  (21) .  Three co lored  

polypept ides  were comon t o  each of t h e  f o u r  f r a c t i o n s .  These 

corresponded t o  t h e  a and B s u b u n i t s  of C-PC and allo-PC a t  

14,000, 15,500, and 17,000 M r .  We observed c o l o r l e s s  p e p t i d e s  

with M r  of 26,500, 33,000, 35,000, and 71,000 which correspond t o  

t h e  l i n k e r  p e p t i d e s  d e s c r i b e d  by Glazer  (11) f o r  Synechoccocus 

6301. F r a c t i o n s  A and B d i f f e r e d  d r a m a t i c a l l y  i n  t h e i r  r e l a t i v e  

conten t  of t h e s e  l i n k e r  polypept ides .  F r a c t i o n  B conta ined  only a 

small amount of t h e  p e p t i d e  of 35,000 Mr whi le  A conta ined  a l l  

f o u r .  Because of t h i s  d i f f e r e n c e ,  w e  concluded t h a t  t h e s e  

p r e p a r a t i o n s  would b e  u s e f u l  i n  explor ing  t h e  r o l e  of l i n k e r s  i n  

p r o t e i n f p r o t e i n  i n t e r a c t i o n s  between b i l i p r o t e i n s .  Our approach 

included both  non-denaturing g e l  e l e c t r o p h o r e s i s  and d i r e c t  

scanning g e l  f i l t r a t i o n .  De ta i l s  of non-denaturing g e l  

e l e c t r o p h o r e s i s  s t u d i e s  w i l l  appear  e lsewhere.  

Phycocyanin a s s o c i a t i o n  can b e  convenient ly  monitored u s i n g  

d i r e c t  scanning g e l  f i l t r a t i o n .  Scanning i n  a d u a l  wavelength 

mode a i d s  i n  d i s c r i m i n a t i n g  between C-PC and allo-PC. F i g u r e  3 
shows a t y p i c a l  migra t ion  p r o f i l e  of  f r a c t i o n  A under d i f f e r e n t  

sa l t  concent ra t ions .  Both a b s o l u t e  absorbance and i n t e n s i t y  

r a t i o s  are shown. The absorbance of  pure  C-PC a t  650 rim i s  h a l f  

as g r e a t  as i t  is a t  565 nm whi le  t h a t  of allo-PC i s  f i v e - f o l d  

g r e a t e r  a t  650 nm t h a n  a t  565 nm. T h i s  r e l a t i v e  d i f f e r e n c e  is 

r e a d i l y  seen  i n  t h e  upper  set of scans .  Note t h a t  t h e s e  upper 
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PROPERTIES OF PHYCOBILIPROTEIN PREPARATIONS 1285 

Fig .  2 .  Polypeptide p r o f i l e s  of f r a c t i o n s  described i n  Fig. 
1. 
weights ( i n  M x10 ) f o r  marker p ro te ins  run on t h e  same ge l .  CP 
denotes a chl8rophyll-containing p ro te in  band observed i n  f r a c t i o n  
A ' .  N mbers on t h e  r i g h t  g ive  t h e  r e l a t i v e  molecular weights ( i n  
M x10 ) measured f o r  t h ree  b i l i p r o t e i n s  (14-17) and four  l i n k e r  
pept ides  (26.5-71). 
s o l u b i l i z a t i o n  temperature has on b i l i p r o t e i n  migration pa t t e rns .  
Three bands are observed when s o l u b i l i z a t i o n  i s  performed on i c e  
(0'). However, each band reso lves  i n t o  s e v e r a l  when the  samples 
a re  boi led  f o r  2 min (100'). 

The numbers on the  l e f t  g ive  the  p o s i t i o n  and molecular -3 

-9 
The i n s e t  d e t a i l s  t he  e f f e c t  which 
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I SMALL ZONES PH 7.5 

3 1  
I 

I 

POINT X 

Fig. 3. Migration of f r a c t i o n  A phycocyanin a s  influenced by 
sal t  concentration. The f r a c t i o n  was prepared a s  described i n  
Fig. 1 and a small zone applied t o  a Sephadex G200 column 
equ i l ib ra t ed  i n  d i a l y s i s  b u f f e r  wi th  o r  without 3 M KC1.  
Absorbance p r o f i l e s  were obtained a t  565 and 650 nm a t  i n t e r v a l s  
of 5 minutes. Rates of migration were determined from peak a rea  
midpoints and a r e  shown i n  Table I. Point numbers i n  the  f i g u r e  
correspond t o  mm column length  measured from the  bottom of the  
column. Absorbance a t  565 nm is shown by a t h i n  l i n e  while t h a t  
at  650 nm is ind ica ted  by the  s o l i d  l i n e  wi th  dots .  The 
absorbance r a t i o  is ind ica ted  by a dashed l i n e .  The scans 
shown were obtained a t  75 min f o r  t h e  no s a l t  condition and 85 min 
f o r  the  high s a l t  condition. 

