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Summary 

Light-harvesting bacteriochlorophyll-protein complexes from Rhodopseu- 
domonas sphaeroides 2.4.1 and R-26 mutant  are solubilized in sodium dodecyl  
sulfate and imbedded in polyvinyl alcohol. Stretching induces orientation, 
and the linear dichroism of  visible and near infrared absorption is analyzed. 
Based on a simple model,  angles between the particle axis and the transition 
dipole moments  are found. In the near infrared absorption band of  the R-26 
light-harvesting protein the dichroic ratio varies from 1.30 to 1.57. Using the 
absorption curves the band is resolved into two exciton components .  In the 
visible absorption band the dichroic ratio has a constant  value of  0.43 for the 
R-26 protein bu t  varies with wavelength for the wild type  light-harvesting pro- 
tein. This variation is at t r ibuted to an additional bacteriochlorophyll  not  present 
in the R-26 protein. 

Introduct ion 

The light-harvesting bacteriochlorophyll  a and carotenoid of  purple photo- 
synthetic bacteria are found complexed with low molecular weight peptides of  
approximately 1 0 0 0 0  daltons [1--7].  With selective solubilization of  the 
chromatophore  membranes these complexes can be isolated. Sauer and Austin 
separated a complex from the carotenoidless mutant  of  Rhodopseudomonas 

Abbreviations: LH-wt, light-harvesting complex from Rps. sphaeroides wild type chromatophores; 
LH-R26, light-harvesting complex from Rps. sphaeroides R-26; SDS, sodium dodecyl sulfate. 
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sphaeroides, R-26 which contained two polypeptides and two bacteriochloro- 
phylls [6]. In the presence of sodium dodecyl sulfate (SDS) this complex is 
not  further aggregated, and it absorbs in the near infrared with a single 
maximum at 853 nm. The circular dichroism, CD, spectrum shows a double 
Cotton effect, negative to long wavelengths, and centered on the 853 nm 
absorption band. A similar complex from the wild type Rps. sphaeroides con- 
tains an additional bacteriochlorophyll and a carotenoid and exhibits absorp- 
tion maxima at 799 nm and 850 nm. Cogdell and Thornber classify this com- 
plex as B800-B850 [7]. The 800 nm absorption band of the wild type complex 
can be irreversibly and selectively bleached, leaving a complex with essentially 
the same absorption and CD properties as the complex isolated from the 
mutant  R-26 [6]. Thus, we believe the complex from R-26 is an altered form 
of the wild type complex. This paper reports evidence to support this belief. 

Recently Raffer ty and Clayton reported the linear dichroism of the reaction 
center bacteriochlorophyll-protein complex in a stretched gelatin film [8]. 
We use a similar approach, embedding the protein detergent particles in poly- 
vinyl alcohol as the stretching matrix. The information gained is the orienta- 
tion of  the transition dipoles with respect to the stretching axis. Because 
bacteriochlorophyll has two well-separated electronic transitions, Qx and Qy, 
which are believed to be polarized in the monomer  bacteriochlorophyll close to 
the bacteriochlorin symmetry axes [9], and because these pigment protein 
complexes involve a small number of bacteriochlorophylls, they are suitable for 
determining the geometry of the pigment molecules from optical spectra. 

