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Summary  

Aqueous mixtures of  reaction centers of R h o d o p s e u d o m o n a s  sphaeroides  
and gelatin were dried to form thin films. Following hydrat ion,  these films 
were stretched as much as two to three times their original length. Polarized 
absorption spectra showing linear dichroism were obtained for both 
unstretched and stretched films, with the planes and stretching axes of the 
films mounted  in various geometries relative to the electric vector of the mea- 
suring beam. These data were analyzed in terms of the following model: Reac- 
tion centers possess an axis of symmetry  that is fixed in relation to the reaction 
center structure. In unstretched films this axis is confined to the film plane and 
oriented at random within the plane. In stretched films the symmetry  axis is 
aligned with the direction of stretching. In both preparations reaction centers 
are distributed randomly with respect to rotat ion about  the axis of  symmetry.  
The data are consistent with this model when the analysis acknowledges less 
than perfect  orientation.  For  perfect  orientat ion in a stretched film the model 
predicts uniaxial symmetry  about  the axis of stretching. The approach to this 
condit ion was examined with films stretched to different  extents.  Extrapola- 
tion yielded dichroic ratios for  the ideal case of perfect  orientat ion,  and 
allowed calculation of  the angles between the axis of  symmetry  and the various 
optical transition dipoles in the reaction center.  This t rea tment  included the 
two absorption bands of the bacteriochlorophyll  'special pair' (photochemical  
electron donor)  in the Q× region, at 600 and 630 nm, which we were able to 
resolve in ligh*~ minus dark difference spectra. 

In t roduct ion  
In a previous report  [1] we described the linear dichroism of  reaction centers 

of  R h o d o p s e u d o m o n a s  sphaeroides  when the reaction centers were oriented in 
dried gelatin films. We have cont inued this study with the ultimate goal of 
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describing the interaction and arrangement in space of  the component  chromo- 
phores: four bacteriochlorophyll  and two bacter iopheophytin molecules per 
reaction center [ 2,3 ]. When aqueous mixtures of  gelatin and reaction centers of  
Rp. sphaeroides are dried to form thin films, the magnitudes of  the visible and 
near infrared absorption bands of  the reaction centers are dependent  on the 
polarization of the measuring beam relative to the film plane. When dried films 
are partially hydrated,  stretched, and redried, the absorbances depend on the 
polarization of  light relative to the stretching axis [ 1]. 

Linear dichroism spectra and light minus dark difference spectra of  reaction 
centers in oriented preparations (in films of  chromatophores [4] and in gelatin 
films [1] have yielded conclusions about  the assignment of  various absorption 
bands to certain chromophores,  especially the two bacteriochlorophyll  mole- 
cules ('special pair') that participate in photochemical  electron donation, and 
the two molecules of bacteriopheophytin.  These studies gave evidence for 
exciton interaction: splitting of the Qy transition of  the special pair into bands 
near 810 and 860 nm. One result of  the present s tudy was the resolution of  the 
corresponding Qx transition into bands near 600 and 630 nm. 

We describe here a more quantitative study of the linear dichroism of reac- 
tion centers in unstretched and stretched gelatin films. Our analysis of  linear 
dichroism spectra in various ways is compatible with a simple model for the 
type and degree of  orientation of  reaction centers in these films. Using this 
model we compute  the orientations of  various optical transition dipoles relative 
to an axis of  symmetry in the reaction center. In a subsequent communication,  
we will show how these data can be combined with photoselection data to 
yield the radial coordinates of  transition moment  orientation. 

Materials and Methods 

Ca~'otenoidless mutant  strain R-26 of  Rp. sphaeroides was grown photo- 
trophically by the method of  Clayton [5]. Reaction centers were isolated as 
described by Clayton and Wang [6].  Dried gelatin films containing reaction 
centers were prepared as described by Raffer ty and Clayton [1].  Absorption 
spectra were recorded with a Cary 14R Spectrophorometer  fit ted with Glan- 
Thompson polarizers in the measuring beams. Techniques of  data acquisition 
and photo-excitat ion of  samples are described by Vermeglio and Clayton [4]. 
Light-induced changes were measured with a splitbeam absorption spectro- 
meter [7]. Actinic light was provided by a xenon flash lamp. A series of  such 
measurements provided the data for constructing light minus dark difference 
spectra. All experiments were made at 20--25°C. 

Derivation of  equations 

We shall derive equations that  predict dichroic ratios for different geometries 
of  the gelatin film in relation to the polarized measuring beam, using a specific 
model for the orientation of  reaction centers in unstretched and stretched 
films. The usefulness of  the model will be judged from the economy and 
accuracy with which various experimental data are accommodated.  Our deri- 
vations were guided by reports of  Cherry et al. [8] and Fraser [9]. 
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Fig. 1. The  geomet r i ca l  r e l a t ionsh ips  b e t w e e n  the  measur ing  beam,  a ge la t in  f i lm con t a in ing  reac t ion  
c e n t e r s  of  Rp. sPhaeroides, and  a t r ans i t i on  d ipo le  f ixed  wi th  respec t  to  the fi lm. Deta i l s  in the  t ex t .  

Basic geometry and statement o f  a model 
Fig. l a  and l b  def ines  a c o o r d i n a t e  sys t em for  the  e x p e r i m e n t a l  a r r a n g e m e n t  

o f  measur ing  b e a m  and gelat in f i lm. T h e  Y axis is the  axis o f  the  measur ing  
beam (hor izon ta l ) ;  the  X and Z axes  are pe rpend icu l a r  to  the  measur ing  beam,  
ho r i zon t a l  and vert ical  respect ive ly .  The  p lane  o f  the  f i lm is vert ical  and  makes  
an angle 0 wi th  the  XZ plane,  so 0 is the  angle of  inc idence  o f  the  measur ing  
b e a m  on  the  film. Inside the  fi lm, the  measur ing  b e a m  m a k e s  an angle of  refrac-  
t ion  ~b wi th  the  n o r m a l  to  the  f i lm; sin0 = n sin~b where  n is the  ref rac t ive  index  
o f  the  gelat in fi lm. Coord ina t e s  inside the  film are specif ied by  lower  case: the  
y axis is the  axis o f  the  measur ing  b e a m  inside the  fi lm and the  x axis is no rma l  
to  the  y axis in the  ho r i zon t a l  plane.  The  Z and  z axes  axes  coincide.  The  xyz  
and  XYZ sys t ems  are thus  re la ted  b y  ro t a t i on  a b o u t  the  Z axis t h r o u g h  an 
angle 0 -~b. F o r  a ver t ica l ly  po la r ized  measu r ing  b e a m  the  electr ic  vec to r  is 
aligned wi th  the  Z axis; for  ho r i zon ta l  po la r i za t ion  the  electric vec to r  is parallel  
to  the  x axis inside the  film. 

