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Summary 

The relative orientation of the pigments of reaction centers from 
Rhodopseudomonas  sphaeroides has been studied by the photoselection tech- 
nique. 

A high value (+0.45) of  p = (AAv -- AAH}/(AAv + AAH) is obtained when 
exciting and observing within the 870 nm band which is contradictory to the 
results of Mar and Gingras (Mar, T. and Gingras, G. (1976) Biochim. Biophys. 
Acta 440, 609--621) and Shuvalov et al. (Shuvalov, V.A., Asadov, A.A. and 
Krakhmaleva, I.N. {1977) FEBS Lett.  76, 240--245). It is shown that  the low 
values of p obtained by both groups were erroneous due to excitation condi- 
tions. 

Analysis of the polarization of light-induced changes when exciting with 
polarized light in single transitions (spheroiden band and bacteriopheophytin 
Qx bands) enable us to propose a possible arrangement of the pigments within 
the reaction center. It is concluded that  the 870 nm band corresponds to a 
single transition and is one of the two bands of the primary electron donor (P- 
870). The second band of  the bacteriochlorophyll dimer is centred at 805 nm. 
The Qy transitions of the molecules constituting the bacteriochlorophyll dimer 
are nearly parallel (angle less than 25°). 

The two bacteriopheophytin molecules present slightly different absorption 
spectra in the near infra-red. Both bacteriopheophytin absorption bands are 
subject to a small shift under illumination. The angle between the Qy bacterio- 
pheophytin transitions is 55 ° or 125 °. Both Qy transitions are nearly 
perpendicular to the 870 nm absorption band. Finally, the carotenoid mole- 
cules makes an angle greater than 70 ° with the 870 nm band and the other 
bacteriochlorophyll molecules. 
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Introduction 

During the past few years considerable progress has been made in under- 
standing the mechanism of  the primary reaction in photosynthet ic  bacteria. 
These advances are mainly due, to the availability of photoactive particles, 
called reaction centers, which are devoid of antenna pigments and were first 
isolated by Reed and Clayton [1] and to the advent of picosecond absorption 
techniques allowing detection of very short-lived intermediate states [2,3]. 

On the basis of chemical studies, it is now recognized that each reaction 
center contains four bacteriochlorophyll and two bacteriopheophytin mole- 
cules [4--6]. This seems to be the case for different species of bacteria. These 
pigments give rise to absorption bands around 760 nm (bacteriopheophytin Qy 
transitions) and around 870 and 800 nm (bacteriochlorophyll Qy transitions). 
After a charge separation between a primary electron donor P-870 {demon- 
strated to be a bacteriochlorophyll dimer by EPR and ENDOR spectroscopy 
[7--10]) the electron is stabilised on a quinone molecule within 200 ps [2,3]. 
However, little is known about the spatial arrangement of these six molecules. 
The main difficulty comes from the fact that  the reaction center protein is 
hydrophobic and therefore cannot be crystallised. Some information 
concerning the disposition of the pigments can be gained from the use of 
spectroscopic techniques involving linearly polarized light, such as linear 
dichroism of  oriented preparations, and photoselection experiments {photo- 
dichroism in polarized light and polarization of fluorescence). So far, rather 
contradictory conclusions have been drawn from these different approaches. 
From photodichroism studies of  the bleaching of the 870 nm band, Mar and 
Gingras [11] found a polarization value o f p  = (AAv -- AAH)/(AAv + AAH) of 
+0.25 when exciting within the band. They concluded that  the 870 nm band is 
composed of  two non-parallel monomeric transitions and that  the 800 nm band 
is due to either a strongly interacting dimer or two monomers. Vermeglio and 
Clayton [12] deduced from linear dichroism experiments on oriented 
chromatophores that  the 870 nm band is composed of a single transition and 
the primary electron donor (P-870) absorbs also at 810 nm. More recently, 
and during completion of  this work, Shuvalov et al. [13] reported a p value 
{+0.22) for the 870 nm band similar to the one observed by Mar and Gingras 
[11]. They proposed that  the two Qy transitions of the bacteriochlorophyll 
monomers constituting the P-870 dimer are parallel and that  excitonic 
coupling of  the transitions led to a single allowed transition at 870 nm. Their 
interpretation is in contradiction with their observation of a p value of +0.22, 
as for a single transition a value of +0.5 is expected. The low polarization value 
obtained by both groups cannot be easily reconciled with both the constant  
dichroic ratio observed by Vermeglio and Clayton [12] in the 870 nm band 
and the polarization value (p = +0.5) of the fluorescence observed by Ebrey 
and Clayton [14]. 

