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A. A n g e r h o f e r 

P h y s i k a l i s c h e s I n s t i t u t d er Universität 
P f a f f e n w a l d r i n g 57 
D-7000 S t u t t g a r t 80, FRG 

INTRODUCTION 

R e a c t i o n c e n t e r s (RC*) of p u r p l e b a c t e r i a are g e n e r a l l y 
composed of t h r e e s u b u n i t s d e s i g n a t e d H ( i g h ) , M(edium) and 
L(ow) a c c o r d i n g t o t h e i r a p p arent m o l e c u l a r weigths on SDS 
PAGE. Four m o l e c u l e s of b a c t e r i o c h l o r o p h y l l (Behl) are bound t o 
i t , t o g e t h e r w i t h two b a c t e r i o p h e o p h y t i n s (Bphe), two guinones 
(Q) and one non-heme i r o n . The c r y s t a l s t r u c t u r e of RC from the 
BChl b - c o n t a i n i n g p u r p l e p h o t o s y n t h e t i c b a c t e r i u m , Rp. v i r i d i s 
(Delsenhof e r e t a l , 1984) and from the Behl a - c o n t a i n i n g Rb. 
s p h a e r o i d e s (Chang e t a l . r 1986; A l l e n et a l . , 1987) shows a C2 
- symmetry a x i s which d i v i d e s the r e a c t i o n c e n t e r i n t o two very 
s i m i l a r s e t s of pigments i n t e r a c t i n g m a i n l y w i t h the L and 
M - s u b u n i t s , r e s p e c t i v e l y . The r e a c t i o n c e n t e r i s asymmetric, 
however f i n f u n c t i o n a l terms. The p r i m a r y Charge S e p a r a t i o n 
takes p l a c e most p r o b a b l y from the s p e c i a l p a i r s i t u a t e d on the 
symmetry a x i s , v i a Bphei and Q A s i t u a t e d on the L - ( o r * a c t i v e ' ) 
branch of the complex, t o Q b on the M or ' i n a c t i v e ' branch 
( D e i s e n h o f e r e t a l . , 1984; V e r m e g l i o and P a i l l o t i n , 1982; Z i n t h 
e t a l . , 1985). 

*) A b b r e v i a t i o n s : RC = r e a c t i o n c e n t e r ; B e h l = b a c t e r i o c h l o ­
r o p h y l l ; Bphe = b a c t e r i o p h e o p h y t i n , t he l o c a t i o n of these 
pigments on the L- o r M-branch of the RC i s i n d i c a t e d by the 
r e s p e c t i v e s u b s c r i p t ; P870 = p r i m a r y donor; C h i = C h l o r o p h y l l ; 
Q = guinone; s u b s c r i p t i n d i c a t e s t he p r i m a r y (A) or secondary 
a c c e p t o r (B) l o c a t e d on the L- and M-branch, r e s p e c t i v e l y ; cd = 
c i r c u l a r d i c h r o i s m , ESR = e l e c t r o n s p i n resonance; SDS-PAGE = 
sodium d o d e c y l s u l f a t e P o l y a c r y l a m i d e g e l e l e c t r o p h o r e s i s , LDAO 
= d i m e t h y l d o d e c y l a m i n e o x i d e , TX-100 = T r i t o n X-100; Rb. = 
Rhodobacter; Rp. = Rhodopseudomonas, Rs^ = R r i p d o s p i r i l l u m , 
Cf. = C h l o r o f i e x u s , C r . = Chromatium. 
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T h i s p r o v i d e s a f u n c t i o n f o r o n l y t h r e e of the s i x c h l o -
r o p h y l l o u s pigments. Much l e s s i s known on the f u n c t i o n of the 
remaining two monomeric BChl a molecules a b s o r b i n g around 800nm 
(BchlL, BchlM), and of the second p h e o p h y t i n , BpheM, which 
shows a w e l l r e s o l v e d a b s o r p t i o n from the ' a c t i v e ' Bphei. i n the 
Qx s p e c t r a l r e g i o n . BchlL i s s i t u a t e d between the p r i m a r y 
donor, P870, and the "primary" a c c e p t o r , Bphei. . I t i s s t i l l 
u n c l e a r , however, i f i t a c t s as " p r e - p r i m a r y " a c c e p t o r i n t h i s 
p r o c e s s (Shuvalov and Duysens, 1986), or i f some o t h e r mech-
anisms l i k e super-exchange, r a p i d hopping between a c l o s e and a 
d i s t a n t s i t e or y e t another p r o c e s s i s o p e r a t i v e ( H o l t e n , 1986; 
Ogrodnik et a l . , 1982; Breton, 1986; Z i n t h e t a l . , 1985; Knapp 
et a l . , 1985; W a s i e l e w s k i , 1986; Parson, 1982, M i c h e l - B e y e r l e 
e t a l . , 1987; F i s c h e r and Scherer, 1987). The p a r t i c i p a t i o n of 
the pigments on the M-branch, BchlM and BpheM, i s u n c l e a r . The 
l a t t e r can a l s o a c c e p t an e l e c t r o n (Robert e t a l . f 1985; 
M i c h e l - B e y e r l e et a l . , 1987), but i t i s q u e s t i o n a b l e i f t h i s 
a l s o takes p l a c e under p h y s i o l o g i c a l c o n d i t i o n s . 

In view of the t i g h t p a c k i n g of the pigments and the 
h i g h l y o p t i m i z e d Charge S e p a r a t i o n , m o d i f i e d RC are of con-
s i d e r a b l e i n t e r e s t to understand the mechanism of Charge 
S e p a r a t i o n and the f u n c t i o n of a l l pigments p r e s e n t i n RC. 
The p o s s i b i l i t y t o remove one of the s i x t e t r a p y r r o l i c p i g ­
ments 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 ( D i t s o n e t a l . , 1984) 
p r o v i d e d f o r the f i r s t time an e x p e r i m e n t a l t o o l t o modify 
the t e t r a p y r r o l e s i n t h i s complex. By treatment w i t h sodium 
b o r o h y d r i d e , about 50% of the b a c t e r i o c h l o r o p h y l l (Behl) a b s o r ­
b i n g at 800nm can be removed. From k i n e t i c ( M a r o t i et a l . , 
1985; H o l t e n , i986; Shuvalov and Duysens, 1986; B r e t o n 1986) 
and s p e c t r o s c o p i c evidence (Robert et a l . , 1986; S c h e r e r and 
F i s c h e r , 1987), i t has been suggested t h a t the ' i n a c t i v e ' BchlM 
l o c a t e d between the p r i m a r y donor P870 and the b a c t e r i o p h e o -
p h y t i n BpheM on the M-branch, i s reduced a t the 3 - a c e t y l group 
and can then be d i s s o c i a t e d from the r e m a i n i n g complex ( M a r o t i 
e t a l . , 1985). A b a s i c reguirement f o r e v a l u a t i n g the r e s u l t s 
i s a thorough c h a r a c t e r i z a t i o n of the m o d i f i e d p r e p a r a t i o n s 
w i t h r e s p e c t t o c h e m i c a l c o m p o s i t i o n , homogeneity, s p e c t r o s c o p y 
and k i n e t i c s . T h i s i s of p a r t i c u l a r importance because the 
homogeneity of the sample has been q u e s t i o n e d more r e c e n t l y by 
Shuvalov et a l . (1986), who d i s c u s s a produet mixture i n which 
the BpheM i s p a r t l y reduced as w e l l . 