In  Fig. l c  the  p lane  of  the  film is shown  by  OBCD.  The  vec to r  OS, in the  
f i lm plane,  r epresen t s  a par t icu lar  d i rec t ion  (axis o f  s y m m e t r y ;  see later} in a 
r eac t ion  cen te r  part icle.  The  vec to r  OU is a l inear  t rans i t ion  d ipole  m o m e n t  in 
the  same par t ic le ;  its length is ~. OS makes  an angle ~ wi th  OU and fl wi th  the  
z axis.  T h e  length o f  OS is chosen  so t ha t  SU is n o r m a l  to  OS. T h e  angle 
b e t w e e n  SU and ST is 7. No te  t ha t  OSU,  OST,  O T U  and STU are all r ight  
angles.  T h e  lengths  o f  vec to rs  in this d iagram are: 

OU = p ST = p sin a cos ~, 

OS = p cos a TU = p sin a sin 7 

SU = p sin 
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The components of  OU projected on the z and x axes are az =/~P and Ux = uQ, 
where 

P = cos fl cos ~ + sin fl cos ~, sin ~ (1) 

Q = cos ~ sin fl cos ~.-- cos ~b cos fl cos ~/sin ~ + sin ~ sin ~ sin ~ (2) 

The absorbances of  vertically and horizontally polarized light are denoted 
Av(0) and AH(O), respectively. Absorbance is related to transition dipole 
orientation in the following way: 

A v(0 ) = kp~/K(O) = kp2p~'/K(O) = A~,P2/K(O) (3) 

AH(O) = kp~/K(O) = kp2Q2/K(O) = A~,Q2/K(O) (4) 

where k is a constant and A~ is the absorbance of light with the electric vector 
parallel to a linear transition dipole, for an arbitrary sample concentration. To 
compensate for changing path length when 0 is altered, a factor K(O) is intro- 
duced. K(O) is defined as unity when 0 = 0; it is approximately * equal to cost.  
If the absorbance is measured with vertically polarized light and with 0 set first 
at 0 ° and than at some value 0 > 0, Eqns. 1 and 3 give 

Av(O)/Av(O)K(O) = 1 (5) 

This equation is independent of the manner in which reaction centers are 
oriented in the film. It allows direct experimental evaluation of K(O). 

We now introduce three assumptions that  define our model for the orienta- 
tion of reaction centers in gelatin films: (1) The reaction centers (and their 
transition dipoles) are oriented randomly about an axis of symmetry that  is 
fixed in the reaction center particle. This axis is OS in Fig. lc.  (2) The axis of 
symmetry lies in the plane of an unstretched film, with random orientation in 
that plane. (3) In a stretched film the same axis of symmetry is aligned with the 
direction of stretching. Later we shall relax the model to allow for imperfect 
adherence to the second and third assumptions. 

Dichroic ratios for a stretched film 
Our model states that  in a stretched film the transition dipoles are distrib- 

uted symmetrically about the OS axis; all values of  7 have equal probability. 
We average A v (0) and A H (0) ( Eqns. 3 and 4) over the domain of  7: 

27r 

Av(0) = [A~/27r. K(O)] / p2 d~f 
0 

2 o  

AH(0) = [A~/2~.K(O)] f Q2 d7 
0 

* K(O)  would  be  e x a c t l y  equal  to  cos~ if the  gelatin fiLm w e r e  p e r f e c t l y  un i fo rm in th ickness .  In pract ice  
the  value  o f  K ( 8 )  was  d e t e r m i n e d  e x p e r i m e n t a l l y  for  the  par t icu la r  film being  m e a s u r e d  (see later) .  I t  
did n o t  d i f fer  f r o m  c o s ¢  by  m o r e  than 2%, 
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giving 

Av(0)  = (A,/K(O))(cos2~ cos2c~ + ~ sine G sin:c~) 16) 

AH(O)=(Au/K(Ol)(cos2¢sin2~cos'a +! cos20 cos2~3 sin2a +"  sin:© sin-'a) 17) 

When the film is m o u n t e d  so tha t  the s t re tching  d i rec t ion  is vertical (parallel to 
the z a x i s ) ,  3 = 0 ° and 

AvlO ) = (A./K(O)) cos-'a (8) 

AH{0) = (A~,/2K(O)) sin:a {9) 

The dichroic  rat io is s imply 

Av(OI/AH(O) = 2 cotea (10) 

This equa t ion  has been derived by Fraser [9] .  Axial s y m m e t r y  ab o u t  the axis 
o f  s t re tching is expressed by the fact  tha t  Av(O )/AH(O) is i ndependen t  of  0. 

A n o t h e r  kind of  d ichroic  rat io is ob ta ined  with the  measuring beam pola- 
rized hor i zon ta l ly  and the  film tu rned  to  two  values o f  0, for  example  0 ° and 
0. Then  for  a s t re tched  film with 3 = 0 (s t re tching d i rec t ion  vertical),  Eqn. 9 
yields 

AH(O)/AH(O)K(O) = 1 (11) 

This again expresses axial s y m m e t r y  a b o u t  the axis o f  s tretching.  

Unstretched film 
Our  mode l  states tha t  in an uns t re tched  film the axis o f  s y m m e t r y  OS lies in 

the plane of  the  film wi th  r andom or ien ta t ion  in tha t  plane,  so tha t  all values o f  
3, as well as all values o f  3', are equal ly  probable .  We the re fo re  average Eqns. 3 
and 4 over  the domains  of  bo th  3 and 3", obta in ing 

Av(0)  = (A./K(O))(~ cos2c~ + ~ sin2a) (12) 

and 

cos2~ sin2a + t sin2d) sin'-a) (13) AH(0) = (At,/K(O))({ c°s2~ COS2~ + a 

These expressions yield 

Av(0 )/AH(0) = (cos2a + ~ sin2~)/(cos"ep cos2a + ' cos2~ sin2a + sin2~5 sinea) 

= A H ( O ) / A H ( O  )K{ 0 ) (14) 

Note  tha t  when 0 = 0, ¢ = 0 and Av(0)  = AH(0). 

Partial orientation 
We do no t  expec t  tha t  reac t ion  centers  in gelatin films are or ien ted  per fec t ly  

as descr ibed by  our  model .  One way to  express imper fec t  o r ien ta t ion ,  suggested 
by Fraser [9] ,  is to par t i t ion  the popu la t ion  of  reac t ion  centers  into a pe r fec t ly  
o r ien ted  f rac t ion  f and a residual f rac t ion (1 - - f ) .  The  f rac t ion  f is descr ibed 
cor rec t ly  by the foregoing equat ions .  The  absorbance  in polar ized light is then  

Av(0)  = fA'v(O) + AVR(1 - - f )  (15) 

AH(0) = fA'H(O) + AHR(1 -- f) (16) 
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where A~ (0) and A~ (0) are absorbances of the perfectly oriented fraction and 
AVR and AHR are those of  the remaining fraction. 