We shall demonstrate in this paper that  these low values of p obtained by 
photodichroism were erroneous due to experimental factors. The polariza- 
tion value p is equal to +0.45 (±0.02) when the excitation and observation are 
confined to the 870 nm band, as expected for a single band and in agreement 
with fluorescence polarization data [14]. Analysis of the polarization of the 
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light-induced absorption changes when exciting this single band led us to refine 
the previous interpretation of  Vermeglio and Clayton [12]. It seems more 
likely that the light-induced absorption changes observed around 800 nm are 
due to both the bleaching at 810 nm of the second band of the dimeric primary 
electron donor and an absorption shift due to pigments exhibiting absorption 
maxima around 800 nm. Finally, excitation of carotenoid transitions and 
bacteriopheophytin Qx transitions enable us to propose a possible arrangement 
of the different pigments within the reaction center. 

Materials and Methods 

Reaction centers from Rhodopseudomonas sphaeroides strain R26 and strain 
241 were prepared as described previously [15,16]. 

The classical right-angle geometric arrangement was used to excite and 
observe light-induced absorption changes. The directions of propagation of 
both the analysing and the excitation light beams are contained in a horizontal 
plane (H). The measuring beam was polarized with a Rochon crystal. Excita- 
tion light was provided by a quartz iodine lamp (650 W) filtered through inter- 
ference filters (Pomfret) with 3 nm half-bandwidth. The excitation light was 
polarized by a polarizing sheet (Polaroid HR for wavelengths greater than 
800 nm HN7 for wavelength between 750 and 850 nm, and HN38 for wave- 
length smaller than 750 nm). The duration of the exciting light in most of the 
experiments was 33 or 66 ms and could be increased up to a few seconds. We 
also used short pulses (approx. 500 ns) from a dye laser (Electrophotonics, 
model 23). Rhodamine 6G and Coumarin 6 were used for excitation around 
600 and 535 nm, respectively. The excitation wavelength was adjusted with the 
tuning prisms set in the laser cavity. The half bandwidth was approx. 0.1 A. 

Measurements were performed at low temperatures using a gas (nitrogen or 
helium) flow cryostat  (Meric). Any temperature value in the range 30--300 K 
was obtainable. We used either a square cell (10 × 10 mm) or a thin cuvette 
(1 mm optical pathlength ). 

Reaction centers were dispersed in a medium containing 66% glycerol and 
33% 0.01 M Tris buffer, pH 7.8, 0.3% LDAO to insure a transparent sample. 
The absorbance of the sample was approximatively 0.3 at 870 nm for all of the 
experiments. 

Results 

A. Preliminary remarks on photoselection studies 
Besides the fact that  the exciting and measuring lights must be properly 

polarized, two conditions must  be fulfilled in photoselection experiments: 
(1) the rotational motion of the molecules or particles must be much slower 
than the life-time of the photoinduced species; (2 )one  must work at a low 
excitation level (10%) in order to be far from saturation. 

Fig. 1 shows light absorption changes induced by 900 nm exciting light 
polarized either vertically (Fig. 1A) or horizontally (Fig. 1B) and observed at 
870 nm. The time duration of the excitation light was 33 ms. The intensity was 
low enough to oxidize only 10% of the total reaction centers. The temperature 
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was 160 K, the polarization value defined as p = (AAv -- AAn) / (AAv  + AAH) 
(AAv and z~A H being respectively the absorbance changes for vertical and 
horizontal polarization of the analysing beam) is equal to +0.45 when exciting 
with vertically polarized light {Fig. 1A). The reverse experiment,  i.e. excitation 
by 870 nm light and observation at 900 nm, gives the same value o f p  {Fig. 1C). 
In a control experiment  we excited with horizontally polarized light (Fig. 1B). 
As expected,  the amplitudes of  the absorption changes are equal, whatever the 
polarization of  the analysing beam, and are equal to the changes observed for 
vertical polarization of  the excitation, but  horizontal polarization of the 
analysing beam. 

Fig. 2 shows polarization values obtained at different temperatures for 
experiments similar to the one shown in Fig. 1A. For high temperature values, 
depolarization by rotational mot ion of  the reaction center protein occurs, and 
we therefore obtained low value of  p. For temperatures lower than 240 K, the 
particles are immobilized, at least in the time scale of the relaxation of  the 
absorption changes, and high polarization values are observed. 

