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PICOSECOND TIME-RESOLVED ENERGY TRANSFER KINETICS WITHIN C-PHYCOCYANIN 
AND ALLOPHYCOCYANIN AGGREGATES 

T. GillbrOjÄ. Sandström, V. Sundström 
De p a r t m e n t o f P h y s i c a l C h e m i s t r y 
U n i v e r s i t y o f Umea, 901 87 Umea, Sweden. 
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I n t r o d u c t i o n 

The l i g h t - h a r v e s t i n g complexes o f c y a n o b a c t e r i a and r e d a l g a e , a r e supra-
m o l e c u l a r a g g r e g a t e s , s o - c a l l e d p h y c o b i l i s o m e s (PBS), s i t u a t e d a t t h e 
o u t e r s u r f a c e o f t h e t h y l a k o i d membranes ( 1 , 2 , 3 ) . They a r e composed o f 
a c e n t r a l c o r e o f 2-3 c y l i n d e r s t o w h i c h u s u a l l y s i x r o d s a r e connec­
t e d . The c o r e i s m a i n l y composed o f a l l o p h y c o c y a n i n (APC) t r i m e r s , w h i ­
l e t h e b u i l d i n g b l o c k S o f t h e ro d s a r e he x a m e r i c u n i t s o f p h y c o c y a n i n 
(PC), p h y c o e r y t h r o c y a n i n (PEC) o r p h y c o e r y t h r i n (ΡΕ) ( 1 ) . 

Due t o t h e complex s t r u c t u r e o f p h y c o b i l i s o m e s and t h e pre s e n c e o f 
s e v e r a l h u n d r e d chromophores t h a t i n t e r a c t w i t h each o t h e r i n a c o m p l i ­
c a t e d way i t i s d i f f i c u l t t o d e t e r m i n e e x p e r i m e n t a l l y t h e r a t e o f each 
i n d i v i d u a l t r a n s f e r step.One way t o o b t a i n a more d e t a i l e d u n d e r s t a n d ­
i n g o f t h e e x c i t a t i o n energy t r a n s f e r between n e i g h b o u r i n g chromopho­
r e s w o u l d be t o s t u d y t h e energy t r a n s f e r i n s m a l l e r b i l i p r o t e i n a g g r e ­
g a t e s . Of s p e c i a l i n t e r e s t a r e C-phycocyanin (C-PC) a g g r e g a t e s , s i n c e 
the s t r u c t u r e s o f C-PC t r i m e r s o f M a s t i g o c l a d u s (M.) l a m i n o s u s ( 5 , 6 ) 
and C-PC hexamers o f Agmenellum q u a d r u p l i c a t u m ( 4 ) have r e c e n t l y been 
d e t e r m i n e d a t h i g h (2.1-2.5 Ä)resoultion by X-ray c r y s t a l l o g r a p h y . From 
the c r y s t a l l o g r a p h i c and s p e c t r o s c o p i c ( 7 , 8 ) d a t a i t s h o u l d i n p r i n c i p ­
l e be p o s s i b l e t o c a l c u l a t e t h e en e r g y t r a n s f e r r a t e s i n t h e s e systems 
assuming t h a t t h e Förster merchanism ( 9 ) f o r energy t r a n s f e r i s i n 
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o p e r a t i o n . E f f o r t s i n t h i s d i r e c t i o n have a l r e a d y been made by Sauer 
e t a l ( 1 0 ) . The aim o f t h i s work was t o s t u d y t h e en e r g y t r a n s f e r k i n e ­
t i c s o f C-PC and APC monomers and t r i m e r s o f M. l a m i n o s u s on t h e p i c o ­
second and femtosecond s c a l e and t o s t u d y t h e r e l a x a t i o n o f t h e l i g h t -
i n d u c e d a n i s o t r o p y . One i n t e r e s t i n g a s p e c t w o u l d be t o compare t h e e n e r ­
gy t r a n s f e r i n C-PC and APC monomers and t r i m e r s . For s t r u c t u r a l and 
s p e c t r a l r e a s o n s one m i g h t e x p e c t t h a t t h e t r a n s f e r r a t e between t h e 
α -84 and β -84 chromophores s h o u l d be s i m i l a r i n C-PC and APC mono­
mers . 

