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EFFECT OF PROTEIN ENVIRONMENT AND EXCITONIC COUPLING ON 
THE EXCITED-STATE PROPERTIES OF THE ΒILINCHROMOPHORES IN 
C-PHYCOCYANIN 

S. Schneider, Ch.Scharnag 1 
I n s t i t u t für P h y s i k a l i s c h e und T h e o r e t i s c h e Chemie der 
Technischen Universität München, D-8046 Garching 

M. D u e r r i n g , T. Schirmer, W. Bode 
M a x - P l a n c k - I n s t i t u t für Biochemie, D-8033 M a r t i n s r i e d 

I n t r o d u c t i o n 

C-Phycocyanin (C-PC), one of the l i g h t - h a r v e s t i n g pigments of 
c y a n o b a c t e r i a , i s composed of two s u b u n i t s , α and 0. The 
former c o n t a i n s one, the l a t t e r two open-chain t e t r a y r r o l e 
chromophores (phycocyanobi1 i n ) , c o v a l e n t l y bound t o the 
a p o p r o t e i n v i a t h i o e t h e r l i n k a g e s (see e.g. ( 1 ) ) . 
The geometries and i n d i v i d u a l environments of the t h r e e 
chromophores i n t h e phycocyanin of Mastigocladus laminosus 
have r e c e n t l y been determined by p e p t i d e sequencing (2) and 
h i g h r e s o l u t i o n X-ray c r y s t a l l o g r a p h y ( 3 a , b , c ) . The c r y s t a l 
s t r u c t u r e d i s p l a y s a s t r o n g s i m i l i a r i t y of geometries, so 
t h a t d i f f e r e n t s p e c t r o s c o p i c , b i o c h e m i c a l and f u n c t i o n a l 
p r o p e r t i e s must be m a i n l y a t t r i b u t e d t o the d i f f e r e n t p r o t e i n 
s u r r o u n d i n g s . L a t e l y i t has been p o s s i b l e t o assign the 
a b s o r p t i o n bands (maxima) t o the d i f f e r e n t phycocyanin 
chromophores unambiguously i n the f o l l o w i n g manner ( 4 , 5 ) : 

A84: A m i a b s ) = 616 - 618 nm (4) max 
B84: 622 - 624 nm (4) 
B155: 598 - 600 nm (4) 

618 nm (5) 
624 - 632 nm (5) 
594 - 598 nm (5) 
582 - 598 nm (5,CD) 

Photosynthetic Light-Harvesting Systems 
© 1988 Walter de Gruyter & Co., Berlin · New York 
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CD-spectroscopy i s an i m p o r t a n t source of i n f o r m a t i o n t o 
e l u c i d a t e the c o n f o r m a t i o n of b i l i n chromophores and a s e n s i ­
t i v e probe t o noncovalent i n t e r a c t i o n s . T h e r e f o r e we s t u d i e d 
the e f f e c t of protein-chromophore and chromophore-chromophore 
i n t e r a c t i o n s on the c h i r o p t i c p r o p e r t i e s by means of quantum 
mechanical model c a l c u l a t i o n s , i n o r d e r t o improve our 
knowledge about the c o n t r i b u t i o n of these i n t e r a c t i o n s t o t h e 
s p e c t r a l and f u n c t i o n a l p r o p e r t i e s of t h e p h y c o b i 1 i n p r o t e i n s 
and t o get an e s t i m a t e of the s i g n i f i c a n c e of these i n t e r ­
a c t i o n s . 