Materials and Methods 

Bacteria strains R-26 and 2.4.1 of Rps. sphaeroides were grown as described 
by Sauer and Austin [6]. Chromatophores were prepared by the method of  
Clayton and Wang [10] and were purified on a 0.6--1.2 M discontinuous 
sucrose gradient. The light-harvesting complex (LH-wt) from wild type chroma- 
tophores was prepared according to published procedures [2,11]. The protein 
complex was dialyzed against 0.01 M Tris-HC1, pH = 7.6, henceforth called 
buffer, and stored at --20°C. The light-harvesting complex (LH-R26) from R-26 
was prepared as follows: chromatophores were adjusted to an absorbance of 
0.5 cm -1 at 860 nm when diluted one hundred-fold. Dodecyl<limethylamine 
oxide was added to a final concentration of 1% and the suspension was centri- 
fuged over a 0.6--1.1 M discontinuous sucrose gradient at 90 000 X g for 3 h. 
The green material at the center sucrose interface was collected with a syringe 
and dialyzed overnight against buffer. The dialyzate was centrifuged 1 h at 
80 000 X g. The pellet was resuspended in a minimum volume of buffer 
containing 1% SDS. The protein was then purified on a Sephadex G-150 
column at 13°C. The material from 15 ml of  chromatophores was applied to a 
column 29 X 2.5 cm and eluted with 0.4% SDS in buffer. Fractions with the 
ratio of  absorbance at  855 nm to absorbance at 275 nm greater than 2.3 were 
pooled, dialyzed against buffer and stored at --20°C. Low molecular weight 
polyvinyl alcohol from Touzart  et Matignon was dissolved as a 35% solution 
in 50 mM Tris-HCl to a final pH = 7.0. The dialyzed proteins were concentrated 
by centrifugation and resuspended in buffer containing 3.5 mM SDS to an 
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absorbance at 853 nm of  25 cm -1. Due to the labile nature of the 800 nm band, 
50 mM dithioerythritol  was included in the final solution of LH-wt protein. 
0.5--2.0 ml of the protein solution was mixed with 2.5 ml of the polyvinyl 
alcohol solution at room temperature. After allowing the bubbles to rise over- 
night, the solution was spread over a glass microscope slide, 25 × 76 mm, and 
dried in a nitrogen atmosphere at room temperature in the dark. The poly- 
vinyl alcohol film was peeled off  the glass slide and hydrated at 100% humidity 
for 1 h. A center portion was cut, clamped into a simple stretching device and 
stretched slowly to about half maximum. The film was rehydrated for 30 min 
before stretching to the final value. The extent  of stretching is measured by 
stretch ratio, Rs, as defined by Land [12]. Stretch ratio is the axial ratio of the 
ellipse into which a hypothetical  circle on the film is distorted. 

Absorption measurements were performed using a Cary 14 recording 
spectrophotometer  with a Hamamatsu R928 photomultiplier.  Glan-Thompson 
prisms were mounted  in sample and reference beams. The plane of the poly- 
vinyl alcohol film was mounted  perpendicular to the beam with the stretch 
axis vertical. Absorption spectra with polarizations parallel and perpendicular 
to the stretch axis were measured by rotating the polarizing prisms for vertical 
and horizontal polarizations, respectively. Baselines with vertical and horizontal 
polarizations were measured separately. Absorption of films made and stretched 
with no proteins present was coincident with the baseline after correcting for 
the baseline shift at 930 nm. The baseline shift was attr ibuted to reflection and 
a small amount  of light scattering. The plane of the polyvinyl alcohol film was 
tilted by mounting dry films on a goniometer, with the rotating axis vertical 
and passing through the center of the beam. 

Results and Discussion 

Fig. 1 shows the absorption of the LH-R26 protein parallel and perpendicu- 
lar to the stretch axis. In the Qy region (820-920  nm) there is a distinct change 
in dichroic ratio across the band. The sigmoid shape of the ratio suggests two 
overlapping electronic transitions with different dichroic ratios. The midpoint  
of this sigmoid curve is 6--8 nm to the red of the wavelength of maximum 
absorbance, ~max. In the 850 nm absorption band of  the LH-wt protein (Fig. 2) 
this behavior is also observed, suggesting similarity of the two complexes. 

In the Qx region of the LH-R26 protein (Fig. 1) the dichroic ratio is constant 
within the precision of the measurement.  By contrast, the LH-wt protein has 
a distinct change across the Qx absorption band. When dithioerythritol  is 
omit ted from the polyvinyl alcohol film the 797 nm absorption band is 
bleached (not shown). This also decreases the dichroic ratio on the short wave- 
length side of the 590 nm absorption band but not  on the long wavelength side. 
In solution, the selective bleaching at  800 nm is accompanied by a shift of the 
Q~ ~max from 589 nm to 592 nm. Thus, the increase in A ii at shorter wave- 
lengths in the Qx region of the intact LH-wt protein is correlated with the 
presence of the 800 nm absorption band. 

The dichroic ratio across the carotenoid absorption is constant  from 440 nm 
to 520 nm. 

Rafferty and Clayton reported orientation of reaction centers in unstretched 
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Fig. 1. A b s o r p t i o n  parallel  (All)  and perpendicular  ( A i )  to  the  s tretch  axis  is s h o w n  f o r  t h e  L H - R 2 6  
p r o t e i n  in  s t r e t c h e d  p o l y v i n y l  a l c o h o l  f i l m .  In  t h e  Q y  r e g i o n  R s = 2 . 5 .  A m o r e  c o n c e n t r a t e d  s a m p l e  w a s  

used  for  b e t t e r  prec i s ion  in the  Q x  r e g i o n ,  a n d  R s = 3 . 1 .  

gelatin films [8]. This was a result of the shrinkage in thickness by a factor of 
30 on drying the gelatin film. The polyvinyl films shrink to no less than one- 
fourth the original thickness. As a result, no dichroism was detected in 
unstretched, dried polyvinyl alcohol films when A it and A~ were recorded with 
the sample tilted by 45 degrees. 

