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Summary 

Linear dichroism measurements of reaction centers of R h o d o p s e u d o m o n a s  
sphaeroides in stretched gelatin films have yielded angles that various optical 
transition moments  make with an axis of symmetry in the reaction center. 
Photoselection experiments have yielded angles that  certain transition moments  
make with each other. We have combined these data so as to compute the 
orientations of the Q× and Qy transition moments  of the two molecules of 
bacteriopheophytin and of the bacteriochlorophyll special pair (photochemical 
electron donor) in the reaction center. Orientations are expressed in spherical 
polar coordinates with the symmetry axis as the pole. We have also computed 
additional angles between pairs of transition moments.  In this t reatment we 
have assumed that  the bacteriopheophytins are independent monomers with 
little or no exciton coupling. 

Introduction 

The photochemical reaction center of R h o d o p s e u d o m o n a s  sphaeroides is a 
chromoprotein in which four molecules of bacteriochlorophyll and two of 
bacteriopheophytin are bound non-covalently to a protein composed of three 
polypeptides, weighing about 8 • 104 daltons [1]. Partial information about the 
orientations of the chromophores, in relation to each other and to the photo- 
synthetic membrane, has been obtained by the photoselection technique [2] 
and by measuring optical linear dichroism in oriented preparations [3--5]. In 
dried gelatin films [5], reaction centers are oriented randomly with respect to 
rotat ion about an axis * in the reaction center; this axis of symmetry lies pre- 

• T h i s  ax i s  is n o t  ne c e s s a r i l y  a p r o p e r t y  o f  a s ing le  r e a c t i o n  c e n t e r .  I t  c o u l d ,  f o r  e x a m p l e ,  ar ise f r o m  the  

i n t e r a c t i o n s  o f  spec i f i c  s u r f a c e  b i n d i n g  s i tes ,  f o r m i n g  l i n e a r  a g g r e g a t e s  o f  r e a c t i o n  cen t e r s .  B u t  in  t h a t  
case t h e  b i n d i n g  s i t e s  d e f i n e  a p a r t i c u l a r  ax i s  in  each  r e a c t i o n  c e n t e r ,  r e l a t e d  to  t he  a x i s  o f  t h e  aggre-  

ga te .  
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ferentially in the plane of the film. When such films are humidified, stretched 
and dried again, the axes of symmetry tend to become aligned with the direc- 
tion of stretching. In strongly stretched films this alignment approaches a limit 
of perfect orientation, with axial symmetry about the stretching direction. In 
this limit, the angle 0 between a transition dipole and the axis of  symmetry is 
given by A,/Aj_ = 2 cos20, where A, and A l are the absorbances measured with 
the electric vector of  the measuring light parallel and perpendicular to the 
direction of stretching, respectively. We [6] determined values of 0 for transi- 
tion moments  of the two molecules of bacteriopheophytin and for the 
bacteriochlorophyll ('special pair') that  acts as photochemical electron donor. 
In a separate study [2], the photoselection technique was a~)plied to deter- 
mine the angles that  some of these transition moments make with each other. 
These data are supplemented by new photoselection measurements *. We 
show here that by combining these data we can specify the orientations of 
transition moments in a spherical polar coordinate system with the axis of 
symmetry as the pole. 

Mathematical treatment 

Imagine a spherical coordinate system in which the axis of  symmetry of the 
reaction center, as defined by the experiments with stretched gelatin films, is 
the pole. The orientation of  a transition dipole can be represented by a vector 
drawn from the center and terminating on the surface of a unit sphere. The 
terminus has coordinates 0 (declination from pole) and ¢ (longitude). We 
arbitrarily set ¢ = 0 for the 870 nm transition moment  of  special pair bacterio- 
chlorophyll (for this transition, 0 = 41 ± 1 ° [5]). 

Fig. 1 shows the 870 nm transition moment  and two other transition 
moments  from a polar perspective. Great circle lines are drawn on the surface 
of ~:'...~ sphere connecting the terminus of each transition moment  and the north 
pole. The angle between the two transition moments is ~/,2. Then the law of 
cosines in spherical tr igonometry gives 

cos 7,2 = cos 0l cos 02 + sin 0, sin 02 cos(¢2 - -¢ , )  

Note that  there is redundancy in that  a transition moment  with coordinates 0, 
¢ also has coordinates (180 ° - -0) ,  (180 ° + ¢) as it intersects the opposite side 
of the sphere. Also the angle 180 ° -- 7,2 is redundant  to 7,2 as an expression of  
the angle between two transition moments.  

We shall proceed from the known values of 0 [5] and 7 [2] to compute 
values of ¢, and then in some cases to compute other values of 0 and 7. The 
two sets of data [2,5] will be seen to be quantitatively compatible. In some 
instances the requirement of  at least approximate compatibility removes 
ambiguities of plus and minus sign that  arise when the law of  cosines is applied. 