Methods 

Our c a l c u l a t i o n s are based on the h i g h - r e s o l u t i o n X-ray d a t a 
f o r chromophore and p r o t e i n ( 3 c ) . A p p roximative w a v e f u n c t i o n s 
r e s u l t f r o m a ττ-electron model c a l c u l a t i o n (PPP) w i t h 
s t a n d a r d p a r a m e t r i s a t i o n and c o n f i g u r a t i o n i n t e r a c t i o n (CI) 
of s i n g l y e x c i t e d s t a t e s ( C l - b a s i s : 6 occupied, 6 v i r t u a l 
m o l e c u l a r o r b i t a l s ; a l a r g e r C l - b a s i s leads t o a 10 t o 15 nm 
r e d s h i f t and s m a l l v a r i a t i o n s i n the o t h e r c a l c u l a t e d 
p r o p e r t i e s ) . The r o t a t o r y s t r e n g t h s and f - v a l u e s are c a l c u ­
l a t e d w i t h o u t f u r t h e r a p p r o ximations (6a,6b,7). 
The chromophores and t h e i r s u r r o u n d i n g s are t r e a t e d as one 
"supermolecule". T h e r e f o r e , a l l i n t e r a c t i o n s between perma­
nent and t r a n s i t i o n charge d i s t r i b u t i o n s are i n c l u d e d . P o l a r 
and aromatic amino a c i d r e s i d u e s l y i n g i n a sphere w i t h 10 A 
r a d i u s around CIO were taken i n t o account. 
Hydrogen bonds are s i m u l a t e d by v a r y i n g the e f f e c t i v e i o n i z a ­
t i o n p o t e n t i a l (IP') of the heteroatom s i n c e a w i t h d r a w a l of 
the hydrogen from a p y r r o l e n i t r o g e n causes the i r - e l e c t r o n s 
of t h i s c e n t e r t o de l o c a l i z e more e a s i l y . The parameter IP' 
was changed a c c o r d i n g l y from 19.6 eV (no bonding) t o 16.5 eV 
( s t r o n g bonding, IP' midway between the v a l u e s f o r p y r r o l e 
and p y r i d i n e n i t r o g e n ) . The v a l u e s of a l l o t h e r parameters 
are g i v e n elsewhere ( 6 , 7 ) . 
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R e s u l t s and D i s c u s s i o n 

S i n g l e Chromophores 
F i g u r e s 1 and 2 show t h e v a r i a t i o n s of the a b s o r p t i o n 
wavelength and r o t a t o r y s t r e n g t h R of the r e d band of B84 and 
B155, r e s p e c t i v e l y , due t o chromophore-protein i n t e r a c t i o n s . 
We r e s t r i c t our d i s c u s s i o n t o t h i s band because i t i s w e l l 
s e p a r a t e d from o t h e r t r a n s i t i o n s and t h e r e f o r e e a s i e r t o 
analyse - t h e o r e t i c a l l y as w e l l as e x p e r i m e n t a l l y . 

Case I : i s o l a t e d chromophore, n e g l e c t i n g a l l s i d e chains 
Case I I : I + p r o p i o n i c a c i d s i d e chains a t t a c h e d t o C8 + C12 
Case I I I : I I + a s p a r t a t e r e s i d u e near p y r r o l e r i n g s Β and C 

(B87 and B39, r e s p e c t i v e l y ) 
Case IV: I I I + r e s i d u e s of p o l a r amino a c i d s near t h e 

p r o p i o n i c s i d e chains 
Case V: IV + a l l p o l a r and aromatic r e s i d u e s i n a sphere of 

10 A around CIO 
Case V I : V + amide groups of the p r o t e i n backbone w i t h i n t he 

same sphere ( i n b r a c k e t s ) 