P r i n c i p a l l y , an exchange of pigments w i t h m o d i f i e d ones would 
be most u s e f u l . Much of the p r o g r e s s i n the r e t i n y l i d e n e -
p r o t e i n r e s e a r c h r e l i e s on t h i s t e c h n i q u e . However, comparably 
few such experiments have been r e p o r t e d on ( b a c t e r i o ) C h l o r o ­
p h y l l p r o t e i n s , and i t i s moreover v e r y d i f f i c u l t t o v e r i f y the 
exchange. Loach e t a l . (1975) p r o v i d e d E S R - s p e c t r o s c o p i c 
evidence f o r an exchange of Behl i n A U T - p a r t i c l e s from Rs. 
rubrum. The l i n e narrowing observed upon i n e u b a t i o n of 1H-RC 
w i t h 2 H - B c h l was r e v e r s e d , however, a f t e r subsequent washing of 
the samples (P.Loach, p r i v a t e communication, Beese, 1984). The 
r e i n c o r p o r a t i o n of C h i a' i n t o ether-washed PSI p a r t i c l e s l e d 
to a l i g t h i nduced d i f f e r e n c e spectrum s i m i l a r t o t h a t of P700, 
but the b l e a c h i n g was at s h o r t e r wavelengths, and more impor-
t a n t i t was i r r e v e r s i b l e (Hiyama et a l . , 1987). V e r i f i c a t i o n 
Problems are even more severe w i t h antenna complexes ( C l a y t o n 
and C l a y t o n , 1982; Parkes-Loach et a l . , 1987; Plumley and 
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Schmidt, 1987, Chadwick e t a l . , 1987) f o r d i f f i c u l t i e s i n 
e s t a b l i s h i n g r e l i a b l e f u n c t i o n a l c r i t e r i a i n an i s o l a t e d 
antenna. These v e r i f i c a t i o n Problems are m a i n l y r e l a t e d to 
t h r e e f a c t o r s : pigment a d s o r p t i o n on RC (v i d e supra) d e t e r g e n t 
e f f e c t s on the s p e c t r a of p i g m e n t - p r o t e i n complexes (Chadwick 
e t a l . , 1987), and f o r m a t i o n of m i c e l l a r ( b a c t e r i o ) c h l o r o -
p h y l l - d e t e r g e n t complexes which have s p e c t r o s c o p i c and c h e m i c a l 
p r o p e r t i e s v e r y s i m i l a r t o the ones of p r o t e i n complexes w i t h 
the r e s p e c t i v e pigments ( G o t t s t e i n and Scheer, 1983; Scherz and 
Parson, 1984, 1986, Scheer e t a l . , 1985; Scherz and Rosenbach-
B e l k i n , 1987). 

Here, we want t o sumarize d a t a c h a r a c t e r i z i n g the " N a B H t -
removable" Behl a, i t s i n t e r a c t i o n s w i t h near-by pigments, and 
the homogeneity of t r e a t e d RC from Rb. s p h a e r o i d e s , as w e l l as 
the e x t e n s i o n of the m o d i f i c a t i o n method to o t h e r pigment 
complexes. In a d d i t i o n , r e s u l t s are p r e s e n t e d on an improvement 
of the method of Loach e t . al.(1975) by which the ' e x t r a 1 Behl 
m o l e c u l e s BchlL and BchlM are exchanged w i t h extraneous pigment 

MATERIALS AND METHODS 

P r e p a r a t i o n s 

RC from Rb. s p h a e r o i d e s were p r e p a r e d by a m o d i f i c a t i o n 
of the method of Feher and Okamura (1978). BchlM was removed 
a e c o r d i n g t o the o r i g i n a l method of D i t s o n e t a l . (1985) by 
a d d i t i o n of s o l i d b o r o h y d r i d e i n the presence of LDAO as d e t e r ­
gent. To s t o p the r e a c t i o n i n k i n e t i c experiments, a l i q u o t s 
were d i l u t e d 1:1 w i t h a g l u c o s e S o l u t i o n ( f o r s p e c t r o s c o p i c 
s t u d i e s ) , or t r e a t e d w i t h acetone to p r e e i p i t a t e the p r o t e i n 
( f o r P o l y p e p t i d e a n a l y s i s ) . 

Exchange experiments 

RC were t r e a t e d w i t h a 10-20 f o l d excess of f r e e pigment 
a e c o r d i n g to Loach et a l (1975). The temperature was r a i s e d 
t o 40°C. P u r i f i c a t i o n of RC a f t e r m o d i f i c a t i o n and d e t e r g e n t 

i 1 1 1 1 1 i — 
500 600 700 800 900 1000 

Ä/nm 

F i g . 1. A b s o r p t i o n s p e c t r a at 4 K of RC from Rb. s p h a e r o i d e s 
R26 b e f o r e (A),and a f t e r treatment w i t h b o r o h y d r i d e 
and subsequent p u r i f i c a t i o n on DEAE c e l l u l o s e (B). 
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exchange ( i f n e c e s s a r y ) was done by chromatography on DEAE 
c e l l u l o s e (DE 52, Whatman). Chemical o x i d a t i o n of r e a c t i o n 
c e n t e r s was performed by t i t r a t i o n w i t h potassium f e r r i c y a n i d e . 

S p e c t r o s c o p y 

E x t i n c t i o n c o e f f i c i e n t s were determined w i t h r e s p e c t to 
the 870nm t r a n s i t i o n (e=1.28x10 5 cm- 2M~ 1, C l a y t o n and Wang, 
1971). S i n c e the i n t e n s i t y of t h i s band remained unchanged 
d u r i n g treatment w i t h b o r o h y d r i d e or exchange, the same value 
was used f o r m o d i f i e d RC. For* the d e t e r m i n a t i o n of molar 
e l l i p t i c i t i e s , the r e a c t i o n was f o l l o w e d i n the CD c u v e t t e , 
and the decrease a t the 870nm band then used t o c a l i b r a t e a l l 
o t h e r bands i n p u r i f i e d , m o d i f i e d RC. Low temperature ab-
s o r p t i o n and f l u o r e s c e n c e s p e c t r a were r e c o r d e d i n the 
appara t u s d e s c r i b e d by Angerhofer e t a l . (1986), f l u o r e s c e n c e -
ODMR and microwave-induced a b s o r p t i o n - d i f f e r e n c e (MIA or ADMR) 
s p e c t r a were measured w i t h the ODMR set-up d e s c r i b e d by 
Ang e r h o f e r e t a l . (1985). 