If the remaining fraction is oriented randomly, 

AvR = AHR = Au/3K(O) (17) 

Then the counterparts of Eqns. 10 and 11 {stretched film) become 

Av(O)/All(O) = [f2 cos2a + (1/3)(1 -- f2)]/[~ f2 sin 2a + (1/3)(1 -- f,)] (18) 

and 

All(O)/AH(O)K(O ) = 1 (19) 

where f2 is the value of  f in a stretched film. 
For an unstretched film, with the value of  f denoted fl, the counterparts of  

Eqns. 12--14 are 

Av(O) = [f~ AJK(O)](~  cos2a + ¼ sin2a) + [A~/3K{O)](1 - - f~)  (20) 

' sin2O sin2a) All(0) = f, [Au/K(O)](~ cos2¢ COS2a + ~ cos2¢ sin2a + 

+ [Au/3K(O)](1 -- f~ ) (21) 

and 

Av(O)/AH(O) = [f~(½ cos ~ a + ¼ sin2a) + (1/3)(1 - - f l  )]/[fL(~ cos2¢ cos 2a 

+z, cos2¢ sin2a +l~_ sin2¢ sin2a)+ ( 1 / 3 ) ( 1 -  f, )] 

= AH(O)/AH(O)K(O ) . (22) 

Finally we consider that in a stretched film the residual fraction, 1 -  f2, 
represents incomplete conversion from the 'unstretched'  state to the idealized 
'stretched'  state. The residual fraction is then oriented not  at random but  as in 
an unstretched film. This is likely because the partial hydration prerequisite to 
stretching does not  change the orientation of  an unstretched film [ 1]. For this 
case we apply Eqns. 15 and 16, with f denoted ]2, but  for AVR and AI-IR we use 
the values of  Av(0)  and An(O) given by Eqns. 20 and 21. Now the counterpart  
of Eqn. 10 becomes 

' sin2a) + {1/3){1 -- f, )(1 -- f2)] Av(O)/AH(O) = If2 cos2a + f1(1 -- f2)(~ cos2a + a 

i sin2¢ sin2a) + [12 f2 sin2a + fl(1 -- f2)(~ cos2¢, cos2a + ¼ cos2¢ sin2a + 

+ {1/3){1 -- f~ )(1 -- f2)] (23) 

Note that although Av(O)/AH(O ) is independent of  0 in Eqns. 10 and 18, it 
depends on ¢ and hence on 0 in Eqn. 23. 

Results 

Polarized absorption by reaction centers in unstretched and stretched gelatin 
films 

Fig. 2 shows the polarized absorption spectra and the corresponding linear 
dichroism spectrum of reaction centers in an unstretched gelatin film. Referring 
to Fig. 1, the film plane was vertical and 0 was set at 60 °. The corresponding 
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Fig .  2.  T h e  p o l a r i z e d  a b s o r p t i o n  a n d  l i n e a r  d i c h r o i s m  s p e c t r a  o f  r e a c t i o n  c e n t e r s  o f  Rp. sphaeroides in  an  

u n s t r e t c h e d  g e l a t i n  f i l ra .  T h e  a n g l e  o f  i n c i d e n c e  o f  t h e  m e a s u r i n g  b e a m  (0 in  F ig .  1) was  6 0  °.  F o r  v e r t i c a l  

p o l a r i z a t i o n  t h e  e l ec t r i c  v e c t o r  w a s  p a r a l l e l  t o  t h e  p l a n e  o f  t h e  f i l m ;  f o r  h o r i z o n t a l  p o l a r i z a t i o n  t h e  

e l ec t r i c  v e c t o r  m a d e  an  ang le  o f  6 0  ° w i t h  t h e  f i l m  p l a n e .  

F ig .  3.  T h e  p o l a r i z e d  a b s o r p t i o n  a n d  l i n e a r  d i c h r o i s m  s p e c t r a  o f  r e a c t i o n  c e n t e r s  o f  Rp. sphaeroicles in  a 

s t r e t c h e d  g e l a t i n  f i l m .  T h e  e l ec t r i c  v e c t o r  o f  t h e  v e r t i c a l l y  p o l a r i z e d  m e a s u r i n g  b e a m  was  p a r a l l e l  t o  b o t h  

t h e  f i l m  p l a n e  a n d  t h e  s t r e t c h i n g  d i r e c t i o n .  T h e  e l e c t r i c  v e c t o r  o f  t h e  h o r i z o n t a l l y  p o l a r i z e d  m e a s u r i n g  

b e a m  was  p a r a l l e l  t o  t h e  f i l m  p l a n e  a n d  p e r p e n d i c u l a r  t o  t h e  s t r e t c h i n g  d i r e c t i o n .  T h e  s a m e  f i l m  s e c t i o n  

b e f o r e  s t r e t c h i n g  h a d  b e e n  u s e d  t o  o b t a i n  t h e  s p e c t r a  s h o w n  in  F ig .  2. 

value o f  0,  wi th  n = 1 .43  (1) *, was 37 .3  °. The electric vector  o f  the  measuring 
beam was vertical for A v ( 6 0 )  and hor izonta l  (aligned with  the  x axis inside the  
film) for AH (60 ) .  Dichroic  ratios at the  extrema of  the  linear dichroism spec- 
trum are listed in Table I. Within experimental  accuracy,  the  same ratios were 
f o u n d  with  other films prepared in the  same way.  When the  film was set normal  
to  the measuring beam (0 = 0) ,  no  dichroism was observed; A v ( 0 )  = AH(0) ,  as 
expec ted  for random or ientat ion  wi th in  the  plane.  

The same film, stretched 2.5 t imes and m o u n t e d  wi th  the  stretching direc- 
t ion  vertical (~ = 0) and with its plane normal  to the  measuring beam (0 = 0),  
gave the  absorpt ion  and linear dichroism spectra s h o w n  in Fig. 3, with the  
electric vector  vertical for A v ( 0 )  and hor izonta l  for A H ( 0 ) .  Dichroic  ratios are 
again listed in Table I. This shows  that  stretching induced or ientat ion  o f  the 
react ion centers in the plane o f  the film. 

