
PERSPECTIVES 
IN PHOTOSYNTHESIS 
PROCEEDINGS OF THE TWENTY-SECOND JERUSALEM SYMPOSIUM ON 

QUANTUM CHEMISTRY AND BIOCHEMISTRY HELD IN 
JERUSALEM, ISRAEL, MAY 15-18,1989 

Edited by 
J. JORTNER 

Department of Chemistry, 
University of Tel-Aviv, Israel 

and 

B. PULLMAN 
Institut de Biologie Physico-Chimique 

(Fondation Edmond de Rothschild), Paris, France 

KLUVVER A C A D E M I C PUBLISHERS 
DORDRECHT/ BOSTON / LONDON 

CORE Metadata, citation and similar papers at core.ac.uk

Provided by Open Access LMU

https://core.ac.uk/display/12163233?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


TABLE OF CONTENTS 

PREFACE 

H. MICHEL and J . DEISENHOFER / The P h o t o s y n t h e t i c 
R e a c t i o n Center from the Purple Bacterium 
Rhodopseudomonas V i r i d i s : R e l a t i o n of S t r u c 
t u r e and F u n c t i o n 

J.R. NORRIS, T . J . DiMAGNO, A. ANGERHOFER, C.H. CHANG, 
O. EL-KABBANI and M. SCHIFFER / A S t r u c t u r a l 
B a s i s f o r E l e c t r o n T r a n s f e r i n B a c t e r i a l 
P h o t o s y n t h e s i s 

J . BRETON / O r i e n t a t i o n of the Pheophytin Primary 
E l e c t r o n Acceptor and of the Cytochrome B559 
i n the D1D2 Photosystem I I R e a c t i o n Center 

S.G. BOXER, D.J. LOCKHART, C. KIRMAIER and D. HOLTEN / 
Mechanism of Charge S e p a r a t i o n i n Photo-
s y n t h e t i c R e a c t i o n C e n t e r s : E l e c t r i c F i e l d 
E f f e c t s on the I n i t i a l E l e c t r o n T r a n s f e r 
K i n e t i c s 

M.R. GUNNER and B. HONIG / E l e c t r o s t a t i c A n a l y s i s of 
the Midpoints of the Four Hemes i n the Bound 
Cytochrome of the R e a c t i o n C e n t e r of RP. 
V i r i d i s 

C. KIRMAIER, L.M. McDOWELL, E . J . BYLINA, D.C. YOUVAN 
and D. HOLTEN / Primary Photochemistry i n 
R e a c t i o n C e n t e r s from the H i s M 2 0 0 Leu Mutant 
of Rhodobacter Capsulatus 

A.J. HOFF, E . J . J . GROENEN and E . J . LOUS / A Note on 
S i n g l e t - S i n g l e t and S i n g l e t - T r i p l e t E x c i t o n 
I n t e r a c t i o n s i n the B a c t e r i a l P h o t o s y n t h e t i c 
R e a c t i o n Center 

W. LERSCH, E. LANG, R. FEICK, W.J. COLEMAN, D.C. 
YOUVAN and M.E. MICHEL-BEYERLE / Determination 



TABLE OF CONTENTS 
of the Exchange I n t e r a c t i o n i n the Primary 
R a d i c a l Ion P a i r i n R e a c t i o n C e n t e r s 81 

H. LEVANON / Ph o t o e l e c t r o n T r a n s f e r R e a c t i o n s : 
Porphyrins-Quinone. FT- and CW-Time Resolved-
EPR S p e c t r o s c o p i e s 91 

D. TANG, S.G. JOHNSON, R. JANKOWIAK, J.M. HAYES, G.J. 
SMALL and D.M. TIEDE / S t r u c t u r e and Marker 
Mode of the Primary E l e c t r o n Donor S t a t e 
Absorption of P h o t o s y n t h e t i c B a c t e r i a : Hole 
Burned S p e c t r a 99 

R. FISCHER, J . GOTTSTEIN, S. SIEBZEHNRUBL and H. 
SCHEER / I n f l u e n c e of Chromophores on 
Quarternary S t r u c t u r e of P h y c o b i l i p r o t e i n s 
from the Cyanobacterium, Mastigocladus 
laminosus 121 

J.T.HYNES , E.A. CARTER, G. CICCOTTI, H.J. KIM, D.A. 
ZICHI, M. FERRARIO, R. KAPRAL / Environmental 
Dynamics and E l e c t r o n T r a n s f e r R e a c t i o n s 133 

R. SILBEY / R e l a x a t i o n and Coherence i n Simple Model 
Systems 149 

M.D. NEWTON / Superexchange Coupling Mechanisms f o r 
E l e c t r o n T r a n s f e r P r o c e s s e s 157 

Y. HU and S. MUKAMEL / S e q u e n t i a l Versus Superexchange 
E l e c t r o n T r a n s f e r i n the P h o t o s y n t h e t i c 
R e a c t i o n Center 171 

M.A. RATNER / Non-Adiabatic E l e c t r o n T r a n s f e r : Some 
Dynamical and E l e c t r o n i c E x t e n s i o n s of 
Standard Rate E x p r e s s i o n s 185 

J.N. ONUCHIC, R.F. GOLDSTEIN and W. BIALEK / 
Biomolecular Dynamics - Quantum or C l a s s i c a l ? 
R e s u l t s f o r P h o t o s y n t h e t i c E l e c t r o n T r a n s f e r 211 

N. MATAGA / Femtosecond-Picosecond L a s e r P h o t o l y s i s 
S t u d i e s on E l e c t r o n T r a n s f e r Dynamics and 
Mechanisms i n Some Model Systems 227 