RESULTS 

T r e a t ment _ o f R C w i t h b o r o h y d r i d e from Rp. s p h a e r o i d e s 

Upon treatment w i t h b o r o h y d r i d e , the 800nm a b s o r p t i o n 
d e c r e a s e s by about 55% as compared t o i t s s t a r t i n g v a l u e . 
D i s t i n c t changes occur a l s o i n the Qx s p e c t r a l r e g i o n between 
500 and 630nm ( F i g . l ) . T y p i c a l p r e p a r a t i o n s have an 800/870nm 
a b s o r p t i o n r a t i o of 1.1 to 1.3. These s p e c t r a l changes are 
s i m i l a r t o the ones d e s c r i b e d by D i t s o n e t a l . (1984). The 
r e a c t i o n i s l e s s complete i n the presence of TX-100 i n s t e a d of 
LDAO. The low-temperature spectrum shown i n F i g . l r e v e a l s some 
d e t a i l s (Beese e t a l . , 1987) which were not d i s c e r n i b l e i n the 
room temperature s p e c t r a . Two minor bands become apparent at 
780 and 572nm, and the shape of the Bphe band at 757nm i s 
d i f f e r e n t . I n s t e a d of c o n s i s t i n g of two p o o r l y r e s o l v e d bands 
of e q u a l i n t e n s i t y , i t now appears to be a main band s h i f t e d to 
l o n g e r wavelengths w i t h a Short wavelength S h o u l d e r . 

S i n c e the r e a c t i o n i s accompanied by an i n c r e a s e of the 
pH t o 10-10.5, the e f f e c t of h i g h pH alone was t e s t e d i n an 
independent experiment. Up t o pH 10.5, the spectrum remains 

T a b l e 1. R e a c t i o n of d i f f e r e n t b a c t e r i o c h l o r o p h y l l -
p r o t e i n s w i t h potassium b o r o h y d r i d e 

RC Rb. . js ph, aerp i d e s R26 decrease 804nm 
RC sp h a e r o i d e s no e f f e c t 
RC Rp. v i r i d i s some d e c r e a s e 820nm 
B880 Rs. rubrum no e f f e c t 
B800- 850 Rb. s p h a e r o i d e s d e c r e a s e 800nm 
B800- 850 Rp. a c i d o p h i l a (type I) d e c r e a s e 800nm 
B800- 850 Rp,. __a c i d o p h i 1 a (type II) d e c r e a s e 800nm 
B800- 840 Cr. vinosum de c r e a s e 800nm 
B800- 820 Cr. vinosum de c r e a s e 800nm 
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unchanged. At h i g h e r pH, the a b s o r p t i o n around 860 nm dec-
r e a s e s f i r s t , f o l l o w e d by the 800 nm band. O b v i o u s l y , the h i g h 
pH o b t a i n e d under the e x p e r i m e n t a l c o n d i t i o n s has no e f f e c t on 
the spectrum. I t s h o u l d be noted, however, t h a t the r e a c t i o n i s 
a c c e l e r a t e d by i t . 

Treatment of .other _ c h 1 o r o p h y l l - p r o t e i n s and mice11ar 
c h l o r o p h y l l - d e t e r g e n t complexes w i t h b o r o h y d r i d e 

The r e a c t i o n s of o t h e r b a c t e r i o c h l o r o p h y l l - p r o t e i n s w i t h 
b o r o h y d r i d e are summarized i n T a b l e 1. Except f o r the RC from the 
w i l d - t y p e s t r a i n Rb. s p h a e r o i d e s 2.4.1 and from Rp. v i r i d i s , 
which gaved l i t t l e to no r e a c t i o n , a l l o t h e r complexes showed 
a s e l e c t i v e and v e r y pronounced r e a c t i o n of those chromophores 
a b s o r b i n g around 800nm, whereas the ones a b s o r b i n g a t l o n g e r 
wavelenghts d i d not r e a c t . T h i s i n d i c a t e s some common prop-
e r t y of these chromophores, which s e t s them a p a r t from the ones 
a b s o r b i n g at l o n g e r wavelengths. P a r t of t h i s r e a c t i v i t y may be 
r e l a t e d to a b e t t e r a c c e s s i b i l i t y to the h y d r o p h i l i c borohyd­
r i d e . That the a g g r e g a t i o n S t a t e of the pigments may be a n o t h e r 
f a c t o r , i s i n d i c a t e d b y m o d e l s t u d i e s w i t h m i c e l l a r complexes 
i n the d e t e r g e n t , TX-10Ö. The r e a c t i o n of monomeric C h l o r o p h y l l 
a or b i s f a s t e r by two Orders of magnitude as compared t o the 
r e s p e c t i v e aggregates. More r e c e n t l y , some experiments were 
c a r r i e d out w i t h c h l o r o p h y l l - p r o t e i n complexes from green 
p l a n t s showing t h a t they r e a c t as w e l l w i t h b o r o h y d r i d e i n a 
d i f f e r e n t i a l manner (Scheer, Anderson and P o r r a , u n p u b l i s h e d ) . 
Another noteworthy and common f e a t u r e i s the r e g i o s e l e c t i v i t y 
of the r e a c t i o n . Behl a and the p l a n t pigment, C h i b, bear two 
c a r b o n y l groups. In S o l u t i o n , e.g. i n methanol, the 13 1 C=0 
group i s always much l e s s r e a c t i v e than 3 C=0 or 7 1 C=0, 
r e s p e c t i v e l y . T h i s i s shown i n F i g . 2 f o r the r e a c t i o n of C h i 
b. The same r e g i o s e l e c t i v i t y has been observed i n a l l e x p e r i ­
ments, both w i t h the p i g m e n t - p r o t e i n and pigment-detergent 
complexes. 
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Sample homogeneity: Sp e c t r o s c o p y 