The c a l c u l a t e d t r a n s i t i o n energies f o r t h e i s o l a t e d chromo­
phores ( I ) are around or below 550 nm. The o r i g i n f o r t h i s 
hypsochromic s h i f t , when compared t o p r i o r c a l c u l a t i o n s 
(6a,6b,7), i s the s i g n i f i c a n t d e v i a t i o n from a p l a n a r 
geometry. Coulombic i n t e r a c t i o n ( s t a t i c c o u p l i n g i n terms of 
f i r s t o r d e r p e r t u r b a t i o n t h e o r y ) e f f e c t s t h e t r a n s i t i o n 
e n e r g i e s (bathochromic s h i f t ) m a i n l y because of the d i f f e r e n t 
s t a b i l i z a t i o n of the v a r i o u s m o l e c u l a r o r b i t a l s . The r o t a t o r y 
s t r e n g t h i s a l t e r e d because of changed c o e f f i c i e n t s i n the 
CI-wavefunctions and the concomitant m o d i f i e d m i x i n g of 
e l e c t r i c and magnetic t r a n s i t i o n moments. 
I n c l u s i o n of the c a r b o x y l a t e groups of t he p r o p i o n i c a c i d 
s i d e chains ( I I ) e x h i b i t s o n l y s m a l l e f f e c t s ( t h e p r o t o n 
tautomerism i s f i x e d by the i n t e r a c t i o n w i t h adjacent amino 
acids (3c) ) . 
Both chromophores (as w e l l as the t h i r d , not d i s p l a y e d , a t 
A84) show a common p r i n c i p l e of i n t e r a c t i o n w i t h the p r o t e i n . 
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Fig u r e 1: C a l c u l a t e d r o t a t o r y s t r e n g t h R of the longwave-
l e n g t h a b s o r p t i o n band of the B84 chromophore 
(1 DBM=0.93 10 cgs; case I t o V I : see t e x t ) . 
The shaded r e g i o n s show the s p e c t r a l v a r i a t i o n s 
w i t h the tautomerism of t he a r g i n i n e groups: 
a) B80 as shown b) t a u t o m e r i c form 
1) B79 and B86 as shown 2) t a u t o m e r i c form 
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F i g u r e 2: C a l c u l a t e d r o t a t o r y s t r e n g t h R of the longwave-
l e n g t h a b s o r p t i o n band of the B155 chromophore. 
The shaded area r e f l e c t s the bathochromic s h i f t 
c a l c u l a t e d f o r an i n c r e a s i n g of t h e hydrogen bond 
s t r e n g t h t o t he B39 a s p a r t a t e r e s i d u e , 
a) N23-H-tautomer b) N22-H-tautomer 
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They arch around an a s p a r t a t e r e s i d u e (B87 and B39, r e s p . ) , 
the n i t r o g e n s of p y r r o l e r i n g s Β and C (N22 and N23) b e i n g 
w i t h i n hydrogen bonding d i s t a n c e of one of the c a r b o x y l a t e 
oxygens. T h i s i n t e r a c t i o n dominates the wavelength adjustment 
( I I I ) . 
For ΒΘ4 (and A84) the assumption of a p r o t o n t r a n s f e r t o the 
chromophore, l e a v i n g a n e g a t i v e a s p a r t a t e c o u n t e r i o n , i s 
necessary t o s h i f t the c a l c u l a t e d e l e c t r o n i c e x c i t a t i o n 
energy i n t o the e x p e r i m e n t a l l y e s t a b l i s h e d r e g i o n . 
B155 d e v i a t e s from t h i s b ehaviour; a p r o t o n t r a n s f e r would 
r e s u l t i n a t r a n s i t i o n near 700 nm. T h e r e f o r e we p o s t u l a t e 
t h a t B155 and a s p a r t a t e B39 are coupled v i a a hydrogen bond. 
Only a p o s i t i v e p a r t i a l charge near N22 and N23 (0D2 t r e a t e d 
as -0-H) y i e l d s a r e d s h i f t . Depending on the methen t a u t o -
merism (N22-H or N23-H) and the hydrogen bond s t r e n g t h , the 
v i s u a l a b s o r p t i o n band v a r i e s i n a wavelength r e g i o n of about 
50 nm w i d t h (shaded areas i n f i g u r e 2 ) . 
I n c l u s i o n of the charged and aromatic r e s i d u e s around B84 
(case IV: Arg B80; case V: Arg B79, Arg B86, Ser B72, Tyr 
B119, Thr B124, Thr B118) leads t o f u r t h e r s h i f t s . There i s a 
s t r o n g i n d i c a t i o n , t h a t the a r g i n i n e r e s i d u e s p l a y a v i t a l 
r o l e i n t u n i n g the t r a n s i t i o n energy. Small v a r i a t i o n s i n 
geometry (e.g. a r o t a t i o n of the -C(NH 2)(NH)-groups by 180°, 
e q u i v a l e n t t o an exchange of p o s i t i v e and n e g a t i v e p a r t i a l 
charges) r e s u l t i n a d r a s t i c v a r i a t i o n of the t r a n s i t i o n 
wavelength. T h e r e f o r e , these r e s i d u e s may be r e s p o n s i b l e f o r 
the h e t e r o g e n e i t y observed i n the f l u o r e s c e n c e k i n e t i c s of 
s m a l l e r aggregates ( 8 ) . 
I n c l u s i o n of the charges i n the s u r r o u n d i n g of B155 (case IV: 
Thr B151, Asn B35; case V: Lys B36, Glu B33) induces a l s o 
a d d i t i o n a l r e d s h i f t s of the f i r s t e l e c t r o n i c t r a n s i t i o n . Only 
f o r the N23-H-tautomer i s the t h e o r e t i c a l r e s u l t , however, i n 
agreement w i t h o b s e r v a t i o n . 
The i n t e r a c t i o n w i t h the amide groups of the p r o t e i n backbone 
(case VI) produces o n l y s m a l l c o r r e c t i o n s t o the e x c i t e d 
s t a t e p r o p e r t i e s and can t h e r e f o r e be i g n o r e d i n f i r s t 
a p p r o x i m a t i o n s t u d i e s . 
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ß-subunit 
The r e s u l t s d e s c r i b e d so f a r p r e d i c t t h a t the CD-spectrum of 
two, n o n - i n t e r a c t i n g chromophores i n t he Ö-subunit should 
e x h i b i t a l a r g e r o t a t o r y s t r e n g t h around 620 nm. T h i s i s , 
however, i n c o n t r a d i c t i o n t o the e x p e r i m e n t a l f i n d i n g (4) 