spec t r a  are a r b i t r a r i l y  o f f s e t  on the  s c a l e  of absorbance r a t i o  by 

1.0, and t h a t  absolu te  absorbance increases  i n  the  downward 

d i r e c t i o n .  The lower set of s p e c t r a  was obtained i n  the  same 

buf fe r  i n  the  presence of 3 M KC1.  Again, the r a t i o  change 

ind ica t e s  t ha t  t he  allo-PC is s e l e c t i v e l y  assoc ia ted  with rap id ly  

moving mater ia l .  The rate of migration is much more rapid i n  the  

presence of high s a l t  and t h e  small  zone is d i s soc ia t ing  and/or 

heterogeneous. Electrophoresis,  on LDS ge l s ,  of f r a c t i o n s  

co l lec ted  a t  e a r l y ,  middle and l a t e  regions of the  column e l u a t e ,  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1
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showed t h e  presence of s e v e r a l  l i n k e r  p r o t e i n s  a s s o c i a t e d  w i t h  t h e  

l a r g e r  aggrega tes .  

When f r a c t i o n  B w a s  s i m i l a r l y  chromatographed, h igh  sal t  

induced a s p e c i f i c  aggrega t ion  t o  a form w i t h  a s i z e  c o n s i s t e n t  

with a hexamer (180,000 Mr) r e l a t i v e  t o  c a t a l a s e  (F ig .  4 ) .  Only a 

small amount of one c o l o r l e s s  l i n k e r  p r o t e i n  of about  35,000 Mr on 

SDS g e l s  w a s  observed t o  b e  a s s o c i a t e d  w i t h  t h i s  f r a c t i o n  of 

e s s e n t i a l l y  pure C-PC. The column p r o f i l e s  were n o t  broadly  

d i s p e r s e d  l i k e  t h o s e  of f r a c t i o n  A ,  i n d i c a t i n g  a r e l a t i v e l y  

homogenous t i g h t  a s s o c i a t i o n  of t h e  p r o t e i n .  The small  zone 

p r o f i l e  was symmetrical and t h e  same width i n  e i t h e r  h i g h  o r  low 

s a l t  i n d i c a t i n g  a r a p i d  e q u i l i b r i u m  a s s o c i a t i o n ;  w i t h  no  evidence 

f o r  s e p a r a b l e  aggrega tes  ( 1 2 ) .  Table  I summarizes t h e  migra t ion  

rates f o r  f r a c t i o n s  A and B a s  a f u n c t i o n  of  s a l t  and pH. Broad 

zone p r o f i l e s  revea led  a s y m e t r y  between l e a d i n g  and t r a i l i n g  

edges as expected f o r  a n  a s s o c i a t i n g  system. The absence of 

d i s c r e t e  peaks i n  t h e  d i f f e r e n c e  p r o f i l e  s u g g e s t s  a monomer- 

trimer-hexamer a s s o c i a t i o n  pathway r a t h e r  t h a n  a s imple  monomer- 

hexamer a s s o c i a t i o n  (22,23,25). 

DISCUSSION 

I n  t h i s  r e p o r t ,  w e  have presented  pre l iminary  evidence u s i n g  

d i r e c t  scanning g e l  f i l t r a t i o n  as a u s e f u l  t o o l  f o r  examining PBS 

s t r u c t u r e .  The d i r e c t  scanning r e s u l t s  of f r a c t i o n  A ,  shown i n  

Fig.  3, were p a r t i c u l a r l y  i n t e r e s t i n g .  High i o n i c  s t r e n g t h  

induced an  a s s o c i a t i o n  of p e p t i d e s  w i t h i n  f r a c t i o n  A which 

r e s u l t e d  i n  a n  extremely s w i f t  migra t ion  of  t h i s  material through 

t h e  g e l  mat r ix .  T h i s  sa l t - induced  aggrega te  contained both  C-PC 

and allo-PC, and possessed a l l  f o u r  non-colored l i n k e r  

po lypept ides  observed i n  f r a c t i o n  A .  A s imilar  a g g r e g a t i o n  was 

n o t  observed a t  low i o n i c  s t r e n g t h s .  We have n o t  y e t  examined 

i n t e r m e d i a t e  c o n d i t i o n s ,  t o  determine t h e  s a l t  dependency of 

aggregat ion.  
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c0.6 w: ........... 