* M e t h o d o l o g i c a l  d e t a i l s  in  t h e s e  n e w  p h o t o s e l e c t i o n  m e a s u r e m e n t s  are  e s s e n t i a l l y  as  d e s c r i b e d  b y  
V e r m e g l i o  e t  al. [ 2 ]  : t h e y  wi l l  b e  d e s c r i b e d  in  a l a ter  p u b l i c a t i o n .  
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Fig .  1. P o l a r  v i e w  o f  a s p h e r i c a l  c o o r d i n a t e  s y s t e m  w i t h  t h e  ax i s  o f  s y m m e t r y  o f  a r e a c t i o n  c e n t e r  (see t he  

t e x t )  as t h e  po le .  O P t i c a l  t r a n s i t i o n  m o m e n t s  are r e p r e s e n t e d  b y  v e c t o r s  d r a w n  f r o m  t h e  c e n t e r  to  t he  

s u r f a c e  o f  t he  sphe re .  T h e  8 7 0  n m  t r a n s i t i o n  m o m e n t  is se t  a r b i t r a r i l y  a t  r9 = 0.  T w o  o t h e r  t r a n s i t i o n  

m o m e n t s  are s h o w n .  G r e a t  c i rc les  o n  t he  s p h e r e  c o n n e c t  t h e  t e r m i n u s  o f  each  t r a n s i t i o n  l n o m e n t  a n d  the  

p o l e .  T h e  ang le  b e t w e e n  t h e  t r a n s i t i o n  m o m e n t s  is 7 1 2 .  F o r  any  g rea t  c i rc le  t r i a n g l e ,  co s  a = cos  b cos  c + 

s in  b s in  c co s  (~, w h e r e  t he  R o m a n  l e t t e r s  d e n o t e  a n g l e s  s u b t e n d e d  a t  t he  c e n t e r  a n d  t h t  g r e e k  l e t t e r s  

d e n o t e  i n t e r i o r  a n g l e s  o f  t h e  t r i a n g l e  o n  t h e  s u r f ac e  o f  t he  sphe re .  

Computations 

Transition m o m e n t s  
The two molecules of bacteriopheophytin in a reaction center have absorp- 

tion bands at 530 and 545 nm (Q× transitions), resolved at low temperature 
[7], and a band near 760 nm (unresolved Qy transitions}. We treat these mole- 
cules as independent monomers with little or no exciton coupling, for three 
principal reasons: (1) Small light-induced shifts of the 760 nm band, concomi- 
tant  to photochemical activity, are different in shape in photoselection exper- 
iments, depending on whether they are excited by 530 or 545 nm light [2]. 
This would not  be expected if the Qx transitions at 530 and 545 nm arise from 
dimeric exciton splitting. (2) A transient intermediate state in the photo- 
chemistry is characterized by bleaching of the 545 nm band [8], ascribed to 
reduction of the '545 nm'  bacteriopheophytin molecule, and unrelated to the 
aforementioned band shifts. When the 545 nm band is bleached, the 530 nm 
band remains unperturbed. (3) Circular dichroism spectra [9,10] do not  show 
bands of opposite sign in either the 530--545 nm region or the 760 nm region. 
We therefore assume that  each bacteriopheophytin behaves like a monomer,  
with Qx and Qy transitions at 545 and 760 nm for one and at 530 and 760 nm 
for the other. In each monomer  the Qx transition moment  is perpendicular to 
the Qy transition moment ,  and both are in the tetrapyrrole plane of the mole- 
cule. For convenience we shall denote these transitions as PX1 (545 nm) and 
PYI (760 nm) for the one bacteriopheophytin,  and PX2 (530 nm) and PY2 
(760 nm) for the other. 

The photo-oxidation of the bacteriochlorophyll 'special pair' results in the 
disappearance of absorption bands centered at 600, 630, 805 and about 
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870 nm. (The band near 870 nm varies between 850 and 870 nm depending on 
the environment of  the reaction center; we shall refer to it generically as the 
870 band) [2,3,5]. A simple interpretation of  these bands is that they arise 
from dimeric exciton (transition dipole) coupling of  the two molecules of 
bacteriochlorophyll  that  comprise the special pair. The bands at 600 and 
630 nm then represent the Qx transitions of  the dimer, and those at 805 and 
870 nm the Qy transitions. Molecular exciton theory [11,12] predicts that  the 
two Q~ transition moments  are mutually perpendicular, and so are the two Qy 
transition moments.  Other interpretations are of  course possible; for example 
the bands could arise through exciton interactions between the special pair and 
the other tetrapyrroles in the reaction center. We shall denote the transition 
moments  at 870 ,805 ,  625 and 600 nm as BY1, BY2, BXI and BX2 respectively. 

Data 
Values of  0 for various transition mvments,  determined earlier [5], are 

shown in Table I. Angles between various pairs of  transition moments,  deter- 
mined by photoselection (ref. 2 and this report),  are shown in Table II. In the 
bacteriopheophytin monomers,  PXI 1 PYI and PX2 ± PY~. Note that the angle 
of  90 ° between BXI and BX2 is consistent with molecular exciton theory 
applied to the bacteriochlorophyll  special pair as a dimer. 