To extract quantitative information from the linear dichroism presented in 
Figs. 1 and 2 it was necessary to establish a model for the orientation phenom- 
enon. This model must include the shape and extent  of aggregation of the pro- 
tein detergent particles and also the extent  of orientation achieved by stretch- 
ing. We will assume that  orientation is uniaxial along the direction of stretch 
and that  the particle contains a unique long axis. (However, an oblate ellipsoid 
model has not  been e l iminated . )Unfor tunate ly ,  the aggregation state of the 
proteins cannot be directly determined in the polyvinyl alcohol glass. The 
absorption and circular dichroism spectra are unaffected by incorporation into 
polyvinyl alcohol films. In addition the films show no sign of particle aggrega- 
t ion and are optically clear. F o r  these reasons we feel justified in treating the 
LH-R26 protein as individual units containing two polypeptides, SDS and two 
bacteriochlorophylls, and the LH-wt protein as a unit  containing two polypep- 
tides, SDS, three bacteriochlorophylls and one carotenoid [6]. We cannot rule 
out the possible formation of  small aggregates; the dichroism observed shows 
that  such aggregation would not  be random. 

According to the model of Fraser, the degree of orientation can be described 
by a fraction, f, of  particles aligned perfectly with the stretch axis and a frac- 
tion, 1 - - f ,  randomly oriented [13]. The dichroic ratio, D, can be expressed as 
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F i g .  2 .  A b s o r p t i o n  p a r a l l e l  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  a x i s  f o r  L H - w t  p r o t e i n  in  s t r e t c h e d  p o l y v i n y l  
a l c o h o l .  R s = 2 . 9 .  

a function of  f and 0, the angle of  the transition dipole to the particle axis: 

_ ' ( 1  --f) D _ A ,  f c°s20 + 3 (1) 
A± ~ f s i n 2 0 + ~ ( 1 - - f )  

Other choices for plausible distribution functions can be related to Eqn. 1 [14].  
Two approaches were used to assess the orientation parameter f. The first is 

based on the restrictions inherent in Eqn. 1. In Fig. 3, f is plotted as a function 
of  0 and D. Typical values for the dichroic ratio are 1.55 (Qy) and 0.4 (Qx), 
which restrict f to values greater than 0.15 and 0.5, respectively. Since f must 
be the same for all dipoles within the same sample, we restrict it to values 
greater than 0.5. For dichroic ratios close to 1, the choice of  f is not critical; 
but for increasingly greater dichroism, the value of  O varies with f more signifi- 
cantly. Another approach is to plot the dichroic ratios as a function of amount 
of  stretching. Fig. 4 plots D versus R s at various wavelengths for a sample of 
the LH-wt protein. With stretch ratio greater than 3 the dichroic ratios 
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F i g .  3 .  T h e  d e p e n d e n c e  o f  0 ,  a n g l e  b e t w e e n  p a r t i c l e  a x i s  a n d  t r a n s i t i o n  d i p o l e ,  o n  t h e  o r i e n t a t i o n  p a r a m -  
e t e r ,  f ,  f o r  s e v e r a l  v a l u e s  o f  t h e  d i c h r o i c  r a t i o ,  D .  V a l u e s  o f  D a re  l a b e l e d  f o r  e a c h  c u r v e .  P l o t t e d  f r o m  

E q n .  1; a d o p t e d  f r o m  r e f .  1 5 .  

F i g .  4 .  T h e  d e p e n d e n c e  o f  d i e h r o i c  r a t i o  o n  s t r e t c h i n g .  T h e  s a m p l e  is  LI- I -wt  p r o t e i n .  A [i/A± is p l o t t e d  

v e r s u s  s t r e t c h  r a t i o  a t  s e v e r a l  w a v e l e n g t h s .  

approach limiting values. This implies that  a maximum value of f has been 
reached, but  it does not  imply that  f equals 1. Table I lists values of  0 based on 
observed dichroic ratios and using several possible values of the orientation 
parameter. 