......... 1 C n  

I 1 I 1 I 
50 100 150 

Pt # 

Fig. 4. E f f e c t  of sa l t  on g e l  f i l t r a t i o n  of  C-phycocyanin 
( f r a c t i o n  B ) .  
550 nm and run wi th  o r  without 3M K C 1  f o r  90 min. These are 
indica ted  by dashed and do t t ed  l i n e s  respec t ive ly .  
i n d i c a t e s  c a t a l a s e  run  90' i n  3M KC1 f o r  comparison of d i spers ion  
p rope r t i e s  ( o f f s e t  ho r i zon ta l ly  t o  t h e  r i g h t  by 9 mm t o  a l i g n  i t  
with C-phycocyanin on t h e  lead ing  edge). Expected peak pos i t i ons  
f o r  a sphe r i ca l  monomer p r o t e i n  of 30,000(1) and hexamer of 
180,000(6) M a r e  ind ica t ed  by numbered arrows. Actua l  migration 
r a t e s  f o r  c a f a l a s e  and myoglobin are shown as C and M. Absorbance 
scales are t h e  same f o r  a l l  t h r e e  p a r t s .  Re la t ive  p o s i t i o n  is  
indica ted  by t h e  po in t  ( 1  mm) i n  t h e  column, counting from t h e  
bottom of t h e  column. The phycocyanin peak is broader than  t h a t  
of c a t a l a s e ,  sugges t ive  of d i s s o c i a t i o n  dur ing  t h e  course of  t he  
run. 

and t r a i l i n g  edges of a broad zone of phycocyanin. 
of observation was 550 nm and p ro te in  concent ra t ion  was about 1.6 
mg/ml. 

P a r t  C shows t h e  t i m e  d i f f e rence  s p e c t r a  f o r  lead ing  and 
t r a i l i n g  edges of a broad zone of phycocyanin run under t h e  same 
conditions as B bu t  d i l u t e d  6.6-fold t o  g ive  about 0.25 mg/ml and 
observed a t  625 nm. The phycocyanin used f o r  a l l  t hese  
experiments had a l l  been passed through a G200 Sephadex column 
previously and r e p r e c i p i t a t e d  wi th  66% s a t u r a t e d  amnonium s u l f a t e  

P a r t  A shows small zones of phycocyanin observed a t  

The s o l i d  l i n e  

Part B shows time d i f f e rence  s p e c t r a  (90-80 min.) f o r  lead ing  
The wavelength 
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TABLE 1 

Migration Rates of PC Frac t ions  During Gel F i l t r a t i o n  a s  a 
Function of S a l t  Concentration and pH. 

Frac t ion  Buffer System Migration Rate Measuring Wavelength 
(mm 1rni.n) (m) 

Experiment I -- pH 7.5 

A d i a l y s i s  b u f f e r  1 

B d i a l y s i s  bu f fe r  

A d i a l y s i s  bu f fe r  
+ 3 M K C 1  

B d i a l y s i s  bu f fe r  
+ 3 M KC1 

3 Experiment I1 -- pH 5.5 

A 0 . 2  M a c e t a t e  

B 0 .2  M a c e t a t e  

A 0 .2  M a c e t a t e  

B 0 .2  M a c e t a t e  
+ 3 M K C 1  

+ 3 M K C 1  

0.88 

0.99 

0.98 

1.42 

1.60 

1. 2a2 

1 .79  

1.08 

1.97 

1.37 

565 

650 

565 

565 

6 50 

565 

565 

565 

565 

565 

k e l a t i v e  r a t e s  of migration f o r  f e r r i t i n ,  ca t a l a se ,  and 
potassium chromate were 1.5,  1 .3 ,  and 0 .7  mm/min on t h i s  column. 

'This measurement w a s  t h e  average of two broad zones, leading and 
t r a i l i n g  edges. 