( i n a c t i v e longwave l e n g t h a b s o r p t i o n band, a t t r i b u t e d t o B84) . 
T h e r e f o r e , we extended our model c a l c u l a t i o n s t o take i n t o 
account b o t h chromophores and t h e i r environments t o g e t h e r . 
The s e l e c t e d s t a t u s of chromophore-protein i n t e r a c t i o n 
a c c o r d i n g t o app r o x i m a t i o n VI i s marked i n f i g u r e s 1 and 2 
f o r b o t h chromophores. I t y i e l d s t r a n s i t i o n e nergies i n the 
c o r r e c t wavelength r e g i o n and a l s o t h e r e q u i r e d energy 
spacing f o r B84 and B155. F i g u r e 3 shows the th e r e b y o b t a i n e d 
t h e o r e t i c a l CD-spectrum of the ß-subunit. 

R = 
1 DBM 

580 590 600 610 X/nm 

F i g u r e 3: C a l c u l a t e d v i s i b l e CD-spectrum of i n d i v i d u a l 
chromophores (B84 • · , B155 · -) 
and the ß-subunit w i t h e x c i t o n i c c o u p l i n g 
i n c l u d e d ( ) . 

Due t o e x c i t o n i c c o u p l i n g , the s h o r t e r wavelength t r a n s i t i o n 
(γ +=0.9 γ*(Β155) + 0.1 ψ*(Β84)) gains r o t a t o r y s t r e n g t h , 
which i s l o s t i n the corresponding longwave l e n g t h t r a n s i t i o n . 
This f i n a l r e s u l t f i t s the e x p e r i m e n t a l l y found CD-bandshape 
very w e l l and i s a c l e a r i n d i c a t i o n , t h a t t h e i n t e r a c t i o n 
w i t h charged re s i d u e s c o n t r o l s a l s o the chromophore-chromo-
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phore c o u p l i n g w i t h i n t he p h y c o b i 1 i p r o t e i n s . I t i s f u r t h e r ­
more a warning t h a t the p r o p e r t i e s of i s o l a t e d chromophores 
may not be e x t r a c t e d from measurements on b i o l o g i c a l systems 
w i t h i n t e r a c t i n g chromophores. 
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