* T h e  r e f r a c t i v e  i n d e x  o f  a s t r e t c h e d  f i l m  wi l l  a l so  be  t a k e n  as 1 . 4 3 ,  t h e  v a l u e  m e a s u r e d  in  an  u n s t r e t e h e d  
f i l m .  A l t h o u g h  s t r e t c h e d  f i l m s  a p p e a r  b i r e f r i n g e n t  w h e n  v i e w e d  b e t w e e n  c r o s s e d  p o l a r i z e r s ,  w e  c o u l d  

d e t e c t  n o  s i g n i f i c a n t  d i f f e r e n t  b e t w e e n  t h e  v a l u e s  o f  n m e a s u r e d  w i t h  l i g h t  p o l a r i z e d  p a r a l l e l  a n d  per-  

p e n d i c u l a r  t o  t h e  d i r e c t i o n  o f  s t r e t c h i n g .  
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T A B L E  I 

D I C H R O I C  R A T I O S  O F  T H E  P O L A R I Z E D  A B S O R P T I O N  S P E C T R A  O F  R E A C T I O N  C E N T E R S  

F R O M  RHODOPSEUDOMONAS SPHAEROIDES I N  A G E L A T I N  F I L M  * 

T h e  e x p e r i m e n t a l  d a t a  w e r e  o b t a i n e d  u s i n g  t h e  s a m e  f i l m  sec t ion ,  be fore  a n d  a f t e r  s t r e t c h i n g .  T h e  l i s ted 
wave lengths  are the  pos i t i ons  o f  e x t r e m a  o f  the  l inear d iehro i sm s p e c t r a .  

Wavelength U n s t r e t e h e d  f i lm S tr e t c hed  f i l m  

( n m )  A V(60)/A H(60) 
( F i g .  2 )  A V ( 0 ) / A H ( 0  ) AH(O)/AH(60). K ( 6 0 )  

= 0 ~ (Fig. 3) ~ = 0 ° (Fig. 4) 

8 5 2  1 . 1 4 1  ± 0 . 0 1 2  2 . 2 7 7  ± 0 . 0 5 0  1 . 0 3 1  -+ 0 . 0 1 2  

7 9 8  1 . 0 8 2  ± 0 . 0 1 2  1 . 9 2 0  ± 0 . 0 5 0  1 . 0 2 2  ± 0 . 0 1 2  

7 5 4  0 . 9 2 9  ± 0 . 0 1 2  0 . 6 7 0  ± 0 . 0 5 0  0 . 9 8 6  ± 0 . 0 1 2  

688 0 . 9 6 2  ± 0 . 0 2 5  0.834 _+ 0 . 0 5 0  -- 

5 9 7  0 . 9 2 0  ± 0 . 0 2 5  0 . 4 8 0  ± 0 . 0 5 0  - -  

5 3 5  1 . 1 0 2  ± 0 . 0 2 5  1 . 7 0 0  ± 0 . 1 0 0  - -  

* T h e  e x p e r i m e n t a l  e r r o r  is  g i v e n  as  a p p r o x L ,  n a t e  l i m i t s  f o r  a 9 5 %  c o n f i d e n c e  i n t e r v a l  b a s e d  on  three  r ep l i -  

c a t e  sets  o f  r e c o r d i n g s  u s i n g  t h e  s a m e  f i l m  sec t ion .  

Tests of axial symmetry in stretched films 
According to the model detailed ealier, the transition dipoles of  the reaction 

centers should be aligned with axial symmetry about the axis of stretching. 
This symmetry is expressed by Eqns. 10 and 11 in that  the right side of  each 
equation is independent of 0. 

We tested Eqn. 10 by mounting the film section used for Fig. 3 so that  the 
film plane was fixed at several angles 0 relative to the measuring beam. The 
stretching direction was always vertical (fl = 0). The dichroic ratios (Av(O)/ 
AH(0)) were found to be independent of 0 within the limits of  experimental 
error as predicted by Eqn. 10 for all angles of 0 investigated (0 to 60°). 

We also measured the parameters of Eqn. 11, with 0 = 0 and 60 ° and with 
K(60 °) determined through Eqn. 5: K(60)=Av(O)/Av(60). The measured 
spectra of Av(0) and Av(60) satisfied Eqn. 5 when K(60) was set at 0.810, 
in good agreement with the expected value of 0.796 for cos~b when ¢ = 37.3 ° 
(corresponding to 0 = 60 ° and n = 1.43). Results of this test of axial symmetry 
are shown in Fig. 4. Note that  the spectra of AH(0) and AH(60)K(60) {with the 
stretching direction vertical; fl -- 0) are nearly identical. The small residual linear 
dichroism spectrum has superficially the same form as those of Figs. 2 and 3. 
The dichroic ratios are listed in Table I. 

Extrapolation to perfect orientation 
As films are stretched to ever greater degrees their linear dichroism spectra 

reflect a closer approach to the condition of  axial symmetry about the stretch- 
ing axis. The small departure from axial symmetry seen in Fig. 4 is probably a 
residue of the planar symmetry of  an unstretched film; see the comments pre- 
ceding the derivation of  Eqn. 23. The linear dichroism spectrum of  Fig. 4 looks 
like an at tenuated version of  its counterpart  in an unstretched film. But for 
some purpose we need not  concern ourselves with the source of  axial asym- 
metry in a partly stretched film. If  strongly stretched films approach a limit of 
axially symmetric dichroism, we can extrapolate the data from a series of films 
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Fig. 4. T h e  p o l a r i z e d  a b s o r p t i o n  and l inear  d i c h r o i s m  spectra  o f  r e a c t i o n  c e n t e r s  o f  Rp. sphaeroides in a 
s t r e t c h e d  ge la t in  filra, s t r e t c h i n g  d i r e c t i o n  vert ical .  T h e  spectra  w e r e  r e c o r d e d  us ing  h o r i z o n t a l l y  po lar i zed  
l ight ,  w i t h  the  f i lm p lane  f i x e d  at t w o  d i f f e r e n t  angles ,  0 and 6 0  ° ,  re lat ive  to the  e lectr ic  v e c t o r  o f  the  
m e a s u r i n g  b e a m .  In b o t h  cases  the  e lec tr ic  v e c t o r  was  p e r p e n d i c u l a r  to  t h e  s t r e t c h i n g  d i rec t i on .  T h e  fac tor  
0 .810  correc t s  for  the  d i f f e r e n c e  in p a t h  l e n g t h  for  the  t w o  or i en ta t ions .  The  s a m e  f i lm gave the  s p e c t r u m  

o f  Fig. 3. 