The two bacteriopheophytins 
The Qx transition moments  of  the two bacteriopheophytin molecules of  the 

reaction center, PXI (545 nm) and PX2 (530 nm), together with BY, (870 nm), 
are sketched in Fig. 2a. This sketch is like the one in Fig. 1 except  that  the 
drawing has been stylized by representing all of  the great circle segments as 
straight lines. Numerical values of the angles (excluding the confidence limits), 
shown on the sketch, are from Tables I and II. The axis of  symmetry is labeled 
A. For the two triangles in this sketch the law of cosines gives 

cos(60 or 120) = cos 46 cos 41 + sin 46 sin 41 c o s  ~)1 

T A B L E  I 

T H E  A N G L E  0 B E T W E E N  V A R I O U S  T R A N S I T I O N  M O M E N T S  A N D  A N  AXIS  O F  S Y M M E T R Y  IN 
R E A C T I O N  C E N T E R S  O F  R S P H A E R O I D E S  

D a t a  t a k e n  f r o m  R a f f e r t y  a n d  C l a y t o n  [ 5 ] .  In  this reference the angle  was  ca l led  ~. 

Wavelength (nm)  C h r o m o p h o r e  T r a n s i t i o n  D e s i g n a t i o n  0 (degrees) 

5 3 0  One bae ter iopheophyt in  Qx PX 2 4 6  -+ 1 
5 4 5  Other bac ter iopheophyt in  Qx P X I  46  + 1 
7 6 0  B o t h  b a c t e r i o p h e o p h y t i n s  Q y  P Y 1 ,  PY2  61 -+ 1 

(un re so lved )  (average)  

6 0 0  B a c t e r i o c h l o r o p h y l l  spec ia l  pa i r  Qx  B X  2 6 4  +- 1 
6 3 0  B a c t e r i o c b l o r o p h y l l  spec ia l  p a i r  Qx B X  1 22 .5  -+ 3 
8 0 5  B a c t e r i o c h l o r o p h y l l  spec ia l  pa i r  Q y  B y  2 - -  
8 5 5  B a c t e r i o c h l o r o p h y l l  spec ia l  pa i r  Q y  B Y  1 41 -+ 1 
(gene r i ca l ly  
" 8 7 0 " )  
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T A B L E  I[ 
A N G L E S  B E T W E E N  V A R I O U S  P A I R S  O F  T R A N S I T I O N  M O M E N T S  IN R E A C T I O N  C E N T E R S  O F  R. 

S P H A E R O I D E S  

Data  t a k e n  f r o m  V e r m e g l i o  e t  al. [2]  a n d  f r o m  ne w d a t a  in  t h i s  r e p o r t  ( C . N . R . ) .  C o n s e r v a t i v e  e s t i m a t e s  o f  

c o n f i d e n c e  l i m i t s  have  b e e n  a d d e d .  T h e  d e s i g n a t i o n s  o f  t r a n s i t i o n s  axe e x p l a i n e d  in  T a b l e  I. 

W a v e l e n g t h s  T r a n s i t i o n  T r a n s i t i o n  A n g l e  ~t 12 (degrees )  b e t w e e n  the  

( n m )  no .  1 no .  2 t r a n s i t i o n  m o m e n t s  

5 3 0 .  7 6 0  f 'X 2 PY2 9 0 ;  o r t h o g o n a l  in  m o n o m e r  

5 4 5 .  7 6 0  PX t P Y I  9 0 ;  o r t h o g o n a l  in  m o n o m e r  

5 3 0 . 7 6 0  PX~ P Y I  51 +- 2( , ' .  129  Z 2 

5 4 5 .  7 6 0  P X  1 PY2 46  +' 2 o r  1 3 4  +_ 2 

7 6 0  P Y I  PY2 5 5 "  2 or  125  + 2 

5 3 0 , 8 7 0  t 'X  2 B Y [  50 +_ 2 o r  1 3 0  + 2 

5 4 5 ,  8 7 0  PX 1 BY 1 60 + 2 o r  1 2 0  +, 2 

7 6 0 , 8 7 0  P Y I  a n d  PY2 B Y I  90"~ 20 
( u n r e s o l v e d )  

6 0 0 , 8 7 0  B X  2 BY 1 68  or  1 1 2  [ 2 ] ,  
75 .5-*  3 or  1 0 4 . 5  + 3 ( C . N . R . )  

6 3 0 , 8 7 0  B X  l BY l 30 .5  ± 3 o r  149.5+_ 3 ( C . N . R . )  

6 0 0 , 6 3 0  B X  2 B X  1 9 0  ~ 15 ( C . N . R . )  

i 
_ _  

4 6 ~  50 

A 41 BY= 
0 

PX-i '~~1 

PY~ 51 

P×2 
d 

PXI 

7 ~O 91 
PYI = 

PXz 
g 

BX= 
/~.,,. 30.5 or 

A=' " 41 ~BYI 

PX, _ ~z PXz 

A 

b 

PXL ~ P Y z  

px2a2~~5o BYI 

e 
PX I 

4 9 0 ~  (~(PXi): 