The e x c i t a t i o n s p e c t r a of the P870 f l u o r e s c e n c e at low 
temperatures are s i m i l a r to the a b s o r p t i o n s p e c t r a . The 
e m i s s i o n s p e c t r a of m o d i f i e d RC (Beese et a l . , 1987) have two 
bands at 917nm ( r e a c t i o n c e n t e r ) , and around 776nm (contamin-
a t i o n w i t h f r e e (= non-aggregated) pigments). The l a t t e r are 
s t r o n g l y f l u o r e s c e n t and thus p i c k e d up w i t h h i g h s e n s i t i v i t y 
i n the RC, which i s o n l y weakly f l u o r e s c e n t i t s e l f . The o n l y 
s i g n i f i c a n t change of the sample a f t e r m o d i f i c a t i o n w i t h sodium 
b o r o h y d r i d e , i s an i n c r e a s e of t h i s f r e e pigment e m i s s i o n by 
a p p r o x i m a t e l y 150%. There i s i n p a r t i c u l a r no new band above 
800nm. T h i s i n d i c a t e s a homogeneous e m i s s i o n of p r o t e i n - b o u n d 
pigments. Homogeneity of the p r e p a r a t i o n and unchanged hyper-
f i n e c o u p l i n g of the pr i m a r y donor t r i p l e t , i s a l s o supported 
by o p t i c a l l y - d e t e c t e d magnetic resonance. The s p e c t r a of unmod-
i f i e d and m o d i f i e d RC are i d e n t i c a l w i t h i n the e x p e r i m e n t a l 
e r r o r (Beese e t a l . , 1987) both f o r a b s o r p t i o n and f l u o r e s c e n c e 
d e t e c t i o n . 

A B C 

F i g . 3: P o l y p e p t i d e c o m p o s i t i o n of RC as a n a l y z e d by SDS-PAGE. 
Trace A: U n t r e a t e d RC. Trac e B: RC t r e a t e d w i t h boro­
h y d r i d e . Absorbance r a t i o 800/870 = 1.3. Tr a c e C: RC 
i n c u b a t e d f o r 14 h r s a t pH 11. 

Sample homogeneity: P o l y p e p t i d e c o m p o s i t i o n 

The RC c o n t a i n s t h r e e P o l y p e p t i d e s (H,M,L) w i t h apparent molec-
u l a r weights of 28, 24 and 21 kDa, r e s p e c t i v e l y . An a d d i t i o n a l 
P e p t i d e (15 kDa) appears upon treatment w i t h b o r o h y d r i d e , and 
the i n t e n s i t y of the M-band i s d i m i n i s h e d at the same time 
( F i g . 3 ), i n d i c a t i n g most l i k e l y a c l e a v a g e of M. C o n t r o l 
samples i n c u b a t e d a t pH 11 f o r s i m i l a r l e n g t h of time, but 
w i t h o u t the a d d i t i o n of b o r o h y d r i d e , d i d not show the a d d i t ­
i o n a l P o l y p e p t i d e . T h i s i n d i c a t e s t h a t o n l y the NaBH4-reduction 
but not the accompaning pH change l e a d s t o c l e a v a g e of the 
M- p o l y p e p t i d e . Cleavage r e a c t i o n s of t h i s r e a g e n t s have been 
r e p o r t e d b e f o r e ( C r e s t f i e l d e t a l . , 1963). 
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Two c o n c l u s i o n s can be drawn from these r e s u l t s : 1) The 
sample i s b i o c h e m i c a l l y heterogeneous i n s p i t e of i t s s p e c t r o s ­
c o p i c homogeneity. 2) Cleavage of the M-subunit has o n l y minor 
e f f e c t s on s t a b i l i t y and f u n c t i o n a l i t y of RC. R e v e r s i b l e 
b l e a c h i n g has been r e t a i n e d b e f o r e i n membranes a f t e r e x t e n s i v e 
p r o t e o l y s i s (Bachofen and Wiemken, 1984; S t e i n e r e t a l . , 1986; 
T h e i l e r e t a l . , 1984), but the r e a c t i o n c e n t e r s are g e n e r a l l y 
not r e s i s t e n t t o the same treatment i n S o l u t i o n . T h i s r e f l e c t s 
a more s p e c i f i c p r o t e o l y s i s by b o r o h y d r i d e . 

^ ^ J ^ ^ 3 ^ 9 Ä ^ A 0 0 M with _ P 8 7 j D 

The r e s u l t s d i s c u s s e d so f a r i n d i c a t e t h a t removal of 
Benin produces o n l y l o c a l i z e d changes and no d i s t u r b a n c e s of 
the remaining f i v e t e t r a p y r r o l s . Such i n t e r a c t i o n s are 
r e v e a l e d , however, by methods which are more s e n s i t i v e t o 
i n t e r a c t i o n s . As an example, the cd s p e c t r a of u n t r e a t e d and 

Z 1 

[euer« 

• 2.0 

• 1.0-

X [nm] 1050 

F i g . 4. CD s p e c t r a of u n t r e a t e d ( ) and b o r o h y d r i d e t r e a t e d 
RC ( ). The t r e a t e d sample was p u r i f i e d over DEAE 
c e l l u l o s e . 

.,oJ 

kr—-. J 
X[nm] 900 

F i g . 5. C i r c u l a r d i c h r o i s m s p e c t r a of RC o x i d i z e d w i t h F e ( C N ) e 3 ~ 
a: U n t r e a t e d RC. b: Sample a f t e r r e a c t i o n w i t h b o r o h y d ­
r i d e and p u r i f i c a t i o n . 
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m o d i f i e d RC are compared i n F i g s . 4,5. In r e l a x e d (=reduced) RC 
the changes are no l o n g e r c o n f i n e d t o the s p e c t r a l r e g i o n 
around 800nm. There i s i n p a r t i c u l a r a d e c r e a s e i n o p t i c a l 
a c t i v i t y of the 870nm band, i n d i c a t i n g some s t r u c t u r a l change 
and/or the c o u p l i n g of B800m w i t h P870 i n u n m o d i f i e d RC. In 
o x i d i z e d RC ( F i g . 5 ) , the s t r o n g band around 800 nm i s reduced 
t o 33% i n i n t e n s i t y , and the f i n e s t r u c t u r e of the Bphe bands 
i n d i c a t e s a s i g n i n v e r s i o n f o r the one a b s o r b i n g a t l o n g e r 
wavelengths. D i s t i n c t changes have a l s o been found i n the 
microwave-induced 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 of RC upon 
m o d i f i c a t i o n w i t h b o r o h y d r i d e . They c o u l d be r a t i o n a l i z e d by a 
s t r u c t u r a l change (Scherer and F i s c h e r , 1987). The Raman 
resonance s p e c t r a show s m a l l but d i s t i n c t s h i f t s as w e l l 
r e f l e c t i n g i n t e r a c t i o n s of BchlM w i t h both n e i g h b o r i n g B870 and 
BpheM (Beese et a l . , 1987). 

These examples show t h a t removal of BchlM has v e r y pronounced 
e f f e c t s on i t s n e i g h b o r i n g pigments, P870 and BpheM. They 
i n v o l v e both minor geometric changes, p r o b a b l y due t o a r e a r -
rangement i n reponse to the h o l e c r e a t e d , and the e l i m i n a t i o n 
of c o u p l i n g s . 