A.M. KUZNETSOV, J . ULSTRUP and M.G. ZAKARAYA / P r o t e i n 
C o n f i g u r a t i o n a l F l u c t u a t i o n Dependence of the 
E l e c t r o n i c Tunnel F a c t o r of Modified Metal-
l o p r o t e i n E l e c t r o n T r a n s f e r Systems and i n 



TABLE OF CONTENTS 

F a s t D i r e c t and Superexchange S e p a r a t i o n and 
Recombination i n B a c t e r i a l P h o t o s y n t h e s i s 241 

Η. HEITELE, S. WEEREN, F. POLLINGER and M.E. MICHEL-
BEYERLE / S o l v e n t P o l a r i t y E f f e c t s on Thermo
dynamics and K i n e t i c s of I n t r a m o l e c u l a r 
E l e c t r o n T r a n s f e r R e a c t i o n s 261 

P.F. BARBARA, T a i Jong KANG, W. JARZEBA and T. FONSECA 
/ S o l v a t i o n Dynamics and U l t r a f a s t E l e c t r o n 
T r a n s f e r 273 

I . RIPS and J . JORTNER / Frequency F a c t o r f o r the 
Outer-Sphere E l e c t r o n T r a n s f e r . B r i d g i n g 
Between the D i a b a t i c , A d i a b a t i c and S o l v e n t -
C o n t r o l l e d L i m i t s 293 

D. HUPPERT and V. I TT AH / S t a t i c and Dynamic 
E l e c t r o l y t e E f f e c t s on E x c i t e d S t a t e Intramo
l e c u l a r E l e c t r o n T r a n s f e r and E x c i t e d - S t a t e 
S o l v a t i o n 301 

J . KLAFTER, Α. BLUMEN and G. ZUMOFEN / H i e r a r c h i c a l 
R e l a x a t i o n : U l t r a m e t r i c Spaces 317 

Μ. BIXON, J . JORTNER and M.E. MICHEL-BEYERLE / The 
Superexchange Model f o r the Primary Charge 
S e p a r a t i o n i n B a c t e r i a l P h o t o s y n t h e s i s 325 

R.A. FRIESNER and Y. WON / Role of Charge T r a n s f e r 
S t a t e s of the S p e c i a l P a i r i n Primary 
P h o t o s y n t h e t i c Charge S e p a r a t i o n 337 

M.R. WASIELEWSKI, M.P. NIEMCZYK, D.G. JOHNSON, W.A. 
SVEC and D.W. MINSEK / P h o t o s y n t h e t i c Model 
Systems t h a t Address the Role of Superexchange 
i n E l e c t r o n T r a n s f e r R e a c t i o n s 347 

P.O.J. SCHERER and S.F. FISCHER / E l e c t r o n i c 
E x c i t a t i o n s and E l e c t r o n T r a n s f e r Coupling 
w i t h i n the B a c t e r i a l R e a c t i o n Center Based on 
an INDO/S-CI Supermolecule Approach i n c l u d i n g 
615 Atoms 361 

A. SCHERZ, V. ROSENBACH-BELKIN and J.R.E. FISHER / 
S e l f Assembly of B a c t e r i o c h l o r o p h y l l a and 
B a c t e r i o p h e o p h y t i n a i n M i c e l l a r and Non-
M i c e l l a r Aqueous S o l u t i o n s ; A p p l i c a t i o n t o 
the Pigment-Protein O r g a n i z a t i o n i n L i g h t -
H a r v e s t i n g Complexes and R e a c t i o n C e n t e r s 371 



v i i l TABLE OF CONTENTS 

E. W. KNAPP and L. NILSS0N / P r o t e i n Dynamics i n the 
P h o t o s y n t h e t i c R e a c t i o n Center : the E l e c t r o n 
T r a n s f e r from Cytochrome c t o the S p e c i a l P a i r 389 

F. PARAK, A. BIRK, Ε. FROLOV, V. GOLDANSKII, I . 
SINNING and H. MICHEL : Mössbauer Spectroscopy 
on P h o t o s y n t h e t i c B a c t e r i a : I n v e s t i g a t i o n of 
R e a c t i o n C e n t e r s of Rhodopseudomonas V i r i d i s . 413 

Μ. PLATO, Κ. MÖBIUS, W. LUBITZ, J . P. ALLEN and G. 
FEHER / Magnetic Resonance and Molecular 
O r b i t a l S t u d i e s of the Primary Donor S t a t e s i n 
B a c t e r i a l R e a c t i o n C e n t e r s 423 

Index. 435 



INFLUENCE OF C H R O M O P H O R E S ON QUARTERNARY STRUCTURE OF 
P H Y : O B I L I P R O T E I N S FROM THE C Y A N O B A C T E R I Ü M , Mastigocladus 
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ABSTRACT. C h r o m o p h o r e s o f C - p h y c o c y a n i n a n d phycoerythrο-
c y a n i n h a v e b e e n c h e m i c a l l y m o d i f i e d by r e d u c t i o n t o 
r u b i n s , b l e a c h i n g , p h o t o i s o m e r i z a t i o n , o r p e r t u r b a t i o n 
w i t h b u l k y s u b s t i t u e n t s . P i g m e n t s c o n t a i n i n g m o d i f i e d 
c h r o m o p h o r e s , o r h y b r i d s c o n t a i n i n g m o d i f i e d a n d unmod
i f i e d c h r o m o p h o r e s i n i n d i v i d u a l p r o t o m e r s h a v e b e e n p r e p 
a r e d . A l l m o d i f i c a t i o n s i n h i b i t t h e a s s o c i a t i o n o f t h e 
(aß)-protomers o f t h e s e p i g m e n t s t o h i g h e r a g g r e g a t e s . The 
r e s u l t s d e m o n s t r a t e a p r o n o u n c e d e f f e c t o f t h e s t a t e o f 
t h e c h r o m o p h o r e s on b i l i p r o t e i n q u a t e r n a r y s t r u c t u r e . I t 
may be i m p o r t a n t i n p h y c o b i 1 i s o m e a s s e m b l y , a nd a l s o i n 
t h e d u a l f u n c t i o n o f b i l i p r o t e i n s as ( i ) a n t e n n a p i g m e n t s 
f o r p h o t o s y n t h e s i s a n d ( i i ) r e a c t i o n c e n t e r s f o r p h o t o m o r -
p h o g e n e s i s. 