A BY= PYI 

BXz 
6 4 ~ o r  104.5 

A I r 41 ""BYI 

PYI 

PYI J- PX I \J  

C 
PXl 

o y / r  9, \ 

P×z  
f 

P~ 
3,9 

56 A 
,.......%?. 

PY~ 
i 

Bx2\ r /=Bx, 
6 4 ~ 2 . 5  

A 

Fig .  2. S t y l i z e d  d r a w i n g s  o n  w h i c h  t he  v a r i o u s  c o m p u t a t i o n s  are b a s e d .  D e t a i l s  are in  t he  t e x t .  A n g l e s  are 

in  degrees .  
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and 

cos(50 or 130)  = cos 46 cos 41 + sin 46 sin 41 cos ¢2 

where  all the  angles are in degrees. Choosing 120 or  130 ° on  the  lef t  side o f  
these equat ions  leads to  ]cos ¢ , ]  >1  and Icos 421 > 1 ,  so these values can be 
e l iminated  f rom fu r the r  cons idera t ion .  T h e y  would  arise if we were to  e x t e n d  
some t ransi t ion m o m e n t s  in to  the sou the rn  hemisphere ,  replacing 0 by  180 ° --  
0, bu t  such a t r e a t m e n t  would  be r e d u n d a n t  to  the  present  one. Solving the 
first of  these equat ions ,  including the  conf idence  limits listed in Tables I and II, 
gives 4,  = 4 ( P X 1 )  - 93 + 6 °. We have chosen the positive sign arbi t rar i ly .  The  
al ternat ive,  - -93 + 6 °, would  lead to  a conf igura t ion  tha t  is the  mi r ro r  image of  
the  one  we shall cons t ruc t  here.  This a l ternat ive is m e n t i o n e d  in Discussion. 
The  second equa t ion  gives 42 = 4(PX2) = 75 + 5 °. Then  in the  sketch  o f  Fig. 2b, 
cos 7,5 = cos 46 cos 46 + sin 46 sin 46 co~;;~, - -  4~). The  choice  o f  plus or  
minus sign for  4(PX2) gives 4 , - - 4 2  = 18 + 11 ° and 168 ± 11 °, respect ively;  
these in turn  give 7,2 = 14 ± 7 ° and 91 + 1 °, respect ively.  The  sketch o f  Fig. 2c 
shows h o w  one of  these al ternatives can be el iminated.  The  or thogona l  mono-  
meric  t ransi t ion m o m e n t s  PX, and PX,  are drawn as axes in a rectangular  
coord ina te  sys tem;  possible loci o f  PX2 describe a cone  a b o u t  PX,  with half- 
angle 7t2. The  least possible angle be tween  PYt  and PXz is 90 ° - -7 t5 .  If 7,5 = 
14 ± 7 °, the angle be tween  PX5 and PY,  can be no  smaller than  90 --  21 or 69 °, 
which cont rad ic t s  the value o f  51 ° in Table  II. Similarly the least possible angle 
be tween  PX,  and PY2 is 69 °, con t rad ic t ing  the value o f  46 ° in Table  II. We 
the re fo re  choose  4(PXs) = --75 ± 5°; i.e., 285 ± 5 °, and 7 ( P X , , P X 2 )  = 91 + 1 °. 
This value of  7,5 places no const ra ints  on the  angle be tween  PX2 and PY, ,  or  
be tween  PX,  and PYs. 

We shall now c o m p u t e  the 0 coord ina tes  o f  PY,  and PYs; these can be 
c o m p a r e d  with our  average value o f  61 + 1 ° (Table I). We use the sketch o f  
Fig. 2d, which includes numer ica l  values f rom Tables I and II and 7(PX,,  
PX2) -= 91 °. Applying  the law of  cosines to  triangle PY,,PX,,PX~, the  angle 5 is 
51 + 2 ° or  129 ± 2 ° depending  on  whe the r  7(PY,,  PXs) is t aken  as 51 ° or 129 °. 
The  angle fl, f rom triangle A,PX,,PXs,  is 11 ± 11 °. Then  a = ~ - - ~  = 40 ± 13 ° 
or  118 + 13 °. F r o m  triangle PY, ,PX, ,A  the  law of  cosines gives 0 ( P Y , ) =  
58 ± 7 ° or  110 ± 7 °. We reject  the la t ter  value because i t  represents  a r e d u n d a n t  
ex tens ion  in to  the  sou the rn  hemisphere .  The re fo re  we re ject  7(PY,,  PX2) = 
129 °, keeping on ly  the  value 51 °. Fol lowing the  same t r e a t m e n t  with PY2 in 
place o f  PY,  and angles a , /3 ,  and 5 measured  a round  PX~ instead o f  PX, ,  we 
find 0(PY2) = 55 ± 6 ° and we re jec t  7(PY2, PX, )  = 134 °, keeping only  the value 
46 °. These  values o f  0 are compat ib le  with the average O(PY, and PY2) of  
61 ± 1 °, listed in Table  I. If  we restr ic t  0 (PY,)  and 0(PYs) to  values fo r  which 
their  average can be 61 ± 1 °, we obta in  0{PY,) = 62 ± 3 ° and 0(PYs) = 58 ± 3 °. 