Exchange_of ' e x t r a b a c t e r i o c h l o r o p h y l l s ' i n RC 

A p p l i c a t i o n of the procedure of Loach e t a l . (1975) t o RC from 
R§_.,„.r„ubrum a n d Rb_-_.sphae^qide^ d i d not show any exchange of 
pigments d e t e c t a b l e by l a b e l i n g w i t h 1 4 C (both ways) or w i t h 
B e h l b e a r i n g a d i f f e r e n t a l c o h o l . A l l samples were p u r i f i e d 
a f t e r the i n e u b a t i o n by chromatography on DEAE c e l l u l o s e , to 
remove any adsorbed pigments. T h i s c o n f i r m s f i n d i n g s of Loach 
( p r i v a t e communication), who observed a l o s s of ESR l i n e -
n arrowing i n 2 H - t r e a t e d RC i f they were r e - p u r i f i e d a f t e r the 
i n e u b a t i o n . Whereas t h i s r e v e r s i b l e l i n e - n a r r o w i n g poses an 
i n t e r e s t i n g problem by i t s e l f , because i t means spin-exchange 
between P870 and l o o s e l y adsorbed B e h l , the r e s u l t s d e f y the 
o r i g i n a l g o a l . 

When the method was pursued f u r t h e r , i t c o u l d be m o d i f i e d , 
however, to produce what l o o k s l i k e a t r u e exchange of the 
' e x t r a ' B e h l . The main m o d i f i c a t i o n i s an i n c r e a s e of the 
i n e u b a t i o n temperature to about 40° , which i s j u s t a t the p o i n t 
where r e a c t i o n c e n t e r s b e g i n to u n f o l d . The v e r i f i c a t i o n t e s t s 
i n v o l v e d s e v e r a l d i f f e r e n t t e c h n i q u e s . 1. L a b e l l i n g of Behl a 
w i t h d i f f e r e n t e s t e r i f y i n g a l c o h o l and subsequent a n a l y s i s by 
HPLC. 2. I n e u b a t i o n of 1 4C-RC w i t h c o l d Behl a, and v i c e v e r s a . 

Scheme 1. E x p e r i m e n t a l procedure to e s t a b l i s h exchange of 
' e x t r a ' Behl i n RC. 

1 2 C-RC 
I 
!a)Ineubation w i t h excess 1 4 C B e h l , 4° 

j^b)DEAE c e l l u l o s e chromatography 
1 2 ' 1 4 C - R C 

! 
la )NaBH4 r e d u e t i o n b ) e x t r a c t i o n 

i 1 1 
1 4 C - 3 - d e e t h y l - 3 - h y d r o x y e t h y l Behl a 1 2 / 1 4 C - R C ( 1 ^ C - d e p l e t e d ) 
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Exchanges o f £50% of the t o t a l Behl p r e s e n t i n RC were o b s e r v e d . 
In a l l c a s e s , the p u r i t y of the t r e a t e d RC wi t h r e s p e c t t o f r e e 
or a d s o r b e d pigment was checked by a b s o r p t i o n ( i n t e n s i t y r a t i o 
of NIR bands) and/or f l u o r e s c e n c e s p e c t r o s c o p y ( O b s e r v a t i o n o f 
e m i s s i o n bands below 850nm). 

Assignment of the exchanged pigment t o BchlM and BchlL was done 
by two p r o c e d u r e s . 1. Exchange of P870 was exclud e d by the f a c t 
t h a t the ESR s i g n a l of RC t r e a t e d w i t h 2 H - B c h l a was unchanged. 
2. A p o s i t i v e c o r r e l a t i o n w i t h the ' e x t r a ' Behl a made use of 
the a f o r e m e n t i o n e d NaBH4 s e l e c t i v i t y t o BchlM (Scheme 1 ) . The 
f i n d i n g of 1 4 C - 3 - d e a c e t y l - 3 - h y d r o x y e t h y l Behl a c o n f i r m s t h a t 
exchange o c c u r s at l e a s t at BchlM, and the exchange y i e l d then 
i n d i c a t e s t h a t Bchli. i s a c e s s i b l e as w e l l . 

These r e s u l t s i n d i c a t e t h a t the way f i r s t pursued by Loach e t 
a l . (1975) c o u l d be u s e f u l a f t e r a l l . Experiments to e x p l o r e 
t h i s r e a c t i o n f u r t h e r by u s i n g s t r u c t u r a l l y m o d i f i e d pigments 
are i n p r o g r e s s . 

ACKNOWLEDGEMENTS 

T h i s work was supported by the Deutsche Fo r s c h u n g s g e m e i n s c h a f t 
(SFB 143 i n München, AZ W041/37 i n S t u t t g a r t ) . We are i n d e b t e d 
t o Dr. Reng ( G e s e l l s c h a f t für i o t e c h n o l o g i s c h e Forschung, 
D-3301 Stöckheim) f o r mass c u l t u r e of b a c t e r i a . We thank 
F . L e n d z i a n ( B e r l i n ) f o r measurement of the ESR s p e c t r a . 

REFERENCES 

A l l e n , J . P , G.Feher, T.O.Yeates, D.C.Rees, J . D e l s e n h o f e r , H. 
M i c h e l und R.Huber, 1986, S t r u c t u r a l homology of 
r e a c t i o n c e n t e r s from Rhodopseudomonas s p h a e r o i d e s and 
Rhodopseudomonas v i r i d i s as d e t e c t e d by x-r a y d i f f r a c -
t i o n , Pr pef, Na.t^„ Ac a d l Sei.USA, 83:8589 

Angerhofer,A., J . Ü . von Schütz and H.C.Wolf, 1985, 
Fluorescence-ODMR of l i g h t h a r v e s t i n g pigments of photo­
s y n t h e t i c b a c t e r i a , Z. N a t u r f o r s c h . 40c:379 

A n g e r h o f e r , A. , R.J. C o g d e l l and M.F. H i p k i n s , 1986, A s p e c t r a l 
c h a r a c t e r i z a t i o n of the l i g h t h a r v e s t i n g p i g m e n t - p r o t e i n 
complexes from R h p d o p s ^ a c i d o p h i l a . Bipphi.m.._ 
B i o p h y s . Acta 848:333 

Beese,D., D i p l o m a r b e i t , Universität München, 1984 
Beese,D., R . S t e i n e r , H.Scheer, A.Angerhofer, B.Robert, and 

M.Lutz, 1987, C h e m i c a l l y m o d i f i e d p h o t o s y n t h e t i c b a c t ­
e r i a l r e a c t i o n c e n t e r s : C i r c u l a r d i c h r o i s m , Raman r e s o -
nance,low temperature a b s o r p t i o n , f l u o r e s c e n c e and ODMR 
s p e c t r a and P o l y p e p t i d e c o m p o s i t i o n of b o r o h y d r i d e 
t r e a t e d r e a c t i o n c e n t e r s from R h o d o b a c t e r 
R?6, Pfept^gchem.._Phpt i n p r e s s 