The apparent presence of two electronic transitions in the Qy region is best 
interpreted in terms of  oscillators with unequal strengths centered at different 
wavelengths. (Equally weighted oscillators at different wavelengths would 
result in a CD zero crossing and a dichroic ratio transition with midpoint  
centered at the peak of  the absorption curve.) Exciton coupling of  two 
chromophores  predicts splitting of  the degenerate transitions into non- 
degenerate orthogonal transitions, designated plus and minus. Using the simple 
dipole model  of the exciton coupling, the oscillator strengths (F. and F_) of  
the exciton transitions should sum to twice the monomer  oscillator strength 
[16].  The ratio F÷/F_ gives the angle,/3, between the two monomer  dipoles by 
Eqn. 2: 

F+ _ 1 + cos 13 (2) 
F 1 -- cos/3 

The total Qy absorption band is resolved into these two exciton absorption 
bands by writing expressions for A, and A~ including both exciton compo- 
nents, A÷ and A_: 

At1 = A+ cos:0÷ + A_ cos~0_ 
, ( 3 )  

A± = ½ A÷ sinZO. + ~ A_ sin: O_ 
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T A B L E  I 

A N G L E S  OF  T H E  T R A N S I T I O N  D I P O L E S  TO T H E  L O N G  A X I S  OF L I G H T - H A R V E S T I N G  PRO- 
T E I N S  

T h e  values  are based  on  Eqn.  1. The  d iehro ie  ra t io  is g iven in pa ren theses .  See t e x t  for  e x p l a n a t i o n  of  Qx 

a b s o r p t i o n  b a n d s  A 1 2  x and  A 3 x .  

W av e l eng th  ( n m )  0 (degrees )  

f =  0.5 f =  0 .75  f =  1.0 

L H - R 2 6  

L H - w t  

885 42.3 46.4 48.5 
(i .57) 
835 47.6 49.9 51.1 
(1.30) 
593 81.8 69.3  65,1 

(0 .43)  
8 8 5  42 .5  46 .5  48 .5  

(1 .56)  
835,  800  46 .4  49.1 50.5 

(1 .36)  
610  - -  71.4  66 .4  

(0.38) 
575 59.5  57.8  57.1 

(0.84) 
510 61 .5  59.1 58 .0  

(0.78) 

A12 x -- 73.8 67.9 
(0.33) 
A3x 40.9 45.5 47.8 
(1.65) 

The  assumpt ion  o f  pe r fec t  o r ien ta t ion ,  f = 1, does n o t  a f fec t  the shape o f  the 
result ing bands.  0÷ and 0_ are f o u n d  f rom the l imiting values o f  d ichroic  rat io,  
1 . 3 0  and 1.57,  in Fig. 1. Eqn.  3 can be solved s imul taneous ly  for  A÷ and A_ 
at  every  wavelength:  

2A1 cos20_ --  A, s i n 2 0  (4) 

A÷ = sinE0. COS20 __ COS20+ sin~ 0_ 

2Al cos20+ --  All sinE0+ 
A 

= sin20_ cosZ0+ --  cos20_ sin:0+ 

The  reso lu t ion  is p lo t t ed  in Fig. 5. Taking the  peak to  peak separa t ion  as repre- 
sentat ive of  the exc i ton  split t ing, then  Av = 200 cm -1. Using the  relative areas 
unde r  A÷ and A_ to  es t imate  the  osci l lator  s trengths,  then  F ÷ / F _  = 1.53 and 

= 78 ° f rom Eqn.  2. 
In the  Q× region of  the LH-R26  pro te in  no change in dichroic  ra t io  across 

the  band was observed.  The  CD in this band also shows a double  Co t to n  ef fec t ,  
indicat ing exc i ton  spli t t ing o f  this t ransi t ion,  f h e r e f o r e ,  the  two exc i ton  transi- 
t ion dipoles are t i l ted at  the same angle to  the part icle axis. F o r  the LH-wt  pro- 
tein,  wi th  one addi t ional  bac t e r ioch lo rophy l l /mo lecu le  of  complex ,  the change 
in l inear d ichroism across the band allows reso lu t ion  in to  a band represent ing  
the two bac te r ioch lo rophy l l s  which are coup led  and a band represent ing  the 
third bac te r ioch lo rophy l l .  The  ra t io  o f  areas under  the curves should be 2 : 1. 
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F i g .  5.  Reso lu t ion  of  the Qy region of  LH-R26 absorpt ion .  2 A I  + A II is the sum of  exper imenta l  values 
f r o m  Fig .  1.  A+ a n d  A are  t h e  e x c i t o n  c o m p o n e n t s .  R e s o l u t i o n  is  b a s e d  o n  E q n .  4 w i t h  8+ = 51 .1  ° (D+ = 

1 . 3 0 )  a n d 0  = 4 8 . 5  ° (D_ = 1 . 5 7 ) .  