INTRODUCTION 

C y a n o b a c t e r i a , r e d a l g a e a n d c r y p t o p h y t e s h a v e s p e c i a l i z e d 
a n t e n n a p i g m e n t s w h i c h e n a b l e t h e m t o h a r v e s t l i g h t e f f i c 
i e n t l y i n t h e g r e e n s p e c t r a l r e g i o n w h e r e c h l o r o p h y l l s 
h a v e o n l y p o o r a b s o r p t i o n . T h e s e a r e t h e p h y c o b i l i -
p r o t e i n s , e x t r a - m e m b raneous p r o t e i n s c a r r y i n g c o v a l e n t l y 
b o u n d o p e n - c h a i n t e t r a p y r r o l i c c h r o m o p h o r e s ( G a n t t , 1 9 8 6 , 
G l a z e r , 1 9 8 3 ; M a c C o l l a n d G u a r d - F r i a r , 1 9 8 3 ; S c h e e r , 1 9 8 2 ; 
S c h i r m e r et al . , 1987; Wehrmeyer, 1983; Zuber, 1986). They 
a r e c h a r a c t e r i z e d by a r e m a r k a b l e d e g r e e o f s p e c t r a l a d a p 
t a t i o n s c o v e r i n g t h e r a n g e f r o m 480 t o 670 nm. The s p e c 
t r a l v a r i a t i o n i s b a s e d on t h e u s a g e o f o n l y f o u r d i f f 
e r e n t c h r o m o p h o r e t y p e s , e a c h o f t h e m b e i n g f u r t h e r mod
u l a t e d i n i t s a b s o r p t i o n p r o p e r t i e s by n o n - c o v a l e n t i n t e r 
a c t i o n s w i t h t h e a p o p r o t e i n s . 

I n c y a n o b a c t e r i a a n d r e d a l g a e , t h e p h y c o b i l i p r o t e i n s show 
a h i g h d e g r e e o f o r g a n i s a t i o n : T o g e t h e r w i t h t h e l i n k e r 

121 
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p o l y p e p t i d e s , w h i c h a r e o f t e n d e v o i d o f c h r o m o p h o r e s , t h e y 
f o r m self-organiζing m i c r o s c o p i c s t r u c t u r e s , t h e p h y c o -
b i l i s o m e s , w h i c h i n t u r n f o r m o r d e r e d a r r a y s on t h e o u t e r 
t h y l a k o i d membrane s u r f a c e ( G a n t t , 1 9 8 6 ; G l a z e r , 1 9 8 3 ; 
Mörschel and S c h a t z , 1 9 88; W e h r m e y e r , 1 9 8 3 ) . By a c o m b i n 
a t i o n o f e n e r g e t i c and s p a t i a l o r d e r i n g , a n d l o w i n t e r n a l 
c o n v e r s i o n r a t e s o f t h e c h r o m o p h o r e s , t h e p h y c o b i 1 i s o m e s 
a r e an a n t e n n a s y s t e m w o r k i n g w i t h q u a n t u m e f f i c i e n c i e s 
a p p r o a c h i n g 1 0 0 % . 

The f a c t o r s c o n t r o l l i n g t u n i n g o f t h e a b s o r p t i o n , p h o t o 
c h e m i s t r y a nd a g g r e g a t i o n i n b i l i p r o t e i n s a r e p r e s e n t l y 
b e c o m i n g u n d e r s t o o d i n c o n s i d e r a b l e d e t a i l . T h i s i s b a s e d 
on an i n c r e a s i n g b o d y o f s t r u c t u r a l d a t a ( B i s h o p et al . , 
1 9 8 7 ; B r y a n t , 1 9 8 8 ; Dürring and H u b e r , 1 9 8 9 ; G l a z e r , 1 9 8 3 ; 
S c h i r m e r et a l . , 1987; Tandeau de Marsac, Zuber, 1986) 
w i t h t h e o r e t i c a l ( S a u e r and S c h e e r , 1 9 8 8 ; S c h n e i d e r et 
al . , 1988, Scheer, 1987) and s p e c t r o s c o p i c s t u d i e s 
( F i s c h e r et al . , 1988; Glazer, 1983; MacColl and Guard-
F r i a r , 1 9 8 7 ; M i m u r o et al . , 1986a,b, Scheer, 1982; 
S c h i r m e r et al . , 1987). They i n v o l v e c o n f o r m a t i o n a l 
c h a n g e s o f t h e c h r o m o p h o r e s i m p o s e d by n o n - c o v a l e n t i n t e r 
a c t i o n s w i t h t h e a p o p r o t e i n s ( e . g . , p o i n t c h a r g e s , a n d 
π-π-interactions, and - i n h i g h e r aggregates- e x c i t o n i c 
i n t e r a c t i o n s among c h r o m o p h o r e s ( M a c C o l l a n d G u a r d - F r i a r , 
1983; S a u e r a n d S c h e e r , 1 9 8 8 ; S c h n e i d e r et al . , 1988). 