E x p e r i m e n t a l 

The C-PC and APC t r i m e r s o f M. l a m i n o s u s were p r e p a r e d a c c o r d i n g t o t h e 
method g i v e n i n r e f 11 and 12, r e s p e c t i v e l y . Monomers were o b t a i n e d by 
a d d i n g NaSCN t o 1.2 M. No f u r t h e r check o f t h e a g g r e g a t i o n s t a t e f o r 
th e monomers was made. The a b s o r p t i o n maximum was a t 615 and 611 nm 
f o r t h e C-PC t r i m e r and t h e monomer, r e s p e c t i v e l y . For APC t r i m e r s i t 
was 652 nm and f o r monomers 615 nm. The p i c o s e c o n d measurements were 
made i n a r o t a t i n g c e l l o f 1mm o p t i c a l p a t h l e n g t h and t h e absorbance 
f o r b o t h t h e t r i m e r s and t h e monomers were i n t h e range 0.8-02 ( i n 
1mm c e l l s ) . 

I n o r d e r t o f o l l o w t h e k i n e t i c s o f ener g y t r a n s f e r we employed t h e p i c o ­
second a b s o r p t i o n r e c o v e r y method w i t h c o n t i n u o u s l y t u n a b l e e x c i t a t i o n 
and p r o b i n g l i g t h . The l a s e r s y s t e m used t o g e n e r a t e t h e p i c o s e c o n d p u l ­
ses as w e l l as t h e m e a s u r i n g t e c h n i q u e have p r e v i o u s l y been d e s c r i b e d 
i n d e t a i l ( 1 3 ) . I n s h o r t , t h e p i c o s e c o n d p u l s e s were g e n e r a t e d i n a mo­
d e - l o c k e d and c a v i t y - d u m p e d dye l a s e r , w h i c h was s y n c r o n o u s l y pumped 
by a mode-locked a r g o n i o n l a s e r . The c a v i t y dumper was o p e r a t e d i n t h e 
80-800 kHz range and t y p i c a l l y gave ca. 10 ps l o n g p u l s e s (FWHM) o f 
1-2 nJ energy i n t h e 580-670 nm w a v e l e n g t h range . The p o l a r i z a t i o n o f 
th e pump and probe beams were c o n t r o l l e d by a S o l e i l - B a b i n e t compensa­
t o r and p r i s m p o l a r i z e r s , so t h a t t h e a b s o r p t i o n r e c o v e r y k i n e t i c s c o u l d 
be measured w i t h any r e l a t i v e o r i e n t a t i o n o f t h e pump and probe p o l a r i -



z a t i o n s . Measurements w i t h p a r a l l e l ( I - Q ) a n d p e r p e n d i c u l a r ( 1 ^ ) 
p o l a r i z a t i o n were used t o monotor t h e decay o f induced a n i s o t r o p y , 
r ( t ) = ( I - Q / ^ 1 1 + ^*JL? a n <^ m e a s u r e m e n t s a t the magic a n g l e (54.7? 
were used t o o b t a i n t h e i s o t r o p i c decay, f r e e of d e p o l a r i z a t i o n e f f e c t s 
I n some pump-probe e x p e r i m e n t s we used ca. 400 f s p u l s e s f r o m a f i b e r -
g r a t i n g p u l s e compressor. 

R e s u l t s and d i s c u s s i o n 

C-Phycocyanin monomers and t r i m e r s 

I n F i g . 1 we show t h e a b s o r p t i o n r e c o v e r y k i n e t i c s o f C-PC monomers a t 
580 nm w i t h d i f f e r e n t p o l a r i z a t i o n o f t h e e x c i t a t i o n and t h e probe p u l ­
s e s . The d a t a were a n a l y z e d by f i t t i n g them t o a sum o f two o r t h r e e 