At first sight, the polarization we obtained in these experiments (p = +0.45 ± 
0.02) seems contradictory to that  reported independently by Mar and Gin- 
gras [11] and by Shuvalov and al. [13] (p = +0.25 and p = +0.22, respec- 
tively). However both groups utilized much longer excitation intervals than was 
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Fig.  3. K ine t i c s  o f  a b s o r b a n c e  c h a n g e s  i n d u c e d  in R26  reac t ion  c e n t e r s  by 9 0 0  n m  ver t ica l ly  p o l a r i z e d  
l ight .  The  a n a l y z i n g  b e a m  was  8 7 0  n m  and  po la r i zed  e i t h e r  ver t ica l ly  (V)  or h o r i z o n t a l l y  (H) .  The  
t e m p e r a t u r e  was  150  K. No  o r t h o p h e n a n t h r o l l n e  w a s  a d d e d .  A.  Pulse d u r a t i o n  o f  the  e x c i t a t i o n  l ight  
33  m s .  B. Pulse d u r a t i o n  o f  the  e x c i t a t i o n  l ight  4 s. 

the case for the data reported in Fig. 1. We therefore compared absorbance 
changes induced by a short (33 ms} (Fig. 3A) or a long (4 s) (Fig. 3B) excita- 
tion pulse using the same sample. The light intensity was adjusted in order to 
obtain the same amount  of  oxidized reaction centers (approx. 10%). We 
obtained a smaller polarization value (+0.30) for absorbance changes induced 
by a long excitation time than for a short one (p = +0.45}. This difference is 
explained by the fact that  the reaction centers are inhomogeneous as far as the 
half time of the back reaction is concerned (see Fig. 3). Most of the oxidized 
reaction centers have a relaxation half-time of 30 ms, but some of them exhibit 
half-times of  the order of seconds. These two half-times can be ascribed respec- 
tively to the back reaction between P÷ and the primary electron acceptor for 
the " fas t "  one, and to the back reaction between P" and secondary electron 
acceptor for the "s low" one. The relative amount  of " fas t "  and "s low" reac- 
tion centers depends on the temperature. The lower the temperature, the 
smaller the amount  of "s low" reaction centers. The rise time for reaching the 
steady state is equal to 1/(oI + h) where h is the time constant of the back 
reaction and oI, proportional to the light intensity I, is the time constant  of the 
oxidation of  reaction centers. As a consequence, for a given intensity, the 
" fas t "  reaction centers will reach the steady-state level more rapidly than the 
"s low" ones. Moreover, lengthening the excitation time and reducing the light 
intensity, will favor oxidation of "s low" reaction centers as compared to the 
" fas t "  ones. These "s low" reaction centers, although present in small amounts,  
can be completely photooxidized even when 10% of the total amount  of the 
reaction centers are saturated. In other words, these "s low" reaction centers 
have all been photooxidized. Therefore, they contribute to the absorbance 
changes to the same extent  for both polarizations of  the analysing beam and 
lead to a lower value of p. This is clearly shown on Fig. 3B where, after the 
light is turned off,  the amplitude of the rapid component  (indexed as "a")  is 
nearly three times grater for the vertically polarized analysing beam than for 
horizontally polarized light (p ~ +0.5). On the other hand, only a small differ- 
ence for the two polarizations of the analysing beam is observed for the 
amplitudes of  the slow component  (indexed as "b") .  Similar effects can be 
observed on the kinetics of the absorbance changes reported by Shuvalov et al. 
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[13]. To minimize the type of artefact, we always utilized short excitation 
times. Furthermore, orthophenanthroline was added to the samples. This com- 
pound inhibits electron transfer from the primary to the secondary electron 
acceptor. Thus a homogeneous sample with respect to relaxation times is 
obtained, since the reaction centers relax by way of a fast back reaction. 

B. Polarization o f  the excitation spectrum o f  the bleaching at 870 nm 
The absorption spectrum of reaction centers of Rhodopseudomonas 

sphaeroides strain 241 measured at 150 K is shown in Fig. 4. We have omitted 
the absorption spectrum of reaction centers prepared from the carotenoidless 
mutant 1~26 which is almost identical, except for the carotenoid absorption 
band region (420--525 nm). Polarization values for the bleaching at 870 nm 
for different excitation wavelengths are plotted in Fig. 4 {lower traces) for both 
the wild-type and the carotenoidless reaction centers. The polarization is 
positive and equal to 0.45 at 870 nm. It is negative in the pheophytin absorp- 
tion band {--0.17) and around 605 nm (--0.18). 

C. Polarization o f  light induced changes upon excitation at 900 nm measured at 
different temperatures 

Additional information may be obtained upon excitation within a single 
absorption band and by observing the polarization of the light-induced changes, 
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since no t  all o f  the pigments are involved in the light minus dark spectrum, as is 
the case for the excitat ion spectrum. We therefore excited at 900 nm and 
looked for the polarization of  the light-induced changes. 