The a s s e m b l y o f p h y c o b i 1 i s o m e s i s a c o m p l e x , a n d t o a 
l a r g e e x t e n t a u t o n o m o u s p r o c e s s b e l i e v e d t o be c o n t r o l l e d 
by t h e p r e s e n c e o f a p p r o p r i a t e c o m p o n e n t s . The f a c t o r s 
c o n t r o l l i n g t h e a g g r e g a t i o n o f monomers (aß) t o oligom e r s 
(aß) have h i t h e r t o m a i nly been l o c a t e d on t h e p r o t e i n s . 
H e r e n w e w a n t t o p r e s e n t d a t a w h i c h show a p r o n o u n c e d 
i n f l u e n c e o f t h e c h r o m o p h o r e s , t o o , on t h e a g g r e g a t i o n . 
The r e s u l t s may a l s o be i m p o r t a n t f o r an u n d e r s t a n d i n g o f 
a t h e s e c o n d f u n c t i o n o f b i l i p r o t e i n , e .g. as p h o t o m o r p h o -
g e n e t i c r e a c t i o n c e n t e r p i g m e n t s (Björn a n d Björn, 1 9 8 0 ; 
Rüdiger and S c h e e r , 1 9 8 3 ; S c h e e r , 1 9 8 2 ; Song, 1 9 8 8 ) . 

2. MATERIALS AND METHODS 

C - p h y c o c y a n i n (PC) and p h y c o e r y t h r o c y a n i n (PEC) w e r e i s o l 
a t e d f r o m t h e c y a n o b a c t e r i u m , Mastigocladus laminosus , as 
d e s c r i b e d b e f o r e ( F i s c h e r et al . , 1988). Subunits were 
p r e p a r e d by i s o e l e c t r i c f o c u s i n g ( S c h m i d t et a l . , 1988). 

C h r o m o p h o r e s w e r e b l e a c h e d by i r r a d i a t i o n w i t h 350 nra 
l i g h t ( S c h e e r , 1987 ) . 

R e d u c t i o n o f c y a n i n t o r u b i n c h r o m o p h o r e s was done by a 
m o d i f i c a t i o n o f t h e m e t h o d o f K u f e r a n d S c h e e r , 1 9 8 2 ) . 
D e n a t u r e d PC o r i s o l a t e d s u b u n i t s (8-25/xM) i n potassium 
p h o s h p h a t e b u f f e r ( 0 . 9 M, pH = 7) w e r e t r e a t e d w i t h NaBH 
( f i n a l c o n c e n t r a t i o n -170 mM) f o r 45 m i n a t a m b i e n t t e m p e 
r a t u r e . The r e a c t i o n was f o l l o w e d s p e c t r o p h o t o m e t r i c a l 1 y 
( d e c r e a s e a t - 6 0 0 , i n c r e a s e a t -420 n r a ) . A f t e r c o m p l e t i o n , 
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e x c e s s r e a g e n t was d e s t r o y e d by a d d i t i o n o f g l u c o s e . Mod
i f i e d PC was r e n a t u r e d b y d i a l y s i s a g a i n s t p h o s p h a t e 
b u f f e r ( 1 0 0 mM, pH = 7) a t a m b i e n t t e m p e r a t u r e . H y b r i d 
i z a t i o n t o n a t i v e p r o t o m e r s w i t h m o d i f i e d c h r o m o p h o r e s on 
o n l y one o f t h e s u b u n i t s , was done by c o m b i n i n g s t o i c h i o 
m e t r i c a m ount o f t h e a p p r o p r i a t e s u b u n i t s i n b u f f e r c o n t 
a i n i n g u r e a ( 8 M ) , f o l l o w e d b y d i a l y s i s a g a i n s t d e c r e a s i n g 
a m o u n t s o f u r e a a n d f i n a l l y u r e a - f r e e b u f f e r . 

C y s t e i n - 1 1 1 o f PC was m o d i f i e d by t r e a t m e n t w i t h 
ρ-chloro-mercurybenzenesulfonate (PCMS) (Siebzehnrübl et 
al., 1987). 

P h o t o c h e m i s t r y was i n d u c e d w i t h a c o l d l i g h t s o u r c e (150W) 
e q u i p p e d w i t h l i g h t - g u i d e a n d s u i t a b l e i n t e r f e r e n c e f i l 
t e r s (-10 nm f w h h ) . S p e c t r a w e r e r e c o r d e d w i t h l a m b d a 2 
( P e r k i n - E l m e r ) o r Z W S I I ( s i g m a ) s p e c t r o p h o t o m e t e r s . A g g r e 
g a t i o n s t a t e o f s a m p l e s was d e t e r m i n e d by u l t r a c e n t r i f u g a -
t i o n ( M a r t i n a n d Ames, 1 9 6 1 ) w i t h m y o g l o b i n a n d t r i m e r i c 
p h y c o c y a n i n as r e f e r e n c e . 

3. RESULTS AND DISCUSSION 

3 . 1 . E f f e c t o f r e d u c e d c h r o m o p h o r e s on a g g r e g a t i o n 

C h r o m o p h o r e s o f PC w e r e c o m p l e t e l y r e d u c e d w i t h NaBH i n 
t h e p r e s e n c e o f u r e a (8M) t o r u b i n s , w h i c h show no a b s o r p 
t i o n a t w a v e l e n g t h s >500nm. A f t e r r e n a t u r a t i o n , t h e mod
i f i e d c h r o m o p h o r e s a r e u n s t a b l e i n t h e n a t i v e p r o t e i n 
e n v i r o n m e n t a n d a r e s l o w l y o x i d i z e d t o c y a n i n c h r o m o p h o r e s 
w i t h i n s e v e r a l d a y s . The p r o c e s s c a n be f o l l o w e d q u a n t i t a 
t i v e l y b y m o n i t o r i n g t h e a b s o r p t i o n i n c r e a s e a t 620nm. 