< ζ ο 

F i g . l 

C - P C MONOMER 580 nm 

V
 1,1 

I i ^ ^ ' ^ 

1 1 

0 200 400 600 800 1000 1200 

TIME/ps 

e x p o n e n t i a l s . The mean v a l u e s o f l i f e t i m e s and a m p l i t u d e s o b t a i n e d a t 
d i f f e r e n t w a v e l e n g t h i n t e r v a l s are shown i n t a b l e 1. I n t a b l e 2 t h e c o r 
r e s p o n d i n g a n i s o t r o p y r e l a x a t i o n t i m e s and a m p l i t u d e s a r e shown. From 
these d a t a i t i s c l e a r t h a t b e s i d e s a l o n e l i f e t i m e i n t h e ns range. 
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T a b l e 1 

L i f e t i m e s ( τ ) and r e l a t i v e a m p l i t u d e s ( R ^ ) o b t a i n e d f r o m i s o t r o ­

p i c s i g n a l s o f C-PC monomers a t d i f f e r e n t w a v e l e n g t h , i n t e r v a l s . 

nm τ (ps) R (%) ^ ( p s ) R 2 (%) (ps) R^U) 

580- 57+4 27+2 665+101 62+1 4000 14+9 
600 

635-
640 . 178+64 25+5 893+151 75+5 

Ta b l e 2 

A n i s o t r o p y r e l a x a t i o n t i m e s ( τ
Γ ι ) a n d a m p l i t u d e s ( r ι ) o f C-PC monomers 

a t d i f f e r e n t w a v e l e n g t h i n t e r v a l s . 

nm τ Γ ι ( p s ) r ± τ Ϊ 2 ( n s ) r ̂  r ( 0 ) 

580-
590 52+19 0.13+0.03 2.6+1.5 0.28+0.03 0.41+0.01 

635-
640 36+8 0.08+0.04 4.4+0.1 0.29+0.04 0.37+0.02 

we ob s e r v e a l i f e t i m e o f ca. 57 ps a t s h o r t e r w a v e l e n g t h ( ^ 5 9 0 nm), 
where t h e $ -155 chromophore a b s o r b e s s t r o n g l y ( 7 , 1 0 ) . A t l o n g e r wave­
l e n g t h , i . e . 635-540 nm, t h e f a s t e s t l i f e t i m e i n c r e a s e s t o 178 + 64 ps. 
The most d i r e c t i n t e r p r e t a t i o n o f t h e s e d a t a i s t h a t t h e 57 ps l i f e ­
t i m e i s due t o energy t r a n s f e r between 3 -155 and 3 -84 w i t h i n a C-
PC monomer u n i t . As can bee seen i n t a b l e 2 t h i s t r a n s f e r s t e p i s 
accompanied by an e q u a l l y f a s t r e l a x a t i o n o f t h e a n i s o t r o p y f r o m 0.41 + 
0.01 t o 0.28 + 0.33. T h i s l a s t a n i s t r o p y i s s i m i l a r t o t h a t f o u n d i n 
s t e a d y s t a t e f l u o r e s c e n c e measurements (7) .The c e n t r u m d i s t a n c e (R) 
between 3 -155 and Β -84 i n C-PC o f Μ. l a m i n o s u s 34.3 Ä ( 5 ) and t h e 



461 

o r i e n t a t i o n f a c t o r <-0.84. W i t h t h e r a d i a t i v e l i f e t i m e τ = 2 ns we 
ο 

o b t a i n a Förster r a d i u s (R) o f 61 Ä, u s i n g t h e e q u a t i o n ; 

where τ i s t h e measured l i f e t i m e o f energy t r a n s f e r and under t h e a s ­
s u m p t i o n t h a t t h e r a t e o f back t r a n s f e r i s c o m p a r a t i v e l y s m a l l . Because 
t h e o b s e r v e d t r a n s f e r r a t e ( k ) between two chromophores i s t h e sum o f 
t h e r a t i o s i n t h e f o r w a r d ( k ^ ) and back d i r e c t i o n s ( k ) and i n c l u s i o n o f 

25 % back t r a n s f e r w o u l d j u s t reduce t h e c a l c u l a t e d v a l u e o f R w i t h 
J ο 