Fig.  5. T h e  re la t ionsh ip  b e t w e e n  t h e  d ichro ic  rat ios  AH(O)/AH(60)K(60) and Av(O)/AH(O) o b s e r v e d  in a 
series  o f  s t r e t c h e d  f i lms  c o n t a i n i n g  r e a c t i o n  cen ter s  ( s t r e t c h i n g  d i r e c t i o n  vert ical ) .  E ight  f i lm s e c t i o n s  w e r e  
s t r e t c h e d ,  e a c h  to  a d i f f e r e n t  e x t e n t .  F o r  e a c h  f i lm s e c t i o n  the  d i ehro ic  rat ios  w e r e  d e t e r m i n e d  at the  
w a v e l e n g t h s  s h o w n  in the  F igure .  

to that limit. The limit represents perfect axial orientation: f2 = 1, Eqn. 23 
reduces to Eqn. 10, and ~ can be computed from Eqn. 10. 

We prepared films stretched to different extents,  ranging from 1.0 to 3.0 
times, in order to make such an extrapolation. As an analytical framework for 
the extrapolation, let f2 be the fraction of  reaction centers aligned with the axis 
of  stretching in a given film, with the remainder 1 - - f 2  deployed as in an 
unstretched film. Then as f2 ranges from 0 to 1 the dichroic ratios will range 
monotonical ly  from those of  an unstretched film to those of a 'perfectly' 
stretched film. In particular, with the stretch direction vertical (/3 = 0), A v ( 0 } /  
AH(0 ) ranges from 1 to the maximum value given by Eqn. 10. At the same 
time, AH(O)/AH(O)K(O) ranges from the value for an unstretched film (Eqn. 14 
or 22) down to unity (Eqn. 11). We therefore set each film in the instrument 
with the stretch direction vertical and measured its spectrum so as to determine 
Av(O)/AH(O ) and AH(O)/AH(60)K(60) at selected wavelengths. Plots of A s ( 0 ) /  
AH(60)K(60)  vs. Av(O)/AH(O) could then be extrapolated to the limiting case. 
Such plots are shown in Fig. 5, with Av(O)/AH(O) measured at 852 nm and 
AH(O)/AH(60)K(60 ) measured at three wavelengths. Similar plots were made 
for these three wavelengths with Av(O)/AH(O) expressed at 798,  754,  688,  
597 and 535 nm. In all cases the absolute values of [Av(O)/AH(O)] w e r e  higher 
in films stretched to a greater extent.  For the data in Fig. 5, linear extrapola- 
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T H E  D I C H R O I C  R A T I O S  A N D  T H E  A N G L E  ~ F O R  T H E  H Y P O T H E T I C A L  C A S E  O F  P E R F E C T  

O R I E N T A T I O N  O F  R E A C T I O N  C E N T E R S  I N  A S T R E T C H E D  G A L A T I N  F I L M  * 

T h e  l i s t e d  w a v e l e n g t h s  a re  t h e  p o s i t i o n s  o f  e x t r e m a  o f  t h e  l i n e a r  d i c h r o i s m  s p e c t r a .  T h e  d i c h r o i c  r a t i o s  

w e r e  o b t a i n e d  b y  a m e t h o d  d e s c r i b e d  in the  t e x t  i n v o l v i n g  e x t r a p o l a t i o n  o f  e x p e r i m e n t a l  d i c h r o i c  r a t i o s  
o b t a i n e d  f o r  a s e r i e s  o f  s t r e t c h e d  f i l m s ,  a w a s  c a l c u l a t e d  f r o m  t h e  l i s t e d  d i c h r o i c  r a t i o s  u s i n g  E q n .  10 ;  i t  is 
t h e  a n g l e  b e t w e e n  a t r a n s i t i o n  m o m e n t  a n d  a n  a x i s  o f  s y m m e t r y  in  t h e  r e a c t i o n  c e n t e r  ( see  t h e  t e x t ) .  

W a v e l e n g t h  Av(O)/AH(O ) a ( d e g . )  
(nm) ~ = 0 ~ 

852 2.68 ** ± 0.17 40.8 -+ 0.9 

798 2.14 ** ± 0.12 44.0 -+ 0.8 

754 0.637 *** ± 0.036 60.6 ± 0.7 

688 0.787 *** _+ 0.045 57.9 -+ 0.8 

597 0.403 *** + 0.058 65.8 +- 1.4 

535 1.86 ** _+ 0.12 46.0 + 0.9 

* T h e  e r r o r  is g i v e n  as  l i m i t s  f o r  a 9 5 %  c o n f i d e n c e  i n t e r v a l .  

**  T h e s e  r a t i o s  w e r e  o b t a i n e d  b y  f i t t ing the  e x p e r i m e n t a l  d a t a  w i t h  a s t r a i g h t  l ine .  

* ** T h e s e  r a t i o s  w e r e  o b t a i n e d  b y  f i t t i n g  t h e  e x p e r i m e n t a l  d a t a  w i t h  a p o l y n o m i a l  o f  order  2. 

t ions (least squares fit)  converged to  a l imiting value Av{O)/AH(O) = 2.68 + 
0.17 (95% conf idence  limits) at  852 nm. The  results o f  these ex t rapola t ions ,  
toge the r  with values o f  a c o m p u t e d  by  Eqn.  10 f rom the  l imiting values o f  
Av(O)/AH(O) are shown in Table  II. Note  tha t  for  some wavelengths the data  
were be t t e r  f i t ted  with a quadrat ic  curve ra the r  than  a straight  line. 

The degree o f  orientation in unstretched films 
Having evaluated the angle a by ex t rapo la t ion  with s t re tched  films, we can 

use Eqn.  22 and the value o f  Av(60)/AH(60) for  an uns t re tched  film in o rder  
to  c o m p u t e  f , ,  the  or ien ted  f rac t ion o f  react ion centers  in an uns t re tched  film. 
At  852 nm, a f rom Table  II and Av(60)/AH(60) f rom Fig. 2 and Table  I give 
fl = 0.70 + 0.05 (95% conf idence  limits). The  uns t re tched  film behaves as if 
70% o f  the  reac t ion  centers  are or ien ted  with thei r  axis o f  s y m m e t r y  in the  
plane of  the film, and 30% have r andom or ienta t ion .  Using this value o f  f ,  in 
Eqn.  22, we can c o m p u t e  a at  o the r  wavelengths f rom the  o the r  values o f  
Av(60)/AH(60); data  of  Fig. 2 and Table  I. Values o f  a c o m p u t e d  in this way 
agree with those  in Table  II. The  agreement  suppor ts  ou r  mode l  for  o r ien ta t ion  
in uns t re tched  films as compared  wi th  s t re tched films * 

Further tests o f  internal consistency; the degree o f  orientation in stretched 
films 

Finally,  using the  value 0 .70 tha t  we c o m p u t e d  for  f ,  in an uns t re tched  film, 
toge ther  with a = 40.8 ° at  852 nm {Table II), we applied Eqn.  23 to  c o m p u t e  
f~, the  'pe r fec t ly  o r i en ted '  f rac t ion  o f  reac t ion  centers  in a s t re tched  film. 
Eqn.  23 was derived by  assuming tha t  the residual f rac t ion  1 --  [2 has the same 
or ien ta t ion  as in an uns t re tched  film. Taking Av(O)/AH(O ) = 2.277 for  a 