'Relative r a t e s  of migration f o r  f e r r i t i n ,  ca t a l a se ,  and 
myoglobin were 1.8,  1.5, and 1.0 mm/min on t h i s  column. 
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The polypept ide  composition of f r a c t i o n  A was similar t o  t h e  

composition of i n t a c t  PBS from Anacys t i s  n idulans  observed by 

Grossman and Brand ( 2 6 ) .  There is a marked s i m i l a r i t y  between 

f r a c t i o n  A and t h e  PBS composition of a c l o s e l y  r e l a t e d  s t r a i n ,  

Synechoccocus 6301 (15 , 27) . 
T h i s  is t h e  f i r s t  a p p l i c a t i o n  of d i r e c t  scanning g e l  f i l t r a -  

t i o n  t o  t h e  s tudy  of b i l i p r o t e i n  a s s o c i a t i o n .  Figs .  3 and 4 and 

Table  I demonstrate  t h e  u t i l i t y  o f  t h i s  technique  and show t h e  

a s s o c i a t i v e  c h a r a c t e r i s t i c s  of PC a t  d i f f e r e n t  s a l t  and pH condi- 

t i o n s .  Two p o i n t s  should b e  noted.  F i r s t ,  f r a c t i o n  A can b e  

resolved dur ing  g e l  f i l t r a t i o n  i n t o  an  allo-PC-enriched and a 

C-PC-enriched r e g i o n  u s i n g  a dual-wavelength monitor ing system. 

Table  I shows t h a t  t h e  migra t ion  of t h e  allo-PC reg ion  s l i g h t l y  

exceeds t h a t  f o r  C-PC when t h e  g e l  h a s  been e q u i l i b r a t e d  w i t h  t h e  

low i o n i c  s t r e n g t h  d i a l y s i s  b u f f e r .  I n c r e a s i n g  t h e  s a l t  concentra- 

t i o n  al ters t h e  migra t ion  rates of  b o t h  C-PC and allo-PC. These 

i n c r e a s e s  were observed w i t h  both  f r a c t i o n s  A and B .  However, 

f r a c t i o n  A conta ined  a n  enhanced complement of l i n k e r  pept ides ,  

and t h i s  w a s  r e f l e c t e d  i n  a more dramat ic  e f f e c t  of h i g h  s a l t .  

The leading  edge of a g e l  f i l t r a t i o n  experiment (F ig .  3 ) ,  run i n  

t h e  presence of  high s a l t ,  conta ined  a m a j o r i t y  of t h e  l i n k e r  

p r o t e i n s .  T h i s  f i n d i n g  of a s s o c i a t i o n  i n  small zones i n  t h e  

presence of s a l t  shows c l e a r l y  t h a t  t h e  a s s o c i a t i o n  i s  a r a t h e r  

t i g h t  one w i t h  a r e l a t i v e l y  slow d i s s o c i a t i o n .  Earlier s t u d i e s  i n  

which d i s c r e t e  peaks of d i f f e r e n t  s i z e  were obta ined  provided 

evidence sugges t ing  a t i g h t  a s s o c i a t i o n  of  C-PC i t s e l f  (12) .  

However t h e s e  experiments  were almost c e r t a i n l y  done with a 

s i g n i f i c a n t  amount of contaminat ing l i n k e r  p r o t e i n  and allo-PC, 

and our  experiments  show t h a t  no d i s t i n c t  m u l t i p l e  peaks are 

reso lved  i f  p r e p a r a t i o n s  f r e e ,  o r  n e a r l y  f r e e ,  of l i n k e r s  are  used 

f o r  comparable experiments  (such as f r a c t i o n  B). Because t h e  

p r o t e i n  c o n c e n t r a t i o n  i s  c o n s t a n t l y  vary ing  dur ing  a chromatog- 

raphy run when a small zone is a p p l i e d ,  no r e l i a b l e  estimate of 

a s s o c i a t i o n  c o n s t a n t s  can b e  obta ined  wi th  small  zones (22) .  

Q u a n t i t a t i o n  of t h e  a s s o c i a t i o n  process  t o  y i e l d  r e l i a b l e  va lues  
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of a s s o c i a t i o n  c o n s t a n t s  r e q u i r e s  t h e  u s e  o f  broad zone experi-  

ments, as shown i n  F i g .  4 ,  w i t h  computer s i m u l a t i o n s ,  which are i n  

progress .  