The results are shown in Fig. 5 for  R26 reaction centers. They were obtained 
at 160 K. At 870 nm the polarization is large and equal to 0.45. 

In order to appreciate the contr ibut ions of  bleaching within the band and 
absorption band shifts on the light-induced changes, in particular around 
800 nm, we performed the same experiments at different  temperatures.  Fig. 6 
shows the light minus dark difference spectrum for the two polarizations of the 
analyzing beam at 160, 230, 260 K and room temperature.  For the experi- 
ments done at 260 K and at room temperature  the reaction centers were dried 
onto a slide in order to prevent rotational mot ion which occurs at these 
temperatures in glycerol medium (cf. paragraph A). It appears clearly that the 
polarization around the crossing point  (near 800 nm) varies with the tempera- 
ture. 

D. Excitation within the carotenoid absorption band 
Light-induced absorption changes are plot ted in Fig. 7 for the two polariza- 

tions of  the analyzing beam when exciting the carotenoid molecules at 496 nm. 
As a control ,  we did the same exper iment  with R26 reaction centers and found 
that  for  the same concentra t ion of  reaction centers, excitat ion of  R56 reaction 
centers at 496 nm induced 27% of the light changes observed in the case of 
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wild-type reaction centers under the same excitation. However, this 27% does 
not  depend on the polarization of  the analyzing beam. The light induced 
absorbance changes reported in Fig. 7 are corrected for this 27% effect to 
reflect only the changes induced by the carotenoid absorption. 

E. Excitation within the bacteriopheophytin Qx absorption bands 
Each reaction center contains two molecules of  bacteriopheophytin. At low 

temperature these two molecules present two  resolved Qx transitions absorbing 
respectively at 530 and 546 nm [17] .  On the other hand, charge separation 
within the reaction center induces absorptio~ band shifts o f  the Qy transition 
of  the bacteriopheophytin molecule(s) .  In order to decide if both of  the 
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bacteriopheophytin molecules, or only one of  them, are subject to the local 
electrical field induced by the separated charges, we excited separately, with 
the dye laser, the two Qx transitions and observed the polarization of  the 
absorption changes attributed to the bacteriopheophytin Qy transition shift. In 
these experiments the temperature was 50 K to insure a good spectral resolu- 
tion of  the two Qx absorption bands. At this temperature some cracks appeared 
within the sample. We verified that these cracks did not induce a depolariza- 
tion of  the analyzing or exciting beams by remeasuring the polarization value 
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of the 870 nm band, which was found to be +0.45. Absorption changes 
induced by 530 and 546 nm exciting light observed between 720 and 780 nm 
are shown in Fig. 8. Polarization values when observing the bleaching at 
870 nm were p = --0.06 ± 0.02 and p = +0.05 ± 0.02 when exciting at 546 and 
530 nm, respectively. 

Discussion 

In principle, the mutual orientation of  the six pigments within the reaction 
center complex can be deduced from photoselection experiments. The polariza- 
tion value p is related to the angle a between the axis of the excitation transi- 
tion moment  and the axis of the transition moment  detected by the analyzing 
light by the fo rmulap  = (3 cos 2 ~ -- 1)/(cos ~ ~ + 3}.p varies from +0.5 (~ = 0 ° ) 
to --0.33 (a = 90°). However, if overlap between different pigments occurs 
either in the absorption or in the light-induced changes, the situation is more 
complex. Instead of  working with the values AAv or AAH, it is more 
advantageous to calculate the variations of absorption parallel (AA~,} or 
perpendicular (AA±) to the transition involved in the excitation (cf. Appendix). 
In any case the interpretation of the AA ,I and AA± values is simplified when the 
excitation is confined to a single transition. Within the reaction center, we 
expect that  there is only one pure transition in the following four cases exciting 
at: (1) the 870 nm band, (2) the carotenoid transition band (between 450 and 
510 nm) and (3) and (4 ) the  two bacteriopheophytin Qx bands (530 and 
546 nm) which are spectrally well resolved at low temperatures. Excitation of 
each band will define a particular direction in the reaction center. 

(1) Excitation within the 870 nm band: problem o f  the structure o f  the 
dimeric primary electron donor 

We have found upon excitation and observation within the 870 nm band a 
high value of  p (+0.45) at all temperatures investigated. This result is in very 
good agreement with the value reported by Ebrey and Clayton [14] from 
fluorescence polarization data, but in contradiction to the one reported by Mar 
and Gingras [11] and by Shuvalov and coworkers [13] using absorption photo- 
selection techniques. We have shown that  the low value of  p reported by these 
two groups is due to their experimental conditions. It is clear (Fig. 3) that  
under condition of  illumination similar to those used by these authors 
(illumination time greater than a few seconds), partial depolarization is 
observed. 