The a g g r e g a t i o n s t a t e o f p h y c o c y a n i n c o n t a i n i n g r e d u c e d 
c h r o m o p h o r e s on b o t h s u b u n i t s i s m o n o m e r i c . T h e r e i s o n l y 
a s i n g l e , y e l l o w b a n d p r e s e n t a f t e r c e n t r i f u g a t i o n o f 
f r e s h l y p r e p a r e d " p h y c o r u b i n " . U n d e r u v - l i g h t , t h i s b a n d 
i s n o n - f l u o r e s c e n t . A f t e r p r o l o n g e d s t a n d i n g o f t h e sam
p l e s , t h e y become s l o w l y g r e e n due t o r e - o x i d a t i o n o f t h e 
c h r o m o p h o r e s . U l t r a c e n t r i f u g a t i o n o f s u c h s a m p l e s shows 
g e n e r a l l y t w o b a n d s : a g r e e n i s h one a t t h e p o s i t i o n o f 
m o n o m e r s , a n d an a d d i t i o n a l one a t t h e p o s i t i o n o f t h e PC 
t r i m e r . The l a t t e r e x h i b i t s t h e c h a r a c t e r i s t i c a b s o r p t i o n 
a n d f l u o r e s c e n c e o f PC t r i m e r , a n d l a c k s t h e 420 nm b a n d 
o f t h e r u b i n e h r o m o p h o r e ( s ) (λ ~ 420 nm) . I t i s a t 
f i r s t o n l y v i s i b l e by i t s r e d T l l i o r e s c e n c e , a n d a t i n c r e a 
s i n g r e - o x i d a t i o n t i m e s becomes c o n c e n t r a t e d e n o u g h t o 
become v i s i b l e t o t h e eye t o o . We, t h e r e f o r e , c o n c l u d e 
t h a t t h e l o w e r b a n d c o n t a i n s t r i m e r i c PC c o n t a i n i n g t h e 
r e - o x i d i z e d n a t i v e c h r o m o p h o r e s . I f t h e a g g r e g a t i o n p a t 
t e r n i s f o l l o w e d t h r o u g h t h e r e o x i d a t i o n , t h e t r i m e r b a n d 
i s a l w a y s f l u o r e s c e n t a n d b l u e ( i f v i s i b l e ) , w h e r e a s t h e 
monomer b a n d i s y e l l o w o r g r e e n . T h i s shows c l e a r l y t h a t 
m o d i f i e d PC b e a r i n g r u b i n c h r o m o p h o r e s c a n no l o n g e r 
a g g r e g a t e . 
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I n o r d e r t o t e s t i f t h e i n h i b i t i o n o f a g g r e g a t i o n i s due 
t o s p e c i f i c e h r o m o p h o r e ( s ) , s i m i l a r e x p e r i m e n t s w e r e 
c a r r i e d o u t w i t h h y b r i d s i n w h i c h t h e α-subunit was 
b e a r i n g a m o d i f i e d r u b i n c h r o m o p h o r e a n d t h e ß-subunit 
c y a n i n c h r o m o p h o r e s . F o r t h i s p u r p o s e , i s o l a t e d a - s u b u n i t s 
w e r e m o d i f i e d , and t h e n h y b r i d i z e d w i t h t h e r e s p e c t i v e 
c o m p l e m e n t a r y u n m o d i f i e d s u b u n i t s . The r e s u l t s c a n be 
s u m m a r i z e d i n one s e n t e n c e : W h e n e v e r t h e r e was a r u b i n 
c h r o m o p h o r e s p r e s e n t i n t h e h y b r i d , t h e h y b r i d s w e r e mono-
m e r i c ; a nd t h e y d i d o n l y a g g r e g a t e when t h e c h r o m o p h o r e s 
became r e - o x i d i z e d . 

3.2. E f f e c t o f c y s t e i n - 1 1 1 m o d i f i c a t i o n o n a g g r e g a t i o n 

The s i n g l e f r e e c y s t e i n r e s i d u e i n PC, e.g. ß-111 i n t h e 
i m m e d i a t e v i c i n i t y o f c h r o m o p h o r e ß - 84, was m o d i f i e d w i t h 
PCMS, and t h e a g g r e g a t i o n s t u d i e d a t d i f f e r e n t p r o t e i n 
c o n c e n t r a t i o n s . A t l o w c o n c e n t r a t i o n s ( < 0 . 3 μΜ) , b o t h 
P C M S - m o d i f i e d and u n m o d i f i e d PC w e r e m o n o m e r i c . I n c r e a s i n g 
c o n c e n t r a t i o n s s h i f t e d t h e e q u i l i b r i u m t o t r i m e r s i n u n 
m o d i f i e d PC, w h i c h a t c o n c e n t r a t i o n s >3 μΜ PC was mo s t l y 
p r e s e n t as t r i m e r . The P C M S - m o d i f i e d PC r e m a i n e d m o n o m e r i c 
up t o t h e h i g h e s t c o n c e n t r a t i o n s i n v e s t i g a t e d , e.g. 10 μΜ. 

T h i s i n h i b i t i o n o f a g g r e g a t i o n was r e v e r s i b l e , t o o . T r e a t 
ment o f P C M S - m o d i f i e d PC w i t h an e x c e s s o f dithiοthreitol, 
r e m o v e s t h e m e r c u r i a l r e a g e n t f r o m t h e c h r o m o p r o t e i n as 
shown by t h e b l u e - s h i f t o f t h e s p e c t r u m . The d i f f e r e n c e 
s p e c t r a a r e m i r r o r - i m a g e s o f t h e r e a c t i o n w i t h t h e m e r c 
u r i a l , a n d t h e f i n a l s p e c t r u m o f t h e r e c o v e r e d PC showed 
a g a i n t h e s p e c t r a l c h a r a c t e r i s t i c s o f t r i m e r i c PC. 