In Fig. 2d we could  have drawn PY5 poin t ing  to  the  right f rom A. The  angles 
a ,  fl and 6 would  then  have been related by  a = 6 + fl, giving larger values o f  0. 
We will show later  t ha t  bo th  PY, and PY~ mus t  fall to  the lef t  of  the 
'PX,,AJ>X5 ' p lane in this polar  view, so this al ternat ive represen ta t ion  can be 
ignored.  

We shall now c o m p u t e  the angles tha t  PY,  and PY2 make  with BY, ,  w i t h o u t  
using the value 90 ± 20 ° listed for  these angles in Table  II. Figs. 2e and 2f  show 
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al ternat ive sketches  with data  f rom Table  II and 7(PXI, P X 2 )=  91 ° as com- 
pu ted  earlier. For  Fig. 2e the law of  cosines gives a = 46 + 2 °,/3 = 50 ± 4 °, and 
consequen t ly  5 = 4 + 6 °. (The symbols  a ,  [3 and 5 do n o t  necessari ly refer  to  the 
same angles in the various sketches of  Fig. 2; the same symbols  are used in dif- 
fe ren t  con tex t s  for  convenience.}  Then  f rom triangle PX2,PY,,,BY1 we c o m p u t e  
3'(PY2, BY1) = 40 + 2 °, incompat ib le  with the value 90 + 20°C in Table  II. Fo r  
Fig. 2f we obta in  6 = 96 ± 6 ° and ~/(PY~., BY l) = 95 ± 5 °, compat ib le  with 3' = 
90 + 20 °. Using similar diagrams with PY~ in place of  PY2 and angles a,/3 and 6 
measured  a bou t  PX~ instead of  PX2, we find 7(PY1, BYe) = 35 ± 4 ° ( incom- 
pat ible)  for  the a r r angement  o f  Fig. 2e and 85 + 5 ° (compat ible} for  the 
a r rangement  o f  Fig. 2f. We the re fo re  place PYi and PY2 in the same hemisphere  
relative to the plane conta in ing  PX~ and PX2, and we p u t  BY~ in the oppos i te  
hemisphere ;  tha t  is, we choose  the conf igura t ion  of  Fig. 2f  and conf i rm the 
conf igura t ion  of  Fig. 2d. 

Next  we will c o m p u t e  the angle be tween  PY1 and PY:  and co m p are  the 
result  with the value 55 ° or  125 ° listed in Table  II. We use a three-s tep calcula- 
t ion using the triangles ske tched  in Fig. 2g. Al ternat ive  sketches with PY~ 
a nd /o r  PY2 to the right of  the 'PX1,PX2' plane have been ruled out .  We will 
show later  tha t  O ( P Y I ) >  ~b(PY2), which rules ou t  the in te rchange  o f  PYi and 
PY2 in Fig. 2g. The  known  angles on this ske tch  include values f rom Table  II 
and 7 (PYb PX2) = 91 °. The  law of  cosines appl ied to  the triangles PX2,PXI,PY2 
and PX2,PX~,PY, gives ~ = 89 ± 1 ° and 5 = 51 + 2 °. The  angle a is t hen  38 + 3 °. 
Having de t e rmined  a in Fig. 2g, we can apply  the  law of  cosines to  triangle 
PYI,PXI,PY2, giving 7(PYi,  PY2)=  56 ± 2 °, in agreement  with the value 55 ° 
(Table II) tha t  was no t  used in this c o m p u t a t i o n  * 

Now for  the ¢ coord ina tes  of  PY~ and PY2, re fer  to  Fig. 2h. Triangle 
PY~,Ad~XI gives ¢ (PY~) -~b(PX1)  = 121 + 5 °. Then  wi th  qS(PX1) = 93 + 6 ° as 
c o m p u t e d  earlier,  O(PY~)= 214 ± 11 °. A similar c o m p u t a t i o n  using triangle 
PY2,A4~X2 gives ¢(PY2) = 157 + 12 °. The  two values of  ~ d i f fer  by 57 ± 23 °. 
As a cross-check we can c o m p u t e  this d i f ference ,  ~b(PY~) - ~ ( P Y 2 ) ,  f rom the 
triangle PYi,Ad~Y2 {Fig. 2i); the resul t  is 65 ± 5 °. With this res t r ic t ion  we can 
narrow the  limits of  O(PY1) and ~b(PY2) slightly; ~b(PY,) = 215 ± 10 ° and 
~(PY2) = 155 ± 10 °. 

The bacteriochlorophyll special pair 
Angles involving the  bac te r ioch lo rophy l l  special pair t ransi t ion m o m e n t s  

BXI (630 nm),  BX2 (600 nm)  and BY1 (870 nm) are shown in Figs. 2j and 2k. 
The  angle be tween  BX2 and BYi is shown as 75.5 ° or  104.5°;  Table  II lists these 
values along with the al ternat ive 68 ° or 112 ° [2] .  We prefer  the f o r m e r  pair of  
vlaues because they  have been co r rec ted  for  trivial sources  of  depolar iza t ion  in 
their  measuremen t .  