* T h i s  a g r e e m e n t  is a m o r e  re f i ned  vers ion o f  t h e  o b s e r v a t i o n  t h a t  the  l inear d i c h r o i s m  spec tra  o f  
u n s t r e t c h e d  and  s t r e t c h e d  f i lms  have  a p p r o x i m a t e l y  t h e  s a m e  s h a p e .  
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s t re tched  film measured  at 852 nm with /~ = 0 (Fig. 3 and Table I), we find 
f2 = 0 .845 _+ 0 .050  (95% conf idence  limits) for  the film descr ibed in Figs. 3 and 
4. With this value of  f2 and the values ofAv(O)/An(O ) f rom Fig. 3 and Table  I 
we used Eqn.  23 to  c o m p u t e  a at  o the r  wavelengths.  This t r e a t m e n t  using 
Eqn.  23 was repea ted  with a slightly s t re tched  film (s t re tched  1.3 t imes),  for  
which we ob ta ined  f2 = 0.131 _+ 0.010.  The  sets o f  values of  a c o m p u t e d  in 
these ways again agree with those listed in Table  II. For  vahles of  /'2 greater  
than  0.5, the variously c o m p u t e d  values of  a are also in good agreement  if we 
assume tha t  the residue 1 - f 2  is o r ien ted  at r andom (Eqn.  18) ra ther  than  as in 
an uns t r e t ched  film. But  wi th  f2 less than  0.5 the  agreement  is significantly 
be t t e r  with the model  implici t  in Eqn.  23. 

Light-induced absorbance changes 
We examined  l ight- induced absorbance  changes wi th  polar ized light, record-  

ing the kinetics o f  f lash-induced changes at  successive wavelengths * 
A s t rongly s t re tched  film was p repared  and the  'dark '  spectra  were measured  

as before ,  to  obta in  Av(O)/AH(O ) with fl = 0. Then  wi th  a = 40.8 ° at  852 nm 
(Table  II) and f~ = 0.70 (see earlier),  we c o m p u t e d  f2 = 0.94 _+ 0.05 using Eqn.  
23. 

We the n  placed the  film in the spli t-beam sp ec t ro m e te r  wi th/3  = 0 (s t re tch 
d i rec t ion  vertical) and the plane o f  the film set 45 ° f r o m  the  axes o f  b o t h  the  
measur ing beam and the perpend icu la r  act inic beam (0 = 45°). The  measuring 
beam was polar ized wi th  the electric vec to r  e i ther  vert ical  or hor izonta l ,  so tha t  
we measured  A A v ( 4 5  ) and ZkAH(45 ). The  actinic x en o n  flash (0.1 ms dura t ion)  
passed th rough  a polar izer  so tha t  the electr ic  vec to r  was vertical,  aligned wi th  
the s t re tch  axis and hence  with the  axis of  s y m m e t r y  of  mos t  o f  the  reac t ion  
centers .  With this a r rangement  reac t ion  centers  were exc i ted  at r andom,  regard- 
less of  the exc i t a t ion  wavelength.  Art i facts  due to  pho tose lec t ion  were t he reby  
avoided.  

The  l ight- induced changes A A v ( 4 5 )  and z~AH(45 ) are p lo t t ed  against wave- 
length in Fig. 6. The  negative bands at 852,  812 and 600 nm,  and the  posit ive 
band at  790 nm, are a t t r i bu ted  to  pho to -o x id a t i o n  o f  the  bac te r ioch lo rophy l l  
special pair t ha t  acts as pho tochemica l  e lec t ron  d o n o r  [1 ,4 ] ,  the bands at 852 
and 812 nm  being ident i f ied wi th  Qy t ransi t ion m o m e n t s  of  the  special pair. 
The  inset  of  Fig. 6 shows tha t  the  Qx absorp t ion  of  the  special pair is also 
resolved in to  two  componen t s ,  wi th  bands o f  d i f f e ren t  polar izat ions  near  600 
and 630 nm. This has no t  been  r epo r t ed  previously.  

Dichroic  rat ios AAv(45)/AAH(45) at  several wavelengths are listed in Table  
III. These  rat ios were  fairly un i fo rm f rom 830 to  880 nm; we averaged the  
values f rom 850 to  860 nm for  the  long wave Qy t ransi t ion.  Similarly we 
averaged the values f rom 595 to  605 nm for  the  shor t  wave Qx t ransi t ion,  and 
630  to  640  nm for  the  longer Qx t ransi t ion.  The  low value at 625 can be attri- 
bu ted  to  overlap with the  600  nm band.  At  812 nm the  dichroic  ra t io  was 
a b o u t  un i ty ,  bu t  this value should be in t e rp re t ed  wi th  cau t ion  because the 
change at  812 nm is due  par t ly  to  blue-shift  o f  the  800 nm band [10]  (an 

* S p e c t r a  c o n s t r u c t e d  in th i s  w a y  w e r e  m o r e  a c c u r a t e  t h a n  t h o s e  o b t a i n e d  [1]  by  s cann ing  a b s o r b a n c e  
a g a i n s t  w a v e l e n g t h  w i t h  a n d  w i t h o u t  c o n t i n u o u s  c ros s - i l l umina t ion ,  b e c a u s e  t h e y  w e r e  free  f r o m  er rors  
d u e  t o  f a u l t y  b a s e l i n e  c o r r e c t i o n s  a n d  s e c o n d a r y  c h a n g e s  u n d e r  p r o l o n g e d  i l l umina t i on .  
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Fig. 6. The  polar ized  l ight m inus  da rk  d i f fe rence  abso rp t i on  spec t ra  of  r eac t ion  cen te r s  of  Rp. sphaeroides 
in a s t r e t ched  gelat in  fi lm. We m e a s u r e d  the  l ight - induced abso rbance  changes  in response  to  a br ief  
act inic  flash. The  p lane  of  the  f i lm was ver t ical  (wi th  the  s t r e t ch ing  d i rec t ion  ver t ica l )  and  a t  45  ° to the  
m u t u a l l y  pe rpend i c u l a r  axes  o f  the  me a s u r ing  and  act inic  b e a m .  Thus  the  electr ic  v e c t o r  of  the  ver t ica l ly  
polar ized  m easu r ing  b e a m  was  parallel  to  b o t h  the  f i lm plane  and  the  s t r e t ch ing  d i rec t ion .  The  electr ic  
v e c t o r  o f  the  hor i zon ta l ly  polar ized  me a s u r ing  b e a m  m a d e  angles o f  45  ° wi th  the  f i lm plane  and  90 ° wi th  
the  s t re tch ing  d i rec t ion .  The  act inic  flash was ver t ical ly  polar ized .  We averaged  4 to 8 m e a s u r e m e n t s  at  
each  wave leng th ;  repl ica te  abso rbance  changes  were  r ep roduc ib l e  wi th in  0 .001  AA ( a b o u t  1% of  the  
largest  changes)  and  the  samples  did no t  de t e r io ra t e  apprec ia ly  in the  course  of  several  h u n d r e d  flashes. 
Fo r  m e a s u r e m e n t s  above  650  n m  the  act inic  l ight passed t h r o u g h  a blue ( C o m i n g  4-96)  f i l ter  and  the  
p h o t o m u l t i p l i e r  was shie lded b y  a red  ( C o m i n g  2-58)  filter. Below 700 n m  we used an  infrared- insensi t ive  
p l io tomul t ip l i e r  and  p laced  a nea r  in f ra red  ( C o m i n g  7-96) fil ter in the  act inic  pa th .  The  act inic  l ight was 
sa tu ra t ing  wi th  the  near  in f ra red  fi l ter  and  gave changes  43% of  s a tu ra t ion  wi th  the blue filter.  The  da t a  
above  650  rim was  n o r m a l i z e d  to those  be low 700 n m  in the  reg ion  of  over lap,  6 5 0 - - 7 0 0  n m .  