3.3. E f f e c t o f a g g r e g a t i o n o n p h o t o c h e m i s t r y 

3 . 3 . 1 . P h y c o c y a n i n 

L o n g - l i v e d p h o t o p r o d u c t s h a v e b e e n o b s e r v e d i n s e v e r a l 
p h y c o b i 1iprοteins. I n p h y c o c y a n i n , a s m a l l b u t m e a s u r a b l e 
p h o t o c h e m i s t r y i s f o u n d o n l y u p o n p a r t i a l d e n a t u r a t i o n 
a n d / o r d i s a g g r e g a t i o n o f t h e n a t i v e t r i m e r s . T h i s p h o t o 
c h e m i s t r y was o r i g i n a l l y s t u d i e d i n p h y c o c y a n i n t r e a t e d 
w i t h u r e a a t c o n c e n t r a t i o n s o f 3-5M, w h i c h a r e known t o 
c h a n g e a g g r e g a t i o n a nd t o some e x t e n t a l s o t h e t e r t i a r y 
s t r u c t u r e . The d i f f e r e n c e s p e c t r a a r e c h a r a c t e r i z e d by a 
d e c r e a s e a r o u n d 622nrn, a nd o n l y a m i n o r i n c r e a s e i n t h e 
500nm r a n g e ( J o h n et a l . , 1985). A s i m i l a r p h o t o c h e m i s t r y 
( i f j u d g e d f r o m a b s o r p t i o n d i f f e r e n c e s p e c t r a ) h as now 
b e e n o b s e r v e d u n d e r a v a r i e t y o f m i l d l y d e n a t u r i n g c o n d i t 
i o n s . I t s m a g n i t u d e ( d e f i n e d by t h e r a t i o o f t h e a m p l i t u d e 
o f t h e d i f f e r e n c e s p e c t r u m , t o t h e maximum a b s o r p t i o n ) c a n 
be as h i g h as 60% ( i n t h e p r e s e n c e o f 2 0 % m e r c a p t o e t h a n o l , 
S c h m i d t et al . , 1988). From comparison w i t h t he photoreac-
t i o n s o f p h y c o c y a n i n i n w h i c h t h e n a t i v e 15Ζ-configured 
( S c h i r r a e r et al . , 1987) chromophores have been p a r t i a l l y 
c o n v e r t e d t o t h e 1 5 E - i s o m e r s ( S c h m i d t et al , , 1988), i t i s 
m o s t l i k e l y due t o a Z/E i n t e r c o n v e r s i o n o f t h e c h r o m o -
p h o r e ( s ) a t t h e C-15,16 d o u b l e - b o n d . U n d e r s u c h c o n d i -
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Figure 1: D i f f e r e n c e spectrum o f p h y c o e r y t h r o c y a n i n ( p r e -
i r r a d i a t e d w i t h g r e e n l i g h t , 500 nm), and t h e same 
s a m p l e a f t e r o r a n g e i r r a d i a t i o n ( 6 0 0 nm). 

0.018 
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Table 1 : A b s o r p t i o n d i f f e r e n c e extrema and amplitudes of 
d i f f e r e n t PEC s a m p l e s o r s a m p l e s s u b j e c t e d t o 
d i f f e r e n t p r e - t r e a t r a e n t s . 

Sample C pH D i f f e r e n c e extrema [nm ] A M b ) 

[M] ο r a n g e g r e e n [ % ] 

PEC 0 7 0 570 503 18 
PEC 1 7 1 569 503 32 
PEC 4 7 3 567 502 35 
PEC 6 7 5 600 510 12 
PEC 8 7 0 599 515 6 
PEC 8 3 .0 598 507 13 
PEC - monomer c ) 7 . 0 565 504 36 
a-Subunit 0 7 .0 569 504 50 
p h y c o b i 1 i s ome d ) 7 . 0 567 502 0 . 31 
phyc o b i l i s o m e , d i s s e ) 7 . 0 567 504 2 . 82 

a) S a m p l e s i n p o t a s s i u m p h o s p h a t e b u f f e r ( 1 0 0 mM, pH = 7 ) , 
i f n o t i n d i c a t e d o t h e r w i s e . 

b ) ΔΔΑ i s the a m p l i t u d e o f t h e s-shaped d i f f e r e n c e spec
t r u m f r o m m i n i m u m t o maximum, d i v i d e d by t h e maximum 
a b s o r b a n c e o f t h e s a m p l e ( s e e F i g . l ) . 

c ) 1 Μ KSCN, no u r e a . 
d ) C o u p l e d p h y c o b i 1 i s o m e s , i n p h o s p h a t e b u f f e r ( 0 . 9 M ) . 
e ) D i s s o c i a t e d p h y c o b i l i s o m e s , i n d i s t i l l e d w a t e r . 
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t i o n s , t h e c h r o m o p h o r e s a r e a p p a r e n t l y c a p a b l e t o p e r f o r m 
t h e same t y p e o f p h o t o c h e m i s t r y as t h a t o f p h y t o c h r o m e , 
b u t t h e s u b s e q u e n t c h a n g e s - i f t h e r e a r e a n y - m u s t o f 
c o u r s e be d i f f e r e n t ( a s a r e t h e p r o t e i n s ) . 