The choice of limiting dichroic ratios is more difficult than for the Qy band. 
We define A12x and D12 x as the absorption and dichroic ratio due to the 
coupled bacteriochlorophylls; A3x and D3x are similarly defined for the third 
bacteriochlorophyll. On the long wavelength side D12x = 0.33 is chosen in accord 
with the LH-R26 values. The A,  and A l are then fit to A12 × and A3x using 
Eqn. 4 for different values of  D3~ until the area under A3x is half the area 

c 
o 
_Q 

o 
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I I I 

D o AII+2A ± 

o o AI2 × 

0,2 

0 I 
560 580 600 620 
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F i g .  6 .  R e s o l u t i o n  o f  t h e  Q x  r e g i o n  o f  L H - w t  a b s o r p t i o n .  2 A ±  + All is  f r o m  F i g .  2 .  A 1 2  x is  a b s o r p t i o n  
a t t r i b u t e d  t o  t h e  t w o  b a c t e r i o c h l o r o p h y l l s  a b s o r b i n g  a t  8 5 0  n m .  A 3 x  is  a b s o r p t i o n  a t t r i b u t e d  t o  b a c t e r i o -  
c h l o r o p h y l l  a b s o r b i n g  a t  8 0 0  n m .  R e s o l u t i o n  is  b a s e d  o n  E q n .  4 w i t h  0 1 2  x = 6 7 . 8  ° ( D 1 2  x = 0 . 3 3 )  a n d  

0 3 x  = 4 7 . 8  ° ( D 3 x  = 1 . 6 5 ) .  



62 

under A12 x. The fit is plot ted in Fig. 6. D3x is found to be 1.65. The Xmax for 
A12x is 593 nm in agreement with the h . . . .  of  the LH-R26 protein. 

Conclusion 

From these simple experiments we have been able to deduce information 
concerning the geometry of  the transition dipoles in the light-harvesting pro- 
teins. Fig. 7 summarizes the data. The LH-R26 protein contains two bacterio- 
chlorophylls; bo th  Qx and Qy absorption transitions are coupled. The Qy 
absorption band is resolved into its exciton components  which are tilted at 
approximately 48 and 51 degrees to the particle axis (Fig. 7a). In the plane 
containing the two Qy exciton dipoles, the monomer  dipoles can be found by 
using the simple point  dipole theory for the exciton interaction (Fig. 7b). The 
Qx exciton transitions are tilted at 65 degrees to the particle axis but  cannot be 
resolved. The LH-wt protein contains an additional bacteriochlorophyll  and a 
carotenoid (Fig. 7c). The carotenoid transition dipole is tilted at 58 ° to the 
particle axis. The Qx and Qy transitions of the third bacteriochlorophyll  are not  
coupled to the other  two bacteriochlorophylls;  they are tilted by 48 and 51 

(a) 

A 4 8  ° 

/ 
Z 

(c) 

~ , , r A  x 65 ° 

(b )  

A3y 51 ° 

IA+ 
/ AK I 

A 

A3x 4 8  ° 

normQI, G7 ° 

A caroter 

Fig.  7.  O r i e n t a t i o n s  o f  t he  trans i t ion  d ipo les  are s k e t c h e d  w i t h  respec t  to  the  par t ic le  s t r e t c h  axis ,  Z, us ing  
v e c t o r  representa t ion  o f  the  trans i t ion  d ipo les .  (a) A_ a n d  A+ r e p r e s e n t  the  t w o  e x c i t o n  c o m p o n e n t s  of  
the  853  n m  b a n d  o f  t he  L H - R 2 6  p r o t e i n .  T h e y  are  o r t h o g o n a l ,  and the  n o r m a l  to  the  p lane  c o n t a i n i n g  
t h e m  m a k e s  an angle  o f  ~ 43  ° w i t h  Z. Th e  e x c i t o n  c o m p o n e n t s  o f  the  Qx band m a k e  an  angle  of  65  ° w i t h  

Z. Co) In  the  plane c o n t a i n i n g  A+ a n d  A ,  t he  t w o ; m o n o m e r  t r a n s i t i on  d ipo les ,  A 1 a n d  A 2, are  s h o w n .  
(c)  Addi t iona l  c o m p o n e n t s  p r e se n t  in the  L H - w t  p r o t e i n  are s h o w n .  T h e  square  r e p r e s e n t s  the  p lane  of  

the  third b a c t e r i o c h l o r o p h y l l  to  w h i c h  the  800  n m  a b s o r p t i o n  b a n d  is a t t r i b u t e d .  
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degrees to the particle axis, such that the normal to the porphyrin plane is 
tilted by 67 degrees to that axis. More information is needed to obtain a com- 
plete picture of the geometry of the pigments. A detailed study of the fluores- 
cence polarization will be used to extend this picture of bacteriochlorophyll 
arrangement. 
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