The high value of  p observed implies that  the 870 nm absorption band is due 
to a single transition, or to two parallel transitions. Then a particular axis is 
defined in the reaction center: the direction of the transition moment  of the 
870 nm band. The analysis of the polarization of the light-induced changes 
when exciting within this band is therefore simplified. It was generally assumed 
that  the changes around 800 nm and 760 nm are due respectively to bacterio- 
chlorophyll [13] and bacteriopheophytin absorption band shifts. Recently 
Vermeglio and Clayton [12] proposed from linear dichroism results on 
oriented chromatophores that  the bleaching at 810 nm and the absorption 
increase at 790 nm are due respectively to the disappearance of a dimer band 
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and to the appearance of  a monomer-like band, respectively. This hypothesis 
implies that the 810 nm band and the 870 nm band are perpendicular to each 
other [18].  Fig. 9 shows the light-induced changes observed perpendicular 
(AA±) and parallel (AA ~) to the 870 nm band for different temperatures. These 
light minus dark spectra were calculated from the results depicted on Fig. 6 
using the equations derived in the appendix. At all temperatures, it is clear that 
the absorption changes AA~ and AA, occurring near 800 nm are not propor- 
tional {this is also the case for AA v and AA~). For example the crossing points 
(AA = 0) are different. The assymetry of the absorption changes may be 
characterized by the ratio R of  the maximal absorption changes AA ~ and A A  
occurring around 790 and 810 nm. Around 790 nm this ratio R is equal to 1.6 
and does not depend on the temperature. This is not the case for the R value 
measured around 810 nm. It varies with the temperature: 0.8 at room tempera- 
ture, 0.7 at 260 K and 1.2 at 160 K. This is not compatible with a simple 
absorption band shift occurring in the light minus dark difference spectrum. It 
implies that around 800 nm there are at least two transitions which contribute 

2 9 0 K  260 K 

i ~. 
i 

2 3 0  K +~ : '  160 K 

i 
. ' . . . . .  . . .  ~ ;Y ""% 

\ It? ~ " I  

I "  I , 

~o 76o 860 ~o ~o ~ 7~o 86o ~o o~ 
~nm ~nm 

Fig.  9 .  D i f f e r e n c e  s p e c t r a  ( A A  Jh A A I  a n d  AA± -- AA !1/1.6)  i n d u c e d  b y  9 0 0  n m  v e r t i c a l l y  p o l a r i z e d  l ight  

c a l c u l a t e d  f r o m  the  d a t a  r e p o r t e d  o n  Fig.  6 b y  u s i n g  t h e  e q u a t i o n s  d e r i v e d  in the  A p p e n d i x .  • . . . . .  , 

A A i ;  . . . . . .  , A A  I[: . . . .  , A A  i - -  A A  , i / 1 . 6 .  
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to the absorption changes. We have assumed that  the contribution of one of 
these bands is an absorption band shift giving AA..I = 1.6 AA±. Then the other 
contribution may be deduced by plotting the difference A A ± -  AArJ1.6. The 
results are shown in Fig. 9. 

For each temperature,  besides the absorption changes occurring around 
760 nm which will be discussed in the next paragraph, a negative band with a 
maximum around 805 nm is observed in the quanti ty ( A A L -  AA~J1.6). This 
negative band centred at 805 nm is therefore perpendicular to the 870 nm 
absorption band. We interprete the absorption changes between 780 and 
820 nm as being due to two contributions: (1) an absorption band shift [13] 
with a polarisation value of +0.23 (implying that,  if it is a single band, the 
transition makes an angle of 37 ° with the 870 nm band); and (2) the bleaching 
of  a transition absorbing at 805 nm which is perpendicular to the 870 nm 
absorption band. This suggests that these two perpendicular transitions (805 
and 870 nm) are the two transitions of the primary electron donor as predicted 
by the excitonic theory of Kasha [18] and is consistent with the hypothesis of 
Vermeglio and Clayton [12]. Nevertheless it must be noticed (Fig. 9) that  the 
band width of  these two transitions are different (44 nm for the 870 nm band 
and 14 nm for the 805 nm band). This can result from at least two physical 
processes which may take place in the case of the special pair: a non-negligible 
dependance of the resonance interaction on the nuclei motion [19] and the 
configuration interaction between charge-transfer states and the neutral singlet 
states corresponding to the 870 nm absorption band [20]. 