G i l b e r t ,  (23) some y e a r s  ago ,  t r e a t e d  t h e  case of  a s e l f -  

a s s o c i a t i n g  system forming a series of 2-mers, d e s c r i b i n g  i d e a l -  

i zed  boundary shapes f o r  broad  zone mass t r a n s p o r t .  I n  t h e  

i n s t a n c e  of a monomer-hexamer e q u i l i b r i u m ,  a n  a c c e n t u a t i o n  of t h e  

hexamer l e a d s  t o  a bimodal peak a c r o s s  t h e  boundary. This  bimo- 

d a l i t y  can g i v e  t h e  appearance of r e s o l u t i o n  of monomer from 

- n-mer(s) i f  only t h e  t r a i l i n g  boundary i s  cons idered ,  as i n  

c e n t r i f u g a t i o n .  However, f o r  free-boundary e l e c t r o p h o r e s i s  (and 

g e l  f i l t r a t i o n  chromatography) t h e  l e a d i n g  and t r a i l i n g  boundar ies  

w i l l  b e  non-enantiographic. I n  t h e  case of B l a c t o g l o b u l i n  c i t e d  

by G i l b e r t ,  (23) a monomer-tetramer g i v e s  a sharp  l e a d i n g  edge b u t  

a broad ,  a p p a r e n t l y  r e s o l v i n g  t r a i l i n g  edge. A second d i a g n o s t i c  

c r i t e r i o n  of an e q u i l i b r a t i n g  a s  opposed t o  a r e s o l v i n g  system i s  

t h a t ,  f o r  t h e  e q u i l i b r a t i n g  system, i n c r e a s i n g  t h e  c o n c e n t r a t i o n  

i n  experiments  w i l l  enhance t h e  s i z e  of  o n l y  t h e  h i g h e r  aggrega te  

form whi le  i n  t h e  r e s o l v i n g  system t h e r e  w i l l  b e  no change i n  

re la t ive peak s i z e .  Examining t h e  peak p r o f i l e s  of p a r t s  B and C 

of F igure  4 i t  i s  clear t h a t  a h i g h  c o n c e n t r a t i o n  g i v e s  much more 

of t h e  f a s t e r  moving component. T h i s  i s  e s p e c i a l l y  obvious i n  t h e  

l e a d i n g  edge where t h e  peak p o s i t i o n  s h i f t s  from near  hexamer t o  

near  monomer on d i l u t i o n .  In  t h e  t r a i l i n g  edge t h e  r e l a t i v e  

amount of  material i n  f a s t e r  and slower moving r e g i o n s  a l s o  

changes w i t h  c o n c e n t r a t i o n  i n  t h e  same manner. There i s  no good 

evidence f o r  r e s o l v a b l e  peaks a t  e i t h e r  c o n c e n t r a t i o n  ( i . e .  no 

i n f l e c t i o n  i n  t h e  smooth curve  between monomer and hexamer posi-  

t i o n s ) .  The s i m u l a t i o n s  of Zimmerman (24) show t h a t  i n  t i m e  

d i f f e r e n c e  p r o f i l e s  such a n  i n f l e c t i o n  should b e  observable  i f  t h e  

l a r g e r  n-mer i s  accentua ted .  H e  examined a monomer-octamer system 

b u t  G i l b e r t  (23) showed t h a t  1-mers of 6-12 had v e r y  s imi l a r  

r e l a t i v e  p r o f i l e s ,  so  t h e  r e s u l t s  of  Zimmerrnan (24) are appl ic -  

a b l e .  Simulat ion work by Zimmerman e t  a1 (25) showed t h a t  f o r  a 

monomer-tetramer system, g e l  f i l t r a t i o n  chromatography could g i v e  
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somewhat v a r i e d  r e s u l t s  depending on t h e  p o r o s i t y  of t h e  g e l ,  bead 

s i z e ,  f low rate  and t i m e  of observa t ion ,  a s  w e l l  as depending on 

t h e  t i g h t n e s s  of  t h e  a s s o c i a t i o n  process .  However, w e  know t h a t  

Neufield and Riggs (12) were a b l e  t o  r e s o l v e  on Sephadex G200, 
monomer and hexamer forms of C-phycocyanin, when t h e  hexamer w a s  

presumably s t a b i l i z e d  by l i n k e r  p r o t e i n .  I n  t h e i r  experiments t h e  
l i n e a r  b u f f e r  v e l o c i t y  was somewhat g r e a t e r  than  ours  (1.5 - 2.5 

times) s o  t h a t  d i s p e r s i o n  e f f e c t s  would have been g r e a t e r .  Thus 

w e  may conclude t h a t  o u r  f a i l u r e  t o  even p a r t i a l l y  r e s o l v e  monomer 

from hexamer as i n f l e c t i o n s  i n  t h e  boundary shape of a broad zone 