B r e t o n , J . , J.Deprez, B . T a v i t i a n , and E.Nabedryk, 1986, 
Sp e c t r o s c o p y , s t r u c t u r e and dynamics i n the r e a c t i o n 
c e n t e r of Rhodopseudomonas.viridis, i n : "Progress i n 
P h o t o s y n t h e s i s Research," J . B i g g i n s , ed., M . N i j h o f f , 
D o r d r e c h t , V o l . I . , p.387 

Chadwick,B.W., C.Zang, R . J . C o g d e l l , and H.A.Frank, 1987, The 
e f f e c t s of l i t h i u m d o d e c y l s u l f a t e and sodium borohyd­
r i d e on the a b s o r p t i o n spectrum of the B800-850 l i g h t 
h a r v e s t i n g complex from Rhodopseudomonas a c i d o p h i l a 
77 50, Biochim. Biophys. A c t a , i n p r e s s ; see a l s o c o n t r i -
b u t i o n t o t h i s book 

1 0 9 



Chang, C.-H., D. T i e d e , J.Tang, V. Smith, J . N o r r i s , and 
M . S c h i f f e r , 1986, S t r u c t u r e of Rhodopseudomonas sphaer­
o i d e s R-26 r e a c t i o n c e n t e r s , FEBS L e t t . , 205:82 

C l a y t o n , R.K. and R.T.Wang, 1971, P h o t o c h e m i c a l R e a c t i o n 
C e n t e r s from Rhodopseudomonas s p h a e r o i d e s . , Methods 
Enzymol, 23:696 

C l a y t o n , R.K. and B.J. C l a y t o n , 1981, B850 p i g m e n t - p r o t e i n 
complex of Rhodopseudomonas s p h a e r o i d e s : e x t i n c t i o n 
c o e f f i c i e n t s , circülar d i c h r o i s m , and the r e v e r s i b l e 
b i n d i n g of b a c t e r i o c h l o r o p h y l l , P r o c . N a t l . Acad. S e i . 
USA 78:5583 

C r e s t f i e l d , A.M., S. Moore and W.H. S t e i n , 1963, The p r e p a r -
a t i o n and enzymatic h y d r o l y s i s of r e d u c e d and S-Carboxy-
methylated p r o t e i n s , J . Bipl.„.Chem. 238:622 

De i s e n h o f e r , J . , O. Epp, K. M i k i , R. Huber and H. M i c h e l , 1984, 
X-ray s t r u c t u r e a n a l y s i s of a membrane p r o t e i n complex. 
E l e c t r o n d e n s i t y map a t 3 A r e s o l u t i o n and a model of 
the chromophores of the p h o t o s y n t h e t i c r e a c t i o n c e n t e r 
from Rhodopseudomonas v i r i d i s , J . Mol. B i o l . , 180:385 

D i t s o n , S.L., R.C. D a v i s and R.M. P e a r l s t e i n , i 9 8 4 , R e l a t i v e 
enrichment of P-870 i n p h o t o s y n t h e t i c r e a c t i o n c e n t e r s 
t r e a t e d w i t h sodium B o r o h y d r i d e , B i o c h i m . B i o p h y s . A c t a , 
766:623 

F i s c h e r , S.F. and P.O.J. S c h e r e r , 1987, On the e a r l y Charge 
Separation and recombination processes 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 . Chem. Phys. , 115:151; see a l s o c o n t r i -
b u t i o n to t h i s book 

G o t t s t e i n , J . and H.Scheer; 1983, Long-wavelength a b s o r b i n g forms 
of b a c t e r i o c h l o r o p h y l l a i n S o l u t i o n s of T r i t o n X-100, 
Proc. N a t l . Acad. S e i . USA, 80:2231 

Holt e n , D., C . K i r m a i e r , and D.Levine, 1986, P i c o s e c o n d s t u d i e s 
of the k i n e t i c s and mechanisms of e l e c t r o n t r a s f e r 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 , i n : " P r o g r e s s i n Photosyn-
t h e s i s Research," J . B i g g i n s , ed., M . N i j h o f f , D o r d r e c h t , 
V o l . I , p.169 

Hiyama,T., T.Watanabe, M.Kobayashi, and M.Nakazato, 1972, I n t e r -
a c t i o n of C h l o r o p h y l l a' w i t h the 65kDa s u b u n i t p r o t e i n 
of photosystem I r e a c t i o n c e n t e r , F E B S _ L e t t . , 214:97 

Loach,P.A., M.Kung, and B.Haies, 1975, C h a r a c t e r i z a t i o n of the 
p h o t o t r a p i n p h o t o s y n t h e t i c b a c t e r i a , Ann_.__N._Y._ Acad. 
Sei.. , 244:297 

M a r o t i , P., C. K i r m a i e r , C. Wraight, D. H o l t e n and R.M. 
P e a r l s t e i n , 1985, P h o t o c h e m i s t r y and e l e c t r o n t r a n s f e r 
i n b o r o h y d r i d e - t r e a t e d p h o t o s y n t h e t i c r e a c t i o n c e n t e r s , 
Biochim. Biophys. A c t a , 810:132 

M i c h e l - B e y e r l e , M.E., M.Plato, J . D e l s e n h o f e r , H . M i c h e l , 
M.Bixon, and J . J o r t n e r , 1987, U n i d i r e c t i o n a l i t y of 
Charge S e p a r a t i o n i n r e a c t i o n c e n t e r s of p h o t o s y n t h e t i c 
b a c t e r i a . Biochim. B i o p h y s . A c t a , s u b m i t t e d f o r p u b l i c a -
t i o n , see a l s o c o n t i b u t i o n t o t h i s book 

Ogrodnik, A., H.W. Krüger, H. O r t h u b e r , R. Haberkorn, M.E. 
M i c h e l - B e y e r l e and H. Scheer, 1982, R e c o m b i n a t i o n dyna-
mics i n 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 c e n t e r s . 
Bipphyjs J . , 39:91 

Parkes-Loach, P., J . Riccobono, and P.Loach, 1987, P r e p a r a t i o n 
of s u b u n i t s from the l i g h t - h a r v e s t i n g complex of Rhodo-
s p i r i l l u m rubrum, i n : " P r o g r e s s i n P h o t o s y n t h e s i s 
Research," J.White, ed., M . N i j h o f f , D o r d r e c h t , V o l . I I , p.2 

Parson, W.W., 1982, P h o t o s y n t h e t i c b a c t e r i a l r e a c t i o n c e n t e r s : 
I n t e r a c t i o n s among the b a c t e r i o c h l o r o p h y l l s and b a c t e r i o -
pheophytins, Ann. Rev. B i o p h y s . B i p e n g . , 11:57 