Examining now the polarization of the absorption changes observed around 
605 nm when exciting at 900 nm (Fig. 5) should give us the relative orientation 
of the Qx and the 870 nm transitions of the dimer. The polarization value is 
equal to --0.17 and does not  vary significantly within the light induced changes 
(Fig. 5). This result implies that  both Q, transitions of the dimer are nearly 
perpendicular to the 870 nm band. As a consequence and according to the 
theory of Kasha, the two Qy transitions of the bacteriochlorophyll constituting 
the dimer are nearly parallel. The angle between the two Qy transitions of the 
bacteriochlorophyU molecules constituting the dimer can be calculated more 
accurately from the surfaces of  the two absorption bands. We estimate the ratio 
of  these surfaces {870/805) to be greater than 20, implying that  the angle 
between the two Qy transition directions is less than 25 °. 

(2) Orientation of  the bacteriopheophytin molecules 
From the excitation spectrum shown in Fig. 4, it is clear that  both Qy 

bacteriopheophytin transitions are nearly perpendicular (angle >70 °) to the 
8 7 0 n m  absorption band. This conclusion has also been drawn earlier 
[12,13,21]. This result is confirmed when looking at the absorbance change 
(AA± and AA j~) occurring near 760 nm upon excitation at 900 nm (Fig. 9): all 
of the changes related to the bacteriopheophytin absorption band shift are seen 
in the AA±, but not  in the AA ~ difference spectrum. This is true at all tempera- 
tures {Fig. 9). Excitation within the two spectrally resolved Qx transitions (530 
and 546 nm) provides further information. Firstly let us suppose that  the two 
Qx transitions are not  due to excitonic interactions. Let us call Qyl,  Qxl the 
transitions of the bacteriopheophytin molecule which absorbs at 546 nm and 
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Qy2, Qx2 the transition of  the bacteriopheophytin absorbing at 530 nm. As 
indicated in the appendix, we calculated the two parallel difference spectra 
AA L1 and AA L2, which correspond to the absorption changes parallel to Qxl 
and Qx2, respectively. Fig. 10 shows these two spectra and the AA difference 
spectrum obtained with unpolarized light. In the case of  non interacting mole- 
cules Qyl will be perpendicular to Q~I and idem for Qy2 and Qx2. This implies 
that AA ,r,~ corresponds to the only shift of  the Qy2 transition and vice versa. 
The two parallel absorption changes being different, this means that the two 
bacteriopheophytin molecules have slightly different absorption bands in the 
near infrared, and both absorption band shifts. One may write the following 
equations (cf. Appendix}: 

L ~ A , I , 1  = L ~ A  2 c 0 s 2 0 1 2  

AA~I,2 = AA, c0s2~2, 

where AA, and AA2 are the absorption changes related to the Qyl and Qy2 
transitions. ¢~2 is the angle between Qxz and Qyz, ¢2~ the angle between Qx2 
and Qyl- As AA = AA2 + AAj we may write: 

i i ,2 L~I.A - ~ 5 ~ 1 1 ' 1  + . . . . . . . . .  

cos2~,2 cos2¢21 

We obtained from the experimental data by applying the least-squares 
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Fig.  1 0 .  D i f f e r e n c e  s p e c t r a  c a l c u l a t e d  f r o m  t h e  r e s u l t s  d e p i c t e d  in  Fig.  8 .  A A  c o r r e s p o n d s  to  t h e  d i f f e r -  
e n c e  s p e c t r u m  o b t a i n e d  w i t h  u n p o l a r i z e d  e x c i t a t i o n  a n d  a n a l y z i n g  l i gh t .  A A  ll,] ( . . . . . .  ) c o r r e s p o n d s  t o  
t h e  d i f f e r e n c e  s p e c t r u m  para l l e l  t o  t h e  Q x , 1  ( 5 4 6  n m )  t r a n s i t i o n .  A A  11,2 (" : " : " :) c o r r e s p o n d s  t o  t h e  
d i f f e r e n c e  s p e c t r u m  para l l e l  t o  t h e  Q x , 2  ( 5 3 0  n m )  t r a n s i t i o n .  - . . . . .  , A A .  

F ig .  1 1 .  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  t r a n s i t i o n  m o m e n t s  ( 8 7 0  n m ,  b a c t e r i o p h e o p h y t i n  Q x l ,  Q y l  a n d  
Q x 2 ,  Q y 2 )  a r r a n g e m e n t  w i t h i n  t h e  r e a c t i o n  c e n t e r .  