3.5 %. The c a l c u l a t e d Förster r a d i u s i s i n f a i r agreement w i t h l i t t e r a -
t u r e d a t a and (10) t h u s one m i g h t c o n c l u d e t h a t the Förster mechanism 
f o r e n e r g y t r a n s f e r i s i n o p e r a t i o n i n t h e C-PC monomers. A s i m i l a r ana­
l y s i s o f t h e l o n g w a v e l e n g t h l i f e t i m e o f 178 ps i n d i c a t e s t h a t t h i s i s 
due m a i n l y t o t h e t r a n s f e r s t e p α -84 β-84. Assuming s i m i l a r r a t e s 
f o r t h e f o r w a r d ( k ^ ) and back ( k _ ^ ) energy t r a n s f e r , we c a l c u l a t e ( w i t h 
R = 50.2 Ä and κ = 1.73) t h a t R = 52 Ä.This v a l u e i s r e a s o n a b l e and as 

ο 
e x p e c t e d , due t o t h e s m a l l e r o v e r l a p between donor e m i s s i o n and accep­
t o r a b s o r p t i o n , l o w e r t h a n f o r t h e Β-155 Β -84 t r a n s f e r . 

T a b l e 3 

L i f e t i m e s ( i i ) and r e l a t i v e a m p l i t u d e (R ι ) o b t a i n e d f r o m t h e i s o t r o ­

p i c s i g n a l s o f C-PC t r i m e r s a t d i f f e r e n t w a v e l e n g t h s . 

T ^ p s ) R 1 (%) τ 2 ( p s ) R 2 (%) τ 3 ( p s ) R 3 (%) 

580-
590 27+3 40+7 106+27 14+5 1162+67 46+5 

616-
625 27+6 40+7 173+85 27+8 1228+242 33+8 

635-
645 48+12 35+9 429+143 24+9 [190+287 41+17 
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T u r n i n g now t o t h e C-PC t r i m e r s , we o b s e r v e (see t a b l e 3) t h a t t h e 
f a s t e s t p r o c e s s has a l i f e t i m e o f 27 ps a t 625 nm and i n c r e a s e s t o 
48 ps a t a b o u t 640 nm. There i s a l s o a l o n g ( f l u o r e s c e n c e ) l i f e t i m e o f 
about 1.2 ns a t a l l w a v e l e n g t h s . I n a d d i t i o n , t h e r e i s an i n t e r m e d i a t e 
l i f e t i m e t h a t v a r i e s f r o m a b o u t 200 t o 400 ps when g o i n g t o l o n g e r ex­
c i t a t i o n w a v e l e n g t h s . S i m i l a r l i f e t i m e s were o b s e r v e d i n t h e a n i s o t r o ­
py measurements ( t a b l e 4 ) . 

T a b l e 4 

A n i s o t r o p y r e l a x a t i o n l i f e t i m e s ( i r 1 ) and a m p l i t u d e s ( r 1 ) o f C-PC t r i ­

mers a t d i f f e r e n t w a v e l e n g t h s . 

nm T r ^ p s ) Γ χ x 2 ( p s ) r r ( 0 ) r ( ~ ) 

580-
600 24+5 0.18+0.02 108+36 0.10+0.02 0.42+0.02 0.14+0.03 

616-
635 21+8 0.17+0.03 222+77 0.06+0.03 0.38+0.02 0.15+0.03 

The f i n a l a n i s o t r o p y a t l o n g e r t i m e s o f 0.05 i s j u s t about h a l f t h e a n i ­
s o t r o p y f o u n d f o r t h e monomers. T h i s o f c o u r s e i s a r e f l e x i o n o f t h e f i ­
n a l d i s t r i b u t i o n o f t h e e x c i t e d s t a t e i s o v e r more chromophores i n t h e 
t r i m e r s . 