indirect consequence of  photooxidation of  the special pair), and also overlaps 
with the 790 and 852 nm bands. 

Using these dichroic ratios, with f~ = 0.70 and f2 = 0.94 (see earlier), we 
applied Eqn. 23 to compute values of  a for the transition dipoles associated 
with these light-induced changes. These are listed in Table III. The value of  a 
near 852 nm agrees well with that obtained from dark spectra, as we expect 
since this band is almost entirely bleached in the photo-oxidized state. The 
value of a for the shorter wave Qx transition of  special pair bacteriochlorophyll 
(600 nm) is close to the value at 597 nm obtained with 'dark' spectra which 
reflect absorption by all four bacteriochlorophyll molecules in the reaction 
center. At 630 nm (longer wave Qx transition of  the special pair) we encounter 
the highest dichroic ratio and correspondingly the smallest angle a between the 
transition dipole and the axis of  symmetry. The value of  a at 812 nm should be 
taken as a crude average of  several transition moments. 

The 630 nm band is not a peculiarity of  reaction centers in gelatin films. It 
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T H E  D I C H R O I C  R A T I O S  A N D  T H E  A N G L E  a F O R  T H E  P O L A R I Z E D  L I G H T  M I N U S  D A R K  D I F -  

F E R E N C E  A B S O R P T I O N  S P E C T R A  S H O W N  IN F I G .  6 

T h e  l i s t ed  w a v e l e n g t h s  are in t he  n e i g h b o r h o o d  o f  n e g a t i v e  b a n d s  w i t h  m i n i m a  at 8 5 2 ,  8 1 2 ,  6 3 0  a n d  6 0 0  

n m .  c~ w a s  c a l c u l a t e d  f rom t he  average  va lue  o f  t he  s e l e c t e d  e x p e r i m e n t a l  d i c h r o i c  ra t ios  us ing  E q n .  2 3  

f or  f l  = 0 . 7 0  _+ 0 . 0 5  a n d  f2 = 0 . 9 4  _* 0 . 0 5 .  

W s v e l e n g t h  AAv(45)/AAH(45) ~ ~ ** ( d e g . )  

~ - 0  

2 . 5 6 8  

2 . 6 4 1  ~ a v e r a g e  2 . 5 9 4  ± 0 . 1 0 1  4 0 . 3  ± 0 . 9  

2 . 5 7 3  J 

~1 ~ 5 5  

8.86 } 
8.23 average 8.79 -+ 1.30 22.5 _+ 3.0 
9.27 

4.15 

0.499 

0.486 

0.459 

0.536 

850 

855 

860 

812 

640 

630 

625 

605 

600 

595 

average  0 . 4 9 5  ± 0 . 0 4 5  6 4 . 1  + 1 .1  

* T h e  e r r o r  is g iven  as  l imi t s  f or  a 9 5 %  c o n f i d e n c e  in terva l .  

** T h e  e r r o r  is g iven  as  l i m i t s  f or  a 9 5 %  c o n f i d e n c e  i n t e r v a l  a n d  w a s  b a s e d  o n  e i t h e r  the  u n c e r t a i n t y  in the  

e x p e r i m e n t a l  d i c h r o i c  rat io  o r  t h e  u n c e r t a i n t y  in t h e  f r a c t i o n  o f  o r i e n t e d  r e a c t i o n s  c e n t e r s ,  w h i c h e v e r  
w a s  larger .  

can be seen also in the light-induced difference spectra of purified reaction cen- 
ters in solution and in chromatophore membranes. 

Discussion 

Uniqueness of  the model in relation to the data 
We have found that a variety of data on the linear dichroism of  reaction cen- 

ters in gelatin films are in excellent accord with the predictions of  a simple 
model. The internal consistency of  the data under various manipulations 
strengthens our confidence in the model and shows the usefulness of the 
method of  Fraser [9] in Which the population of reaction centers is decom- 
posed into ideally oriented and unoriented fractions. 

Our model states that reaction centers are disposed randomly about an 
intrinsic axis of symmetry that lies in the plane of  an unstretched film and 
parallel to the axis of  stretching in a stretched film. A principal fact supporting 
this model is the approach to axial symmetry of  transition dipoles about the 
axis of stretching in strongly stretched films. Let us now consider two types of 
deviation from the strict terms of  the model, so as to explore its uniqueness in 
accounting for the data. 

One possibility is that there is a randomly oriented component of reaction 
centers in a stretched film, aside from the random component {1 - - f l )  that is 
carried along from the unstretched film and is acknowledged in Eqn. 23. We 
tested this possibility by introducing a new, additional random fraction into 
the equations for stretched films. When this fraction reached 10% of the total, 
the computed value of  a for the absorbance change at 630--640 nm (Table III) 
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fell from 22.5 ~ to zero, and greater fractions led to imaginary values for sins. 
We thus set a limit of '10% random'  on this kind of  departure from our model. 

Second, the axis of  symmetry of each reaction center could make a specific 
angle (other than zero) with the stretching axis, or with the plane of an 
unstretched film. Then if the reaction centers were oriented randomly about 
their own axes of symmetry,  a stretched film would continue to show axial 
symmetry.  We analyzed this possibility, and concluded that  a computed value 
of  a (the average angle between a transition dipole and the axis of stretching) 
will always be greater than 5, the angle between the axis of symmetry of  the 
reaction center and the axis of stretching. The value of 22.5 ° for a at 630 nm 
(Table III) thus sets an upper limit for 5. The ' true'  value of a (angle between 
transition moment  and axis of  symmetry)  is then within 5% of the computed 
value for a > 40 °, but for a = 22.5 ° the true value could be anything between 
0 and 22.5 °. 