The ~ coord ina tes  of  BX1 and BX2 can be f o u n d  by  apply ing  the law of  
cosines to  the triangles in Figs. 2j and 2k. If 7(BY1,BY~) is given the  value 

* I f  w e  h a d  c h o s e n  7 ( P X I ,  P X  2)  = 14  +- 1D i n s t e a d  o f  91  ~ 1 ° ,  i g n o r i n g  t h e  f a c t  t h a t  t h i s  c h o i c e  is  i n c o m -  
p a t i b l e  w i t h  ~ ( P X  2, P Y I )  = 51°  a n d  7 ( P X  1, P Y 2 )  = 46~ (see  e a r l i e r ) ,  w e  c o u l d  h a v e  m a d e  a n  i n d e p e n -  
d e n t  e s t i m a t e  o f  7 ( P Y 1 ,  P Y 2 ) ,  u s i n g  o t h e r  a n g l e s  i n v o l v i n g  P X I ,  P X 2 ,  PY1, P Y 2  a n d  t h e  a x i s  o f  s y m m e -  
t r y  in  a t h r e e  s t e p  a p p l i c a t i o n  o f  t h e  l a w  o f  c o s i n e s .  S u c h  a c a l c u l a t i o n  ( n o t  s h o w n  h e r e )  g i v e s  7 ( P Y I ,  

P Y 2 )  ~ 2 7 ° ,  w h i c h  c o n f l i c t s  w i t h  t h e  v a l u e  o f  55  ° l i s t e d  in  T a b l e  i I .  
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149.5  ° (Fig. 2j) we are led to  the  imposs ib le  cond i t i on  Icos ¢1 > 1 ,  so we re jec t  
this value and keep  on ly  7 (B X, ,  BY1) = 30.5 °. We then  f ind ¢ (BXl )  = +50 + 10°; 
we have no  basis for  p re fe r r ing  the  pos i t ive  or  the  negat ive  sign. Turn ing  to  
Fig. 2k  we c a n n o t  exc lude  e i ther  value o f  7(BX2, BY1). The  value o f  75.5 ° leads 
to  ¢(BX2) = +98 + 7 °, while the  value of  104.5  ° gives ¢(BX2) = +163 + 17 °. 

The  mul t ip l i c i ty  o f  a l te rnat ive  post ive  and  negat ive signs in these  q~ coordi-  
na tes  can be r educed  t h rough  ca lcula t ions  based on  Fig. 2~. We require  tha t  
7(BX, ,  BX: ) ,  as c o m p u t e d  f r o m  q~2 - - ~ ,  t h rough  the  law of  cosines,  m u s t  fall 
wi th in  the  range  90 + 15 ° d e t e r m i n e d  expe r imen ta l l y .  In these  c o m p u t a t i o n s  
¢ 1  = ¢ ( B X 1 ) = + 5 0  + 10 °. Fo r  7(BX:,  BY, )  = 75.5 °, we have  ¢2 = ¢(BX2) = +98 + 
7 ° . Then  if ¢, and  ¢2 have  the  same sign, ¢:  - - ¢ 1  = +48 + 17 ° , and we com-  
p u t e  7(BXI,  BX2) = 51 + 7 °, in con t r ad i c t i on  to  the  measu red  value. I f  ~, and  
02 have  oppos i t e  signs, ¢2 - -¢1  = +148 _+ 17 ° and 7(BX, ,  BX2) = 83 _+ 7 °, in 
a g r e e m e n t  wi th  the  measu red  value o f  90 + 15 °. N o w  for  the  case tha t  7(BX2, 
BY1) = 104.5  ° and ¢:  = +163 + 17 ° , we h a v e ¢ 2  - - ¢ ,  = _+113 _+ 27 ° w h e n ¢ l  and  
¢2 have the  same sign, and  _+213 _+ 17 ° wi th  oppos i t e  sign. F r o m  these  values we 
c o m p u t e  7(BX1, BX2) = 73 _+ 10 ° {same sign) or  83 + 8 ° {opposi te  signs), the  
f o r m e r  in margina l  a g r e e m e n t  and the  la t te r  in c o m p l e t e  a g r e e m e n t  wi th  the  
measu red  value.  We the re fo re  choose  oppos i t e  signs for  ¢ (BXI)  and  ¢(BX2) 
in every  case. In  s u m m a r y ,  we list the  fo l lowing  posibil i t ies:  I f  

7(BX2, B Y I )  = 75.5 °, 

¢(BX2) = _+98 _+ 7 ° and  ¢(BX1) = ~50 -+ 10 °. 