is i n d i c a t i v e  of t h e  presence  of i n t e r m e d i a t e s  between monomer and 

hexamer and n o t  a s imple  chromatographic problem. That is, t h e  

hexamer is n o t  s t r o n g l y  accentua ted  i n  t h e  equi l ibr ium,  u n t i l  t h e  

l i n k e r  p r o t e i n  is p r e s e n t .  A s  shown i n  F igure  4 t h e  in te rconver -  

s i o n  of monomer t o  hexamer is n o t  d i r e c t l y  dependent on t h e  

presence of t h e  l i n k e r  p r o t e i n .  It seems reasonable ,  t h e r e f o r e ,  

t o  conclude t h a t  t h e  l i n k e r  p r o t e i n  s e r v e s  t o  s t a b i l i z e  t h e  

hexamer once i t  is formed, n o t  t h a t  i t  causes  i t s  formation.  

Some estimates of t h e  rate of  exchange of PCs i n t o  t h e  

aggrega tes  t h a t  u l t i m a t e l y  c o n s t i t u t e  t h e  PBS can  b e  obta ined  from 

s t u d i e s  of t h e  exchange of s p e c i f i c a l l y  l a b e l e d  p r o t e i n s .  We have 

done pre l iminary  s t u d i e s  w i t h  35S-labeled PCs and found t h a t  t h e  

h a l f  t i m e  f o r  a s s o c i a t i o n  is i n  t h e  range o f  minutes  a t  low sa l t  

and i n  t h e  range of s e v e r a l  days i n  3 M sa l t .  There is thus a 

very dramat ic  s h i f t  i n  a s s o c i a t i o n  p r o p e r t i e s  as  a f u n c t i o n  of 

s a l t  concent ra t ion .  F u r t h e r  experiments  t o  q u a n t i t a t e  t h e s e  

e f f e c t s  are i n  p r o g r e s s .  

According t o  r e c e n t  models (11,161 phycobilisomes conta in  

b i l i p r o t e i n s  and l i n k e r  po lypept ides .  The i n t e g r i t y  of t h e  PBS 

depends upon two f a c t o r s :  (i) t h e  a s s o c i a t i v e  c h a r a c t e r i s t i c s  of 

b i l i p r o t e i n s  t o  assemble i n t o  s t a b l e  hexameric d i s c s ,  and (ii) t h e  

s t a b i l i z a t i o n  and s t a c k i n g  of t h e s e  d i s c s  i n t o  rods  through 

a s s o c i a t i o n  w i t h  l i n k e r  p r o t e i n s .  TWO d i s t i n c t  assembly mecha- 

nisms may b e  v i s u a l i z e d :  e i t h e r  ( a )  an  i n i t i a t i o n  of aggrega t ion  

by a l i n k e r  p l u s  a monomer of PC, o r  (b)  an  aggrega t ion  of PC 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
0
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



PROPERTIES OF PHYCOBILIPROTEIN PREPARATIONS 1293 

monomers followed by t h e  b inding  of a l i n k e r .  Glazer  (10) p r e f e r s  

model a ,  based on work w i t h  Anabaena v a r i a b i l i s .  Lundel l  et a l .  

(13) s tudying  Synechococcus 6301 f a i l e d  t o  i d e n t i f y  a trimer of 

(PC) X which would b e  a necessary i n t e r m e d i a t e  f o r  G l a z e r ' s  model 

a .  Our work wi th  A. nidulans  R2 is c o n s i s t e n t  wi th  Lundel l ,  e t .  
a l .  (13) .  There may b e  s i g n i f i c a n t  s p e c i e s  d i f f e r e n c e s  i n  t h e  

s t a b i l i t y  of t h e s e  smaller aggrega tes ,  s o  t h a t  t h e  choice  between 

models a and b is s p e c i e s  dependent. Direct scanning g e l  f i l t r a -  
t i o n  of p u r i f i e d  PC f r e e  of l i n k e r  can y i e l d  informat ion  about  t h e  

order  of  assembly of  t h e  PCs i n t o  s p e c i f i c  aggrega tes .  I n  addi-  

t i o n ,  experiments  w i t h  exchange of l a b e l e d  p r o t e i n s  may b e  used t o  

examine t h e  i n t e r a c t i o n  w i t h  l i n k e r  p r o t e i n s  by monitor ing t h e  

d i s s o c i a t i o n  of t h e s e  s p e c i f i c  aggrega tes .  
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