Having explored these variations, we accept our model as a useful framework 
for interpreting our data. 

The structure o f  gelatin 
The model is compatible with what is known about the structure of gelatin. 

Gelatin is denatured collagen. Gelation is thought  to involve partial renatura- 
tion of  tropocollagen (a superhelix formed from three polypeptides with inter- 
chain hydrogen bonding) and the creation of an amorphous gel network by 
random binding between macromolecules [11]. X-ray diffraction [12] shows 
that  dehydrat ion causes the superhelices to lie with their long axes in the plane 
of a dried film, oriented randomly within the plane. Partial rehydration fol- 
lowed by stretching then aligns the superhelices along the axis of stretching, as 
indicated by measurements of linear dichroism in the infrared [13]. The axis 
of  tropocollagen thus has the same orientation as the hypothetical  axis of sym- 
metry of the reaction center. 

Correlation with transition moments of  chromophores in the reaction center 
Having obtained a set of  characteristic angles ~ for the directions of transi- 

tion dipoles in the reaction center, we wish to associate these, as far as possible, 
with transition moments  of  the component  chromophores. 

In light minus dark spectra the bands at 852 and 812 nm * have been identi- 
fied with the special pair of bacteriochlorophyll molecules that  acts as photo- 
chemical electron donor,  the bands arising from exciton interaction (dipole 
coupling) of  the Qy transitions of  the component  monomers. We have now 
found the expected 'Qx' counterparts at 630 and 600 nm. The band at 812 nm 
is not resolved from other light-induced changes, but at 852, 630 and 600 nm 
the changes can be identified mainly with single transition moments  of the 
special pair. Dichroic ratios are uniform over the greater (spectrally resolved) 
parts of these bands. Excitation of  the 852 (or 870) nm transition gives a 
polarization value of  +0.45, close to the theoretical maximum of +0.5 for a 

* R e p o r t e d  p r e v i o u s l y  as  8 5 0 - - 8 7 0  n m  a n d  8 0 5 - - 8 1 2  n m  as  observed  under  d i f f eren t  c o n d i t i o n s  [ 1 , 2 , 6 ,  
1 0 ] .  
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single transition, throughout  this band, in photoselection experiments (10)* 
and in measurements of polarized fluorescence [14]. 

The properties of  these four bands of the special pair bacteriochlorophyll are 
consistent with a simple application of molecular exciton theory [15--17] to a 
dimer. The geometry of the dimer is suggested by the relative integrated 
intensities of the absorption bands, with the 852 nm band far more intense 
than the 812 nm band, and the 600 nm band far more intense than the 630 nm 
band. Thus in the Qy region the transition of lower energy is favored, and con- 
versely in the Qx region. Exciton theory then implies that  the Qy transition 
moments  of the component  monomers are roughly parallel (within 40 °) and 
predominantly collinear, while the monomeric Qx transition moments are 
roughly parallel and predominantly side by side. 

A simple application of exciton theory for a dimer can thus account for the 
observed splitting and relative intensities of the absorption bands, for the 
available data on circular dichroism, and for the conclusion of Vermeglio et al. 
[10] that  Qx (600 nm) is nearly perpendicular to Qy (852 nm). It also predicts 
Qx (630 nm) ± Qx (600 nm) and Q.v (812 nm) ± Qy (852 nm). 

While the foregoing description in terms of exciton interactions appears 
satisfactory, we can easily imagine other possibilities. For example, the 812 nm 
band could result from exciton interaction between the special pair and the 
800 nm component  of  bacteriochlorophyll. The disruption of this interaction, 
when the special pair is photo-oxidized, could account for the bleaching of the 
812 nm band. 

A similar argument could be made about the origin of the 630 nm band. 
Thus we should be cautious in identifying these transitions with specific 
chromophoric interactions, even though the 'special pair dimer'  t reatment 
is appealingly direct and seems sufficient. 

In absorption spectra such as those in Fig. 2--4, most of the bands contain 
contributions from two or more of the six tetrapyrroles in the reaction center. 
Some of the bands can be assigned with reasonable certainty. The 852 nm band 
represents a Qy transition of the bacteriochlorophyll special pair; it is the same 
as its counterpart  in the light minus dark difference spectrum, which is fully 
bleached in strong light. The band near 535 nm represents the Qx transitions 
of  the two molecules of bacteriopheopytin in the reaction center. At low tem- 
perature the 535 nm band is split into two bands near 532 and 545 nm [1]. 
Dicrhoic ratios are uniform across these bands at low temperature, and 
approximately equal to that  across the 535 nm band at room temperature. The 
angle a computed at 535 nm therefore applies to both components.  The two 
components  are not parallel to each other [10]. They probably do not arise 
from exciton splitting in a dimer, because circular dichroism spectra do not 
show bands of opposite sign in either the 535 nm (Q,)  or the 754 nm (Qy) 
regions of bacteriopheophytin absorption [18,19]. Also the 754 nm band is 
not  split, in absorption or in linear dichroism spectra [1,4]. A stronger argu- 
ment  against exciton coupling of the bacteriopheophytins is that  the formation 
of the earliest photoprodu.ct pf or 'p÷ • I- '  is at tended by bleaching of the 545 

* V e r m e g l i o  e t  al .  [ 1 0 ]  h a v e  s h o w n  t h a t  r e p o r t s  o f  l o w e r  p o l a r i z a t i o n  v a l u e s ,  + 0 . 2 5  [ 2 1 , 2 2 ]  we re  in  e r r o r  

d u e  t o  t h e  u n s u s p e c t e d  p r e s e n c e  o f  a m i x e d  p o l u l a t i o n  o f  r e a c t i o n  c e n t e r s  w i t h  d i f f e r e n t  r e a c t i o n  

k i n e t i c s .  
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nm band and no change of  the 530 nm band [20].  In the coupled case the 
obliteration of  one of  these bands should cause a marked perturbation of  the 
other. We therefore assume that the two components near 535 nm represent 
two molecules of  bacteriopheophytin in different environments. This assump- 
tion also gives a better fit to photoselection data of  Vermeglio et al. [10] than 
does the assumption of  exciton coupling. We conclude that the Qx transition 
moment of  each bacteriopheophytin molecule makes an angle a = 46 ° with the 
axis of  symmetry, and that the value at 754 nm, 61 °, is for the sum of the 
independent Qy transition moments. 
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