The i n t e r p r e t a t i o n o f t h e o b s e r v e d l i f e t i m e s i s o f c o u r s e more complex 
i n t h e t r i m e r s t h a n i n t h e monomers, s i n c e t h e number o f p o s s i b l e i n t e r ­
a c t i o n s i s l a r g e r . From t h e c r y s t a l l o g r a p h i c d a t a , however, t h e by f a r 
c l o s e s t p a i r o f chromophores i s α -84 and β -84 o f a d j a c e n t monomers. 
W i t h R = 20.8 Ä and κ= -1.34 and R = 52 Ä (see above) one w o u l d e x p e c t 

ο 
l i f e t i m e o f a b o u t 1.5 ps (as s u m i n g t h a t t h e backward and f o r w a r d r a t e s 
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a r e s i m i l a r ) . No such f a s t p r o c e s s was f o u n d , however, i n our p i c o s e ­
cond s t u d y . We t h e r e f o r e a l s o p e r f o r m e d some e x p e r i m e n t s on C-PC t r i ­
mers a t 618 nm w i t h 400 f s p u l s e s ( F i g . 2 ) . , b u t we were u n f o r t u n a t e l y 

CO 

15 30 
TIME/ps 

45 

F i g . 2 

n o t a b l e t o r e s o l v e any l i f e t i m e ( i s o t r o p i c or a n i s o t r o p i c ) i n t h e i n ­
t e r v a l 0.5-25 ps. The 27 ps component t h u s seems t o be t o slow f o r an 
α-84 -> 3-84 t r a n s f e r . I t has been a t t r i b u t e d t o t r a n s f e r f r o m β -155 
t o α -84 and/or β -84 f r o m t i m e - r e s o l v e d f l u o r e s c e n c e s t d u e s (16) and 
our d a t a a t 580-590 nm would s u p p o r t t h i s i n t e r p r e t a t i o n , however, g o i n g 
t o w a r d l o n g e r w a v e l e n g t h s , i . e . 616-625 nm, the r e l a t i v e a m p l i t u d e o f 
t h i s component s h o u l d d e c r e a s e and i t s h o u l d o n l y be about 10% a t 640 nm. 
Where t h e a b s o r p t i o n o f 3—155 i s s m a l l ( 7 , 1 0 ) . Since t h i s i s c o n t r a r y 
t o o u r d a t a (see t a b l e 3) we must c o n c l u d e t h a t t r a n s f e r among α -84 
and β -84 chromophores o r o t h e r p r o c e s s e s a l s o c o n t r i b u t e t o t h i s com­
ponent . 
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A l l o p h y c o c y a n i n monomers and t r i m e r s 

A g a i n we w i l l s t a r t w i t h t h e monomer u n i t s . I n F i g . 3 and a b s o r p t i o n r e ­
c o v e r y measured a t 610 nm i s d i s p l a y e d c l e a r y shows a b i p h a s i c decay. 
The f a s t s m a l l a m p l i t u d e component has a l i f e t i m e o f 144 ps, w h i l e t h e 
d o m i n a t i n g decay has a l i f e t i m e o f 1.3 ns. S i n c e APC monomers o n l y have 
two chromophores ( a-80 and Β -81) t h e s h o r t l i f e t i m e s h o u l d be due t o 
energy t r a n s f e r between t h e s e chromophores. The f a c t t h a t we can o b s e r ­
ve t h i s s i g n a l means t h a t t h e a b s o r p t i o n s p e c t r a a r e n o t i d e n t i c a l , how­
e v e r , t h e s m a l l a m p l i t u d e o f t h e s i g n a l i n d i c a t e s t h a t t h e s p e c t r a a r e 
s t r o n g l y o v e r l a p p i n g . T h i s m i g h t be e x p e c t e d when t h e s p e c t r a l s i m i l a ­
r i t y t o C-PC monomers i s c o n s i d e r e d . We a l s o n o t e t h a t w i t h i n t h e ex­
p e r i m e n t a l e r r o r t h e 144 ps component i s t h e same as t h e c o r r e s p o n d i n g 
energy t r a n s f e r component f o u n d i n C-PC monomers. Thus one may can con ­
c l u d e t h a t t h e chromophores a r e s i t u a t e d on s i m i l a r p o s i t i o n s i n t h e 
C-PC and APC monomers. T h i s a l s o what one w o u l d e x p e c t f r o m t h e homolo­
gy between t h e two p r o t e i n s ( 1 2 ) . 