527 

m e t h o d ,  the fol lowing:  

AA = 2.1 AA,.1 + 2.5 AA,.2 (1) 

and the re fo re  cos:  ¢!z = 0 .48 (¢!2 = 46°) and cos 2 ¢2! = 0 .40 (~b2i = 51°). Now if 
a t  and a2 are the angles be tween  Qxl and the 870 nm band and be tween  Q~2 
and this same t ransi t ion one  may  wri te  (see Fig. 11): 

cos2¢~, = sin2a2 sin2~b 

cos2~l: = sin2a! sin2~ 

where  ¢ is the angle be tween  the two b a c t e r i o p h e o p h y t i n  Qy transi t ions.  
Sin: a~ and sin: a2 may  be calculated f rom the polar iza t ion values of  the 
bleaching at 870 nm when  exci t ing at  546 and 530 nm,  respect ively  (see 
Results).  One finds tha t  sin: a~ = 0.73 (af ~ 60 ° ) and sin: a2 = 0 .60 (52 ~ 50°). 
One may  also verify tha t  cos:  ¢!2/cos:  ~2! = 1.20 is near ly  equal  to  sin: ¢ ! /  
sin: ¢2 = 1.22.  sin: ~ is t he re fo re  equal  to  0 .66 and ~ to 55 ° or  125 °. 

Now if the two  Qx t ransi t ions  are in exc i ton ic  in te rac t ion  the tw o  AA, 
observed mus t  be equal:  

!(AA cos2~b:!+AA~cos2~,2)  AA II, 1 = AA I;.2 = ~ I 

This is no t  observed  (Fig. 10). Howeve r  the  small d i f fe rences  be tween  AA,.1 
and AA,,2 m a y  be due  to  a small e lec t ron ic  in te rac t ion  be tween  the Qy transi- 
t ions.  In a similar m a n n e r  as in the  previous  case (m o n o m er i c )  we m ay  calculate  
the  angle ¢ be tween  the  two  Qy t ransi t ions and we find again ¢ = 55 ° (or  125°).  
In this hypo thes i s  the  angles be tween  Q~ transi t ions and the 870  n m  band are 
equal  to  90 ° and 36 ° . 

(3) Orientation o f  the carotenoid molecule 
F r o m  the results dep ic ted  in Fig. 7, high negative values o f p  are derived.  F o r  

example  p is equal  to  - -0 .24  for  the  bleaching at  870  nm.  The ca ro t eno id  mole-  
cule is t he re fo re  nearly pe rpend icu la r  to  the  870 nm band (angle >7 2  °) and to  
the  o the r  bac t e r ioch lo rophy l l  molecu le .  The  p values for  the bac te r iopheo-  

870 870 

S 

0 OYl ~ 1  car ~ j . . ~  13~ c a r  

2 / 

[3,. p~ = 55" ~,. J32= 125" 

Fig. 12. Schem a t i c  r e p r e s e n t a t i o n  of  t h e  t r a n s i t i o n  m o m e n t s  (870  n m ,  c a r o t e n o i d  a n d  b a c t e r i o p h e o p h y t i n  
Q y l  and  Q y 2  t rans i t ion  m o m e n t s )  wi th in  the  r e a c t i o n  c e n t e r .  The 8 7 O n t o  t rans i t ion  m o m e n t  is 
p e r p e n d i c u l a r  t o  t h e  p l a n e  c o n t a i n i n g  t h e  t r a n s i t i o n  m o m e n t  of  t h e  c a r o t e n o i d  molecu le  (car)  a n d  t h e  
t rans i t ion  m o m e n t s  of  the  t w o  b a c t e r i o p h e o p h y t i n  mo le c u l e s  ( Q y l  and Qy2)-  Four  possible a r r a n g e m e n t s  
are  r e p r e s e n t e d  if the  c a r o t e n o i d  t rans i t ion  m o m e n t  is t aken  as  t h e  r e f e r e n c e  a x i s :  
(1) ~1 + ~2 = 550 ~l = ~2 

(2)  ~! +/32 = 55° ~1 = 180 ° + t2  
(3 )~1  + ~ 2  = 125° /31 =/32 
(4 ) i l l  +f12 = 125° fll = 1 8 0 ° ÷ f l 2  
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phytin are less high. If 131 and f12 are the angles between the transitions Qyx 
and Qy2 of  the bacter iopheophyt in  and the carotenoid (Fig. 12) and if AA, is 
the absorbance change parallel to this carotenoid transition, one may write the 
following equation:  

1 _ _  ~ i (cosZ/3, + cos213~) = ~ (1 + cos(ill +/32) cos(flz --/32)) 
AA 

since AA,/AA = 0.2 and cos(ill +/32) = c o s ¢  = ±0.58, we find that  13~--132 = 
0 ° or 180 °. 

Thus, in the plane perpendicular  to the 870 nm transition moment ,  the Qya 
and Qy2 transitions of  the two bacter iopheophyt in  molecules and the one of 
the carotenoid molecules can occupy the four possible dispositions depicted in 
Fig. 12. 