1 1 0 



Plumley,F.G. and G.W.Schmidt, 1987, R e c o n s t i t u t i o n of C h l o r o ­
p h y l l a/b l i g h t h a r v e s t i n g complexes - X a n t h o p h y l l -
dependent assembly and energy t r a n s f e r , Proc. N a t l . 
Ac_ad_._. S e i . USA ,84:146 

Robert, B., M. L u t z and D.M. T i e d e , 1985, S e l e c t i v e photochem-
i c a l r e d u e t i o n of e i t h e r of the two b a c t e r i o p h e o p h y t i n s 
i n r e a c t i o n c e n t e r s of Rhodopseudomonas _sphaerpid.es 
R-26 . FEBS „ L e 1 1 , 1 8 3 : 3 2 6 " 

Robert, B., R. S t e i n e r , Q. Zhou, H. Scheer and M. L u t z , 1986, 
S t r u c t u r e s of antenna complexes and r e a c t i o n c e n t e r s 
from b a c t e r i o c h l o r o p h y l l b - c o n t a i n i n g b a c t e r i a : Reson-
ance raman s t u d i e s , i n : P r o g r e s s i n P h o t o s y n t h e s i s 
R e s earch, J . B i g g i n s , ed., M . N i j h o f f , D o r d r e c h t , p.1.411 

Scheer,H., B.Paulke, J . G o t t s t e i n , 1985, Long-wavelength a b s o r ­
b i n g forms of b a c t e r i o c h l o r o p h y l l a: I I . S t r u c t u r a l 
r e q u i r e m e n t s f o r f o r m a t i o n i n T r i t o n X-100 m i c e l l e s and 
i n aqueous methanol and acetone, i n : " O p t i c a l P r o p e r t i e s 
and S t r u c t u r e of T e t r a p y r r o l e s " , G.Blauer, H.Sund, eds., 
de G r u y t e r , B e r l i n - N e w York, 1985, S.587 

Sch e r z , A. and W.W.Parson, 1984, Oligomers of b a c t e r i o c h l o r o ­
p h y l l and b a c t e r i o p h e o p h y t i n w i t h s p e c t r o s c o p i c p r o p e r -
t i e s r e s e m b l i n g t h o s e found i n p h o t o s y n t h e t i c b a c t e r i a , 
B i p c h i m . - B i o p h y s . A c t a . , 766:653 

Scherz, A. and W.W.Parson, 1986, I n t e r a c t i o n s of the b a c t e -
r i o c h l o r o p h y l l s i n antenna b a c t e r i o c h l o r o p h y l l - p r o t e i n 
complexes of p h o t o s y n t h e t i c b a c t e r i a , Phptpsynthes_is 
Res., 9:21; see a l s o c o n t r i b u t i o n to t h i s book 

Shuvalov, V.A., and L.N.M. Duysnes, 1986, Primary 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 i n m o d i f i e d r e a c t i o n c e n t e r s from 
Rhodopseudomonas s p h a e r o i d e s . Proc_._ Na11_._„Acad_.__JSc; i _ . 
USA, 83 :16 9 0 " " " " 

Shuvalov, V.A., A.Ya. Shkuropatov, S.M. Kulakova, M.A. I s m a i l o v 
and V.A. Shkuropatova, 1986, P h o t o r e a c t i o n s of b a c t e r i o ­
p h e o p h y t i n s and b a c t e r i o c h l o r o p h y l l s i n r e a c t i o n c e n t e r s 
of Rhodopseudomonas s p h a e r o i d e s and C h l o r o f l e x u s 
a u r a n t i a c u s . B i o c h i m . Biophys. A c t a , 849:337 

S t e i n e r , R., B. Kalumenos and H. Scheer, 1 9 8 6 , The p h o t o s y n ­
t h e t i c a p p a r a t u s of E c t o t h i o r h o d o s p i r a h a l o c h l o r i s 3. 
E f f e c t of p r o t e o l y t i c d i g e s t i o n on the p h o t o a c t i v i t y , 
Z N a t u r f or s c h . , 41 c : 8 7 3 

T h e i l e r , R. , F. S u t e r , H. Zuber and R.J. C o g d e l l , 1984, A com-
p a r i s o n of the p r i m a r y s t r u c t u r e s of the two B 800-850-
a p o p r o t e i n s from w i l d - t y p e Rhodopseudomonas s p h a e r o i d e s 
s t r a i n 2.4.1. and a c a r o t e n o i d l e s s mutant s t r a i n R 26.1, 
FEB S.Le11. , 17 5:231 

V e r m e g l i o , Ä. and G. P a i l l o t i n , 1982, S t r u c t u r e of Rhodopseudo­
monas v i r i d i s r e a c t i o n c e n t e r s , a b s o r p t i o n and photo-
s e l e c t i o n a t low-temperature, Biochim.Biophys. A c t a , 
681:32 

W a s i e l e w s k i , M.R., 1986, U l t r a f a s t e l e c t r o n and energy t r a s f e r 
i n r e a c t i o n c e n t e r and antenna p r o t e i n s from photosyn­
t h e t i c b a c t e r i a , p r e s e n t e d at the V l l t h I n t . Congr. 
P h o t o s y n t h e s i s , P r o v i d e n c e , 1986 

Wiemken,V. and R.Bachofen, 1984, P r o b i n g the s m a l l e s t f u n e t -
i o n a l u n i t of the r e a c t i o n c e n t e r of R h o d o s p i r i l l u m 
rubrum G9 w i t h p r o t e i n a s e s , FEBS L e t t . , 166:155 

Z i n t h , w 7 , " M . "c.Nuss, M.A.Franz, W.Kaiser, and H.Michel, 1983, 
i n : Antennas and r e a c t i o n c e n t e r s of p h o t o s y n t h e t i c 
b a c t e r i a , M . E . M i c h e l - B e y e r l e , ed., S p r i n g e r , B e r l i n , 
p.286 

111 

http://_sphaerpid.es


INDEX 

Araino acid residues, 124 
at the v i c i n i t y of the bridging 

bacteriochlorphyll, 17 
at the v i c i n i t y of the primary 

donor, 16 
at the v i c i n i t y of the primary 

acceptor,17 
Antenna crystals, 33-39 

B800 B850» 1 0 4 

B 8 7 5, 104, 298 
Fenna-Mathews complex, 331 

Aspartatic acid (Asp) L 213, 7-8 

Carotenoide, 2, 5, 8, 21, 27-31, 
37, 41, 61 

Charge recombination 
between P+Q~, 224, 251-258, 

259-269 
elect r i c effect on, 271-287 
pressure effect on, 289-293 

C h l o r o f l e x u s a u r a n t i a c u s , 101, 
9, 129, 205, 319 

C h r o m a t i u m t e p i d u m , 41 
C h r o m a t i u m v i n o s u m , 41, 89, 101, 