If  

7(BX2, BY,)  = 104.5  °, 

¢ ( B X 2 )  = -+163 -+ 17 ° and  ~b(BX1) = ~50 -+ 10 ° 

Final ly  we can c o m p u t e  the  angles t ha t  BXI  and  BX2 m a k e  wi th  all four  
t rans i t ion  m o m e n t s  o f  b a c t e r i o p h e o p h y t i n ,  app ly ing  the  law of  cosines to  the  

T A B L E  I I I  

P O L A R  C O O R D I N A T E S  ( S E E  F I G .  1)  O F  T R A N S I T I O N  M O M E N T S  I N  R E A C T I O N  C E N T E R S  O F  R.  
S P H A  E R  O I D E S  

C o m p u t e d  f r o m  the  data  o f  T a b l e s  I a n d  I I .  A n g l e s  a re  i n  degrees .  Des ignat ions  o f  transi t ions  are e x p l a i n e d  
in  T a b l e  I .  B Y  1 w a s  set  at ~b = 0 .  W a v e l e n g t h s  o f  t r a n s i t i o n s  in  n m  axe s h o w n  in  parentheses .  

T r a n s i t i o n  0 ~b 

B Y  1 ( 8 7 0 )  41  -+ 1 * 0 

B X  1 ( 6 3 0 )  2 2 . 5  -+ 3 * +-50 -+ 10  

B X  2 ( 6 0 0 )  6 4  + 1 * +-98 -+ 7 o r  +-163 +- 17  **  

P Y !  ( 7 6 0 )  62  -+ 3 2 1 5 +  1 0  
P Y 2  ( 7 6 0 )  58  +- 3 1 5 5  + 10  
P X  1 ( 5 4 5 )  4 6  + 1 "  9 3 +  6 
P X  2 ( 5 3 0 )  4 6  t 1 "  285_+ 5 

* E x p e r i m e n t a l  v a l u e s  c a r r i e d  o v e r  f r o m  T a b l e  I .  

**  T h e  t w o  s e t s  o f  v a l u e s  o f  ~b(BX2) r e s u l t  f r o m  t w o  c ho i ce s  o f  the  angle b e t w e e n  B X  2 and B Y 1 , 7 5 . 5  ° o r  a 
1 0 4 . 5  , r e s p e c t t v e l y  (see  T a b l e  I V  a n d  t h e  t e x t ) .  The sign o f  ~ ( B X 2 )  m u s t  b e  t a k e n  o p p o s i t e  t o  t h a t  o f  
q~(BX 1 ). 
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T A B L E  IV 

A N G L E S  B E T W E E N  P A I R S  O F  T R A N S I T I O N  M O M E N T S  

W a v e l e n g t h s  o f  t r a n s i t i o n s  in  n m  are s h o w n  in  p a r e n t h e s e s .  A n g l e s  are in  degrees .  T h e s e  are the  ang le s  

b e t w e e n  t r a n s i t i o n  m o m e n t s  d r a w n  in  t he  n o r t h e r n  h e m i s p h e r e  (0 = 0 t o  9 0  ~) t,f the  c o o r d i n a t e  s y s t e m  

o f  F igs .  1 a n d  3. We o m i t  r e d u n d a n t  s u p p l e m e n t s  o f  t he se  ang le s  i n v o l v i n g  p r o j e c t i o n  o f  t r a n s i t i o n  

m o m e n t s  i n t o  t h e  s o u t h e r n  h e m i s p h e r e .  In one  case ( B Y 1 ,  B X  2) b o t h  t he  ang le  and  i ts  s u p p l e m e n t  are 

a l l o w e d  w h e n  t r a n s i t i o n  m o m e n t s  are d r a w n  o n l y  in  t he  n o r t h e r n  h e m i s p h e r e .  

F i r s t  T r a n s i t i o n  S e c o n d  t r a n s i t i o n  A n g l e  b e t w e e n  t h e  t r a n s i t i o n  m o m e n t s  

PX 1 ( 5 4 5 )  B Y !  ( 8 7 0 )  60 ± 2 * 

PYI ( 7 6 0 )  9 0 ' *  

PY2 ( 7 6 0 )  46  + 2 ': 

PX 2 ( 5 3 0 )  9 l  ~ 1 

PX 2 ( 5 3 0 )  B Y  1 ( 8 7 0 )  5{) t 2 * 

P Y I  ( 7 6 0 )  51 ~ 2 ~ 

PY2 ( 7 6 0 )  9 0  ** 

B Y I ( 8 7 0 )  PY1 ( 7 6 0 )  85 ? 5 

PY2 ( 7 6 0 )  9 5  ~ 5 

B X  1 ( 6 3 0 )  3 0 . 5  ± 3 * 

BX 2 (600) 75.5+ 3 or 104.5± 3 * 

PYI (760) PY2 (760) 56 + 2 

BX I (630) BX 2 (600) 90 ± 15 * 

* E x p e r i m e n t a l  v a l u e s  c a r r i ed  ove r  f r o m  T a b l e  II .  

** T h e o r e t i c a l  ( o r t h o g o n a l  t r a n s i t i o n  m o m e n t s  in  m o n o m e r ) .  

TABLE V 

ADDITIONAL ANGLES BETWEEN PAIRS OF TRANSITION MOMENTS 

The angles made with BX I have two values corresponding to 0(BX I) = 50 ~ or --50 ° . The angles made 

with B X 2 have four values corresponding to ~b(B X 2 ) = approx. _+ 98 ~ or approx. ~ 163 '~ (see Table [II and the 

text). These alternatives are restricted in that a positive sign for 0(BXI) must be coupled with a negative 

sign for qS(BX 2 ) and vice versa. Angles are in degrees. 