Conclusions 

The 870 nm band corresponds to a single transition. The absorption changes 
around 800 nm are a t t r ibuted to both an absorption band shift and the 
bleaching of  the second band of  the dimer at 805 nm. 

The two Qy transitions of  the molecules consti tut ing the bacteriochlorophyll  
dimer are nearly parallel (angle smaller than 25°). 

Both bacter iopheophyt in  absorption bands in the red are subject to a small 
shift when a charge separation occurs within the reaction center. These two 
bac ter iopheophyt in  molecules present  slightly different  absorption spectra in 
the near infrared. The angle between the Qy bacter iopheophyt in  transitions is 
55 or 125 °. Both Qy transitions are nearly perpendicular to the 870 nm absorp- 
tion band. 

The carotenoid molecule is nearly perpendicular to the 870 nm band and the 
o ther  bacter iochlorophyl l  molecules. 

Appendix 

In the case where the transitions implicated in the exci tat ion and the detec- 
tion are linearly polarized and make an angle a, one may write: 

3AA ./2 
COS/0(COS20(3 c o s S a  - -  1) + sin2a) sin 0 dO 

3AA 712 
J cos20(cos20(1 -- 3 cos2a) + 1 + cos2a) sin 0 dO 

AAH = 0 . . . . . . . . .  (2) 
-/2 

cos20 dO 

0 

where AA v and AA n are the absorbance changes analysed with vertically or 

0 . . . . . . . . . . . . . . .  (1) l ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

rr/2 

f cos20 dO 

0 
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hor i zon ta l ly  polar ized light and 0 is the angle be tween  the  analyzing beam and 
the  t rans i t ion m o m e n t s  implied in the  absorp t ion ,  it fol lows tha t  

AA(2 cos2a + t )  
A A v  . . . . . . . . . . . . .  5 " . . . .  

AA(2 --  cos :a )  
~ 4 H  . . . . . . . .  5 

the  polar iza t ion  p = (zS~A v --  AAH)/(AA v 
1)/(3 + cos 2 a) .  

If  more  than one  t ransi t ion is impl ica ted  e i ther  in the absorp t ion  or  in the  
light induced  changes,  the  value o f  p is no t  significant,  in par t icular  a round  a 
crossing po in t  (AA = 0). I t  is more  in teres t ing to  in t roduce  d i f f e ren t  quanti t ies .  

(3) 

(4) 

+ AAH) is then  equal to  (3 c o s : a -  

F rom the Eqns.  3 and 4 one  may  derive: 

zXA v + 2AA H = ZkA (5) 

2 A A v - - A A H  = AA cos2~ = AAII (6) 

3AAH -- A/t v = AA sin:~ = AA 1 (7) 

AA it and AAI are the absorp t ion  changes observed parallel or  pe rpend icu la r  to  
the d i rec t ion  o f  the exc i t a t ion ,  respect ively .  This resul t  can be general ized for  
the case when  several t ransi t ions are involved by a simple summat ion .  Com- 
pared to  AA, the  values o f  AA ii and AAI give in fo rma t ion  which is more  easily 
in te rpre tab le  than p or AAv and ~ A H ;  

Eqns.  5, 6 and 7 co r r e spond  to  the  case where  one  exci tes  at one  par t icu lar  
wavelength and measures  the polar iza t ion  o f  absorp t ion  changes at  d i f f e ren t  

fl 

i I J 

700 800 900 

w a w e l e n g t b  

Fig. 13. Absorpt ion spectrum (A, ) o f  241 reaction centers measured at 150 K. Absorpt ion 
s p e c t r u m  pa ra l l e l  t o  t h e  8 7 0  n m  t r a n s i t i o n  m o m e n t  (AAI I ,  " . . . . . .  ) a n d  a b s o r p t i o n  s p e c t r u m  
perpendicu lar  to  the  8 7 0  n m  t r a n s i t i o n  m o m e n t  ( A A I ,  " . . . . .  ) c a l c u l a t e d  f r o m  the  data  r e p o r t e d  o n  
F i g .  4 using the  e q u a t i o n s  d e r i v e d  in  the A p p e n d i x .  
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wavelengths. These equations are also valid when exciting at different wave- 
lengths and observing the polarisations of absorbance changes at a particular 
wavelength. In that  case one must substitute AA, AA~ and AAI by A, A i~ and 
AI, respectively. An example is given on Fig. 13 showing the plot of the 
absorbance spectrum of 2.4.1 reaction centers at 150 K and the Ar~ and A~ 
quantities calculated from this spectrum and the value of p reported in Fig. 4. 
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