3.3.2. P h y c o e r y t h r o c y a n i n 

P h y c o c y a n i n shows p h o t o c h e m i s t r y o n l y u n d e r p a r t i a l l y 
d e n a t u r e d c o n d i t i o n s a n d i s p h o t o c h e m i c a l 1 y " s i l e n t " i n 
t h e n a t i v e as w e l l as i n t h e f u l l y d e n a t u r e d s t a t e . A 
c l o s e l y r e l a t e d p i g m e n t , p hycοerythrοcyanin ( P E C ) , shows a 
p r o n o u n c e d p h o t o c h e m i s t r y u n d e r a l l c o n d i t i o n s f r o m f u l l y 
n a t i v e ( F i g . 1 ) t o f u l l y d e n a t u r e d (Siebzehnrübl e t a l . , 
1 9 8 9 ) . T h e r e i s n o n e t h e l e s s a p r o n o u n c e d e f f e c t o f a g g r e g 
a t i o n on t h e a m p l i t u d e o f t h e p h o t o c h e m i c a l d i f f e r e n c e 
s p e c t r u m . I t i s v e r y s m a l l i n p h y c o b i 1 i s o m e s , i n c r e a s e s 
u p o n d i s s o c i a t i o n t o t r i m e r s a n d f u r t h e r t o monomers, and 
t h e n d e c r e a s e s a g a i n i n d e n a t u r e d PEC. T h u s , t h e b a s i c 
p a t t e r n i s s i m i l a r i n PC a n d PEC, b u t t h e a m p l i t u d e s o f 
t h e d i f f e r e n c e s p e c t r a a r e a l w a y s much l a r g e r i n PEC 
( T a b l e 1) t h a n i n PC ( J o h n et al . , 1985). 

The α-subunit o f PEC h a d b e e n l i n k e d p r e v i o u s l y t o 
p h o t o c h r o m i c a c t i v i t i e s i n c y a n o b a c t e r i a l e x t r a c t s , and 
p o s s i b l y t o p h o t o m o r p h o g e n e s i s (Björn a n d Björn, 1980; 
K u f e r , 1 9 8 8 ) . T h i s p i g m e n t , w h i c h i s s t r u c t u r a l l y v e r y 
s i m i l a r t o PC ( B r y a n t , 1 9 8 2 ; Dürring a n d H u b e r , 1 9 8 9 ) 
c a r r i e s a r a r e phycονiο1 obi1iη c h r o m o p h o r e ( a l t e r n a t i v e l y 
a l s o c a l l e d PXB o r cryptοviolin) a t c y s t e i n a-84 ( B i s h o p 
et al . , 1987), which r e p l a c e s t h e common p h y c o c y a n o b i l i n 
c h r o m o p h o r e p r e s e n t a t t h e same l o c a t i o n i n PC. B e i n g a 
c o m p o n e n t o f t h e p h y c o b i 1 i s o m e , i t i s c o m m o n l y r e g a r d e d a 
l i g h t - h a r v e s t i n g p i g m e n t . A d i s t i n c t d i f f e r e n c e f r o m o t h e r 
p h y c o b i l i p r o t e i n s , i s h o w e v e r i t s p r o n o u n c e d p h o t o c h e m 
i s t r y i n t h e n a t i v e s t a t e . I t i n v o l v e s p r o b a b l y a Z / E - i s o -
m e r i z a t i o n a t t h e C-15 m e t h i n e b r i d g e s i m i l a r t o t h e 
p h o t o r e a c t i o n o f t h e c h r o m p h o r e i n p h y t o c h r o m e (Thümmler 
et a l . , 1983), but t h i s s t i l l has t o be demonstrated. This 
r e a c t i o n w o u l d r e q u i r e a d e c r e a s e d r i g i d i t y i n t h e e n v i r 
o n ment o f a-84, w h i c h ( c o n t r a r y t o p r e l i m i n a r y i n d i c 
a t i o n s ) i s n o t o b v i o u s i n t h e c r y s t a l s t r u c t u r e o f ( t r i 
m e r i c ) PEC (Dürring a n d H u b e r , 1 9 8 9 ) . 

3.4. E f f e c t o f c h r o m o p h o r e a-84 p h o t o c h e m i s t r y i n PEC on 
a g g r e g a t i o n 

D u r i n g p h o t o c h e m i c a l s t u d i e s w i t h PEC, we n o t i c e d t h a t i t -
shows n o t o n l y i n c r e a s e d p h o t o c h e m i s t r y u p o n d i s a g g r e g 
a t i o n , b u t t h a t t h e r e i s a l s o a r e c i p r o c a l d e p e n d e n c e o f 
b i l i p r o t e i n a g g r e g a t i o n on p h o t o c h e m i s t r y . When PEC i s 
a l t e r n a t e l y i r r a d i a t e d w i t h o r a n g e ( 6 0 0 n m ) a n d g r e e n l i g h t 
( 5 0 0 n m ) , t h e α-subunit becomes e n r i c h e d i n one ( 1 5 E ) and 
t h e o t h e r f o r m ( 1 5 Z ) , r e s p e c t i v e l y . U l t r a c e n t r i f u g a t i o n 
a n a l y s i s s howed, t h a t a t t h e same t i m e t h e r e o c c u r s a 
p h o t o r e v e r s i b l e c h a n g e i n a g g r e g a t i o n : The am o u n t o f 
t r i m e r i n c r e a s e d e a c h t i m e t h e l a s t i r r a d i a t i o n was 
p e r f o r m e d w i t h g r e e n l i g h t , a n d d e c r e a s e d e a c h t i m e i t was 
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p e r f o r m e d w i t h o r a n g e l i g h t . T h i s means, t h a t t h e c o n f i g 
u r a t i o n o f a-84 i n f l u e n c e s a g g r e g a t i o n , a f a c t w h i c h c a n 
be r a t i o n a l i z e d f r o m t h e x - r a y s t r u c t u r e : a-84 i s l o c a t e d 
v e r y c l o s e t o t h e c o n t a c t s u r f a c e o f monomers i n t r i m e r s 
(Dürring and H u b e r , 1 9 8 9 ) . 