F i r s t  t r a n s i t i o n  S e c o n d  t r a n s i t i o n  Angle b e t w e e n  transition moments 

0(B X I) = 50° 0(B X I) = --504 

B X  1 (630) 

B X  2 ( 6 0 0 )  

BX 2 

P Y I  ( 7 6 0 )  83  + 8 67 ± 11 

PY2 ( 7 6 0 )  66  + 11 78+_ 8 

P X  1 ( 5 4 5 )  34  + 5 64+- 6 

PX 2 ( 5 3 0 )  61 + 7 29 + 3 

P Y I  

PY2 

PX 1 

PX 2 

0 ( B X 2 )  = --98 ° ~b(BX2) = 98 ° 

42 ± 16 98 _+ 14 

89 + 14  50  +_ 15 

108 ± 4 21 +_ 2 
27 + 7 1 0 9  ± 3 

(~(BX 2 ) = - - 1 6 3  ° 0 (B  X 2) = 1 6 3  ~ 

P Y !  2 0  ~+ 2 0  4 6  +_ 24  

PY2 37 ± 2 3  1 8 ±  ] 3  
P X  1 81 ± 1 5  5 8 ±  17 

P X  2 71+- 16  91+- 13 
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polar coordinates already determined for these transition moments.  We use 
each of  the alternative sets of values for 7(BX2, BYI), ¢(BXl) and ~b(BX2). The 
results of  these computat ions are listed in Table V. Other data are recapitulated 
in Tables III and IV. 

Discussion 

The major results of  this study are shown pictorially in Fig. 3. The solid and 
dashed vectors labeled '600'  show the different oritentations of  BX2 that arise 
when 7(BX2, BYI) is taken as 75.5 or 104.5 °. An alternative picture, equally 
acceptable, would have the sign of  ¢ reversed for both BX2 (600 nm) and BXI 
(630 nm). And for each of  these pictures we can visualize a mirror image, again 
equally acceptable, in which ¢ has been changed to --¢ for all the transition 
moments.  

For the transition moments  in Fig. 3, the numerical values of  their coordi- 
nates are listed in Table III. For completeness we repeat some of the content  of  
Tables I and II. Angles between pairs of  transition moments  are shown in 
Tables IV and V. 

The integrated absorption band intensity of  BY1 (870 nm) is at least five 
times that  of  BY2 (805 nm), and that of  BX2 (600 nm) is at least five times that 
of  BX1 (630 rim) [2,5]. Thus, the transition of  lower energy is favored in the 
Qy region, and that of higher energy is favored in the Qx region. Molecular 
exciton theory [11,12] applied to the bacteriochlorophyll special pair as a 
dimer then predicts that the component  monomer  Qy transition moments  are 
parallel within about  40 ° and predominantly collinear, while the monomer  Q~ 
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Fig .  3.  Po la r  v i ew o f  t he  o r i e n t a t i o n s  o f  op t ica l  t r an s i t i on  m o m e n t s  in  r e a c t i o n  c e n t e r s  of  R. sphaeroides, 
in a spher ica l  c o o r d i n a t e  s y s t e m  wi th  an  ax i s  o f  s y m m e t r y  o f  the  r e a c t i o n  c e n t e r  as  t he  pole .  T h e  
n u m e r a l s  at t h e  ends  o f  t he  t r a n s i t i o n  m o m e n t s  d e n o t e  w a v e l e n g t h  in r im. These  t r a n s i t i o n  m o m e n t s  are 
i d e n t i f i e d  in t h e  t e x t .  T w o  a l ternat ive  o r i e n t a t i o n s  o f  the  600  n m  t r a ns i t i on  m o m e n t  are  i n d i c a t e d  b y  the  
solid a n d  d a s h e d  v e c t o r s  labe led  6 0 0 .  A n o t h e r  c o n f i g u r a t i o n ,  equa l ly  accep tab le ,  has  the  sign o f  ~ reversed  
for  b o t h  t h e  6 0 0  and  6 3 0  run t r ans i t ions .  B e y o n d  tha t ,  an  equa l ly  accep tab l e  p i c tu r e  w o u l d  be a m i r r o r  
i m a g e  w i t h  - -~  in place o f  ~b for  all the  t r ans i t i on  m o m e n t s .  N u m e r i c a l  va lues  o f  0 and  ~ are  g iven  in 
Table  I I l .  
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transition moments  are parallel within about  40 ° and predominant ly  side by 
side. We have no information about  the translational coordinates of these 
chromophores ,  but  these conclusions coupled with the coordinates we have 
obtained are not  incompatible with current  theoretical  models [13] of the 
special pair. We acknowledge that  the t rea tment  of the special pair as an 
exci ton-coupled dimer is nothing more than a simple working hypothesis;  inter- 
actions with the other  chromophores  may also be responsible for the bands at 
8 7 0 , 8 0 5 , 6 3 0  and 600 nm. 
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