185, 237, 259 
Circular dichroism, 51-57, 107, 

297, 309, 322, 331 
on oriented sample, 52 

Completely Neglected Differential 
Orbital (C.N.D.O.), 319-329, 
427 

Configuration Interaction (C.I.), 2 
296, 331, 339, 386-392, 
421-424 

Crystal structure, 1-3, 5-11, 

13-20, 21-25, 27-32 
Cytochrome, 1-2 
Cytochrome C2> 13 

Decay of t r i p l e t State, 75, 179 
Detergent, 

bound lauryl dimethylamine oxide, 
DXÜ2, 125, 151-157 
E c t o t h i o r h o d o s p i r a sp, 51, 219 

Electric f i e l d , 151-164 
effect on quantum yield, 187, 

395, 411 
Electrochromism, 151-164, 166 

shi f t , 297, 361 
Electron spin polarization, 14 
Electron Nuclear DOuble Resonance 

(END0R), 8, 229-235, 357 
Electron-phonon coupling, 208, 

351-354 
Exciton, 321 

interaction 51, 331-333 
coupling, 61, 319, 427 

Fluorescence 
spectra, 168 
of NaBH4 treated reaction centers, 

106 
polarization, 38, 130 
lifetime, 181 

Franck-condon factors, 7, 198,223-
225, 275, 313 

Frenckel exciton, 31 
Glutamic acid 
GLU L 104, 7, 24, 117, 230-231, 

246, 372 
GLU L 212, 8-9 
GLU M 232 
GLU M 234, 148-150, 370 

H e l i o b a c t e r i u m c h l o r u m , 129 
, Herne, 2 
H subunits 1-2, 5, 106, 125, 373 
Highest Occupied Molecular Orbital 

(HOMO) 
Histidine, 2, 42, 431 

His L 168, 24-25, 43-44, 382 
His L 173, 382 
His L 190, 9 
His L 230, 9 
His M 200, 382 
His M 219, 9 

2 His M 266, 9 
Hole burning, 94, 166, 351-354, 

196, 208, 342 

4 4 1 



Huang-Rhys factor, 347, 352 

Intermediate Neglected Differential 
Orbital (I.N.D.O.), 159, 
319-329, 355, 380, 426 

Iron non-heme, 2, 5, 8 
Iron depleted reaction center, 

9, 147 
Isoleucine 

Ile M 282, 43 
Iterative Extended Hückel (I.E.H.), 

355 

Lauryl dimethyl amino oxide 
(L.D.A.O.), 2 

Linear dichroism, 22, 27-28, 35-38, 
59-69, 130, 297, 309, 322, 
331-334 

Absorption Detected Magnetic 
Resonance (LD-ADMR), 319-329 

Magneto Optical Difference Spectro­
scopy (LD-MODS), 71-88 

Lowest Unoccupied Molecular Orbital 
(L.U.M.O.), 327, 380, 422, 
426 

L subunits, 1-2, 5, 17, 30, 101, 125 
Lysine 

Lys L 268, 17 

Magnetic f i e l d effect on Reaction 
Yield (MARY), 177, 401, 
405, 431 

Modified Neglect of Diatomic 
Overlap (MNDO), 370 

Molecular dynamics, 139-150 
M subunits, 2, 16, 19, 101, 106 

Orthophenanthro1ine, 2 

Phenylalamine 
Phe L 181, 8, 17 
Phe L 216, 8 

Phosphorescence 
of bacteriochlorophyll, 89, 
170, 178-181 
photon echo, 170 

Photosystem I (PS I ) , 129 
Photosystem II (PS I I ) , 8, 129, 

230, 239-240, 351 
Point dipole approximation, 309, 380 
Pressure, 289-293 
P r o s t h e c o c h l o r i s aestuarü, 129 
Proton 

exchangeable, 229-235, 237-250 
Protonation, 9 

Quantum mechanical mixing of t r i p l e t 
sublevels, 71-88 

Quinone 
as primary acceptor, 2, 5-8 
as secondary acceptor, 2, 5-8, 115 

Radical pair mechanism, 72 
Raman spectroscopy, 41-50, 349, 357 
Reaction Center 

Deuterated, 196 
NaBH4 treated, 27-29, 55, 65, 

103, 131, 196, 209-210, 319 
323 

Reaction Yield Detected Magnetic 
Resonance (R.Y.D.M.R.), 405, 
431 

R h o d o b a c t e r c a p s u l a t u m , 13, 41, 113 
R h o d o p s e u d o m o n a s s p h a e r o i d e s , 2, 5, 

13, 21, 27, 41, 51, 59, 71, 89, 
101, 139, 151 ,165, 177, 185, 
195, 205, 219, 229, 251, 259, 
271, 289, 295, 309, 319, 379, 
399, 425 

R h o d o c y c l u s g e l a t i n o s u s , 185 
R h o d o p s e u d o m o n a s acidophüus, 101 
R h o d o p s e u d o m o n a s p a l u s t r i s , 33 
R h o d o p s e u d o m o n a s v i r i d i s , 1, 5, 13, 

21, 27, 41, 51, 59, 89, 101, 
129, 139, 151, 165, 185, 
195, 205, 219, 237, 251, 
289, 295, 309, 319, 331, 
341, 351, 355, 369, 379, 
399, 421, 425 

R h o d o s p i r i l l u m r u b r u m , 41, 51, 
101, 219, 251, 295, 379 

Shift, see electrochromism, 
Singlet-triplet Splitting, 389, 392 
Stark effect, 151, 165, 211, 428 

on fluorescence spectrum, 168 
Superexchange, 96, 102., 160, 186-190, 

202, 297, 310-312, 390-312, 
399-407, 421, 430-432 

Terbutryne, 2 
Threonine 

Threo L 248, 16, 43, 382 
Threo M 131, 16 
Threo M 144, 16 

Triplet State, 319 
Absorption Difference Magnetic 

Resonance,(ADMR), 91, 104, 
322, 346 

decay of , 75, 393 
Electron Spin Resonance (ESR), 14 
magnetic effect on lifetime, 178 
Magneto-Optical Difference Spectrosco 

of (MODS), 71-88 
pressure effect on the recombination 

of, 290-291 
Tryptophane 

Trp L 100, 17, 375 
M 100, 245 
M 127, 242 
M 250, 17, 118 
M 252, 8 

4 4 2 



Tyrosine 
Tyr H 40, 9 

M 195, 16, 43, 382 
M 208, 16, 17, 45 
M 210, 8 

Valine 
Val M 131, 16, 247 

Van der Waals forces, 6, 8, 17, 
207, 332, 361 

X-ray diffra c t i o n , 1-3, 5-11, 
13-20, 21-25, 27-32 

Zero-phonon line, 95, 207, 337, 
342-349. 

«V 
Bayerisch* 1 

Staats bliothek 
München 