F i g . 3 
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APC t r i m e r s a r e t h e s m a l l e s t a g g r e g a t e s o f APC o c c u r i n g i n t h e c o r e o f 
t h e p h y c o b i l i s o m e r s . So f a r t h e r e has been no r e p o r t on subnanosecond 
energy t r a n s f e r p r o c e s s e s i n APC t r i m e r s . I n t h i s work we have o b s e r v e d 
a f a s t p r o c e s s w i t h a l i f e t i m e o f 45 + 10 ps (see F i g . 4 ) . Since t h e 
a m p l i t u d e o f t h i s component i s s u b s t a n t i a l (ca 60%) a t 642 nm, t h e t r a n s ­
f e r has t o t a k e p l a c e between chromophores w i t h d i f f e r e n t a b s o r p t i o n 
s p e c t r a . The r e l a t i v e a m p l i t u d e a l s o i n c r e a s e s i n g o i n g f r o m 670 t o 630 
nm as e x p e c t e d i f t h i s i s a n o r m a l Förster ( d o n o r - a c c e p t o r ) t y p e o f 
t r a n s f e r . I t i s i n t e r e s t i n g t o compare t h e APC w i t h t h e C-PC t r i m e r da­
t a about 640 nm, where a 48 + 7 ps p r o c e s s was o b s e r v e d i n CPC. T h i s 
s u g g e s t s t h a t a t r a n s f e r between α -80 and β -81 chromophores i s 
r e s p o n s i b l e f o r t h i s component. Since our p r e p a r a t i o n c o n t a i n e d a s m a l l 
amount (< 10%) o f chromophore w i t h a r e d - s h i f t e d a b s o r p t i o n s p e c t r u m 
(max ^ 675 nm) i t i s however n o t p o s s i b l e t o e x c l u d e t h a t t h e p r o c e s s 
i s p a r t l y due t o a t r a n s f e r o f e x c i t a t i o n energy t o t h i s chromophore i n 
c o m b i n a t i o n w i t h a q u e n c h i n g p r o c e s s . We used 400 f s p u l s e s a t 648 nm 
i n some e x p e r i m e n t s ( F i g . 4) t o i n v e s t i g a t e i t t h e r e i s any f a s t p r o ­
cess i n t h e range 0.5-10 ps. However, we c o u l d n o t o b s e r v e such a p r o ­
cess i n t h e i s o t r o p i c o r a n i s o t r o p i c decay. One i n t e r e s t i n g f i n d i n g was 
t h a t t h e a n i s o t r o p y a t t = 0 was o n l y about 0.2 ( F i g . 4) i n s t e a d o f 0.4 
as e x p e c t e d . T h i s i n d i c a t e s t h a t t h e r e i s a f a s t (< 0.5 ps) u n r e s o l v e d 
a n i s o t r o p y r e l a x a t i o n p r o c e s s . T h i s m i g h t be a t r a n s f e r o f e x c i t a t i o n 
between c l o s e l y spaced s t a t e s w i t h d i f f e r e n t l y d i r e c t e d t r a n s i t i o n d i -
p o l e moments. Such s t a t e s c o u l d f o r i n s t a n c e be formed i n a s t r o n g l y 
c o u p l e d d i m e r , ( e x c i t o n i c s t a t e s ) , w h i c h has been s u g g e s t e d t o g i v e 
r i z e t o the 652 nm a b s o r p t i o n band i n APC-L1"iiiiei\s (15) . The a n i s o t r o ­
py a t l o n g e r t i m e s i s s i m i l a r t o t h e s t e a d y s t a t e v a l u e ( r ^ 0.05) 
( 1 4 ) . 
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I t i s c l e a r f r o m t h i s s t u d y o f APC t r i m e r s t h a t t h e e n e r g y t r a n s f e r and 
r e l a t e d p r o c e s s e s a r e more complex t h a n what one w o u l d e x p e c t c o n s i d e r i n g 
the r e l a t i v e s i m p l i c i t y o f t h e system. To u n d e r s t a n d t h e p h y s i c a l mean­
i n g o f t h e s e p r o c e s s e s f u r t h e r work i s u r g e n t l y needed. 
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