4 . D i s c u s s i o n 

I n many c y a n o b a c t e r i a , p r o f o u n d a l t e r a t i o n s i n p h y c o b i l i -
some s t r u c t u r e ( a n d o t h e r c y a n o b a c t e r i a l a c t i v i t i e s ) c a n 
be i n d u c e d by c h a n g e s i n t h e e n v i r o n m e n t a l l i g h t c o n d 
i t i o n s . The p h o t o m o r p h o g e n e t i c r e c e p t o r s ( a d a p t a c h r o m e s , 
p h o t o m o p h o c h r o m e s ) a r e h i t h e r t o u n k n o w n , b u t a c t i o n 
s p e c t r a s u g g e s t t h a t t h e y a l s o b e l o n g t o t h e b i l i p r o t e i n s 
(Björn and Björn, 1 9 8 0 ; S c h e e r , 1 9 8 2 ) . P i g m e n t ( s ) o f t h e 
b i l i p r o t e i n t y p e , a l b e i t w i t h v e r y d i f f e r e n t a p o p r o t e i n s , 
a r e f u n c t i o n a l i n h i g h e r p l a n t s f o r t h e same p u r p o s e . The 
g r e e n - p l a n t p h o t o m o r p h o g e n e t i c r e a c t i o n c e n t e r p i g m e n t , 
p h y t o c h r o m e , h a s a c h r o m o p h o r e w h i c h i s v e r y s i m i l a r t o 
t h e o n e s o f t h e l i g h t h a r v e s t i n g p i g m e n t , p h y c o c y a n i n 
(Rüdiger a n d S c h e e r , 1 9 8 3 ) . T h i s m u l t i p l e f u n c t i o n o f b i l e 
p i g m e n t c h r o m o p h o r e s i s an a s p e c t o f b i l i p r o t e i n s w h i c h i s 
s t i l l p o o r l y u n d e r s t o o d . The f i r s t e v e n t i n p h o t o m o r p h o 
g e n e t i c p i g m e n t s , i s g e n e r a l l y b e l i e v e d t o be a s t r u c t u r a l 
c h a n g e o f t h e c h r o m o p h o r e ( s ) . T h i s s i g n a l c a n t h e n be 
p r o p a g a t e d by i n d u c e d s t r u c t u r a l c h a n g e s o f t h e p r o t e i n , 
a n d b e y o n d . I n p h y t o c h r o m e , t h e p r i m a r y r e a c t i o n has b e e n 
shown t o i n v o l v e a p h o t o r e v e r s i b l e Z / E - i s o m e r i z a t i o n a n d 
p o s s i b l y a prοtonation/deprοtonation o f t h e c h r o m o p h o r e , 
w h i l e t h e i n d u c e d c h a n g e s on t h e p r o t e i n a r e l e s s u n d e r 
s t o o d (Rüdiger a n d S c h e e r , 1 9 8 3 ; S o n g, 1 9 8 8 ; Thümmler et 
a l . , 1983). 

The m u l t i p l e f u n c t i o n o f b i l i p r o t e i n s c o n t a i n i n g v e r y 
s i m i l a r c h r o m o p h o r e s , i s r e m i n e s c e n t o f t h e m u l t i p l e 
f u n c t i o n s p e r f o r m e d b y c h l o r o p h y l l s o f t h e same m o l e c u l a r 
s t r u c t u r e i n p h o t o s y n t h e s i s . I n b o t h c a s e s , t h e p h o t o 
c h e m i c a l a n d p h o t o p h y s i c a l p r o p e r t i e s o f t h e c h r o m o p h o r e s 
a r e d i v e r s e . The r e l a t i v e c o n t r i b u t i o n s o f d i f f e r e n t de-
e x c i t a t i o n p a t h w a y s m u s t be r e g u l a t e d by s p e c i f i c i n t e r a c 
t i o n s b e t w e e n t h e c h r o m o p h o r e s a n d t h e p r o t e i n s . I n 
a n a l o g y t o i n t e r a c t i o n s among l i v i n g s y s t e m s , t h e s e i n t e r 
a c t i o n s c a n be t e r m e d as " m o l e c u l a r e c o l o g y " . 

5. SUMMARY 

The r e s u l t s o b t a i n e d b y d i f f e r e n t m o d i f i c a t i o n s o f t h e 
c h r o m o p h o r e s o r t h e i r i m m e d i a t e v i c i n i t y , d e m o n s t r a t e an 
i n v o l v m e n t o f t h e b i l i p r o t e i n c h r o m o p h o r e s n o t o n l y i n 
e n e r g y t r a n s f e r a n d p h o t o c h e m i s t r y o f b i l i p r o t e i n s , b u t 
a l s o i n t h e i r q u a t e r n a r y s t r u c t u r e . T h i s e f f e c t may w e l l 
be a t t h e o r i g i n o f a s i g n a l c h a i n l e a d i n g e v e n t u a l l y t o 
p h o t ο m o r p h o g e n e s i s . I n a more g e n e r a l c o n t e x t , i t i s an 
e x a m p l e f o r t h e i n t r i c a t e i n t e r p l a y o f p r o t e i n s w i t h t h e i r 
c o f a c t o r s , w h i c h l e a d s t o t h e s t u n n i n g v a r i e t y o f p r o p 
e r t i e s o f p i g m e n t s w i t h t h e same o r v e r y s i m i l a r m o l e c u l a r 
s t r u e t u r e s . 
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