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By means of fluorescence measurements  singlet-singlet  excitation annihilation in the antenna of Rhodospirillum 

rubrum chromatophores was studied at temperatures between 300 and 4 K. Two fluorescence bands had to be assumed 
to explain the data at 4 K. These bands 0F911 and F918) are attributed to emission from the main antenna pigment 
BChl 880 and from a minor spectral component  BChl 896, respectively. The latter pigment is supposed to be associated 
with the reaction center (Van Grondelle, R., Bergstr6m, H., Sundstr6m, V., Van Dorssen, R.J.,  Vos, M. and Hunter ,  
C.N. (1988) in Photosynthetic Light-Harvesting Systems (Scheer, H. and Schneider, S., eds.), pp. 519-530,  Walter  de 
Gruyter,  Berlin). At 4 K 90% of the fluorescence originates from this pigment. Analysis of the data at 4 K indicated that 
BChl 896 is arranged in clusters of 21 -l- 9 BChls. Since there are presumably only 5 or 6 BChls 896 per reaction center, 
this indicates that several reaction centers are clustered. Annihilation measurements  on the isolated B880 antenna 
complex indicate that, at 4 K, the spectral heterogeneity still exists and that the presence of BChl 896 is therefore not 
caused by interactions between the reaction cegter and the antenna. The domain size of BChl 880 was estimated to be 
between 35 and 75 BClfls in chromatophores at 4 K. A wavelength dependence of the annihilation, due to the presence 
of the two types of BChl, was observed between about 100 and 4 K. Measurements  of fluorescence polarization suggest 
that this wavelength dependence may be caused by a reduction of the rate of energy transfer from BChl 896 to BChl 880 
upon cooling. An increased annihilation between 100 and 300 K can, at least partly, be ascribed to an enhanced rate of 
energy transfer between individual BChls. This rate increases from an average value of (4 -I- 1 )  • 1 0  H s - t  at 100 K to 
(1.5 -I- 0.5) - 10 lz s - i at 300 K. 

Introduction 

Photosynthetic reaction centers receive their energy 
f rom surrounding pigment molecules [1], which serve to 
increase the rate of the photosynthetic process. The 
assembly of a reaction center with surrounding pig- 
ments  is called a photosynthet ic  unit. Often photo-  
synthetic units are interconnected and form large ag- 
gregates. Within these larger structures, which are called 
domains  [2], excitations can be transferred f rom one 
molecule to another  until a reaction center is reached. 

Abbreviations: BChl, bacteriochlorophyll; BCKI 880 and 896, bac- 
terioehlorophyll absorbing around 880 and 896 am, respectively; 
B880, light-harvesting complex of Rhodospirillum rubrum containing 
BChl 880 and BChl 896; 1:911 and F918, bacteriochlorophyll fluores- 
cence bands with maxima near 911 and 918 nm, respectively. 

Correspondence: J. Amesz, Huygens Laboratorium, Rijksuniversiteit, 
postbus 9504, 2300 RA Leiden, The Netherlands. 

There are only few experimental  methods that can 
give insight into the sizes and topology of the domains.  
The method we employed is the detection of the fluores- 
cence yield of the antenna pigments  as a function of the 
intensity of a laser excitation pulse. At high pulse 
energies several excitations may  be generated in one 
domain. Energy transfer within the domain  may  result 
in the format ion of higher excited states [3] by two 
excitations accumulat ing at one pigment  molecule. 
Rapid decay by radiationless processes to the lowest 
excited state then causes a decrease of  the fluorescence 
yield. This effect is called singlet-singlet  excitation 
annihilation. 

A relation between the fluorescence, yield q5 and the 
number  of excitations generated per domain  (z )  was 
given by Paillotin et al. [4]: 

( - z )  k 1 

*(°)'kz"-~-o r(r  + l ) ( r  +2). . . (r  + k) (k + 1) 
~(z) (1) 

where ¢(0) is the fluorescence yield at low excitation 
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intensity where no annihilation occurs. The parameter  r 
is equal to twice the ratio of the averaged rate of 
mono-excitat ion decay (Y1) and the rate of annihilation 
(3'2) per pair of excitations. An important  assumption in 
the derivation of Eqn. 1 is that the excitation distribu- 
tion is random at all times. 

The experimental  data may be analyzed by fitting 
Eqn. 1 for various values of r to the measurements.  
This results in a value for the energy density for which 
z = 1. For this energy density the number  of excitations 
initially present in the sample can be calculated and, as 
z = 1 at this density, also the number  of domains in the 
sample is known. Then the domain size is calculated 
from the total number  of BChls in the sample. 

The method has been applied successfully by Bakker 
et al. [5] and Vos et al.[6] in studies of the antennae of 
Rhodospirillum rubrum and Rhodobacter sphaeroides. At 
room temperature domain sizes of at least 1000 BChls 
in R. rubrum were obtained [6]. At 4 K less annihilation 
was observed and it was concluded that the domain size 
was reduced to about  150 BChls. At low temperature 
Vos et al. [6] also observed a shift of the fluorescence 
spectrum as the intensity of the laser excitation pulse 
increases, indicating that the annihilation process is 
wavelength dependent.  

In this paper  we report a more detailed investigation 
of excitation annihilation in R. rubrum, as a function of 
both temperature and wavelength. We further studied a 
B880 antenna complex of R. rubrum from which the 
reaction center had been removed. Our results can be 
explained by the assumption that spectral inhomogenei-  
ties exist in the antenna of R. rubrum at low tempera- 
tures. These inhomogeneities may be attributed to the 
presence of a long-wavelength absorbing pigment fluo- 
rescing at 918 nm at 4 K in addition to the main 
antenna BChl 880, which fluoresces at 911 nm. In the 
literature the former pigment is often referred to as the 
minor spectral component  or BChl 896 [7-10]. We also 
studied the spectral inhomogeneity by means of fluores- 
cence polarization measurements.  Our results indicate 
that the temperature dependence of the annihilation 
characteristics is largely determined by the excitation 
transfer rate from BChl 896 to BChl 880. 

Materials and Methods 

R. rubrum strain S1 was cultured in the medium of 
Cohen-Bazire et al. [11]. Chromatophores  were prepared 
by sonifying the cells for 10 min at 0 ° C, followed by 
high-speed centrifugation. The chromatophores  were 
suspended in a buffer containing 10 mM Tris (pH 8.0), 
5 m M  MgC12 and 0.5 M sucrose. 

R. rubrum B880 antenna complexes with at least a 
10-fold reduced reaction center content were a kind gift 
of Dr. E.A. Kotova of the M.V. Lomonosov Moscow 
State University. They were prepared from R. rubrum 

chromatophores  by solubilization with lauryldimethyl-  
amine N-oxide according to the procedure  described by 
Drachev et al. [12]. They were suspended in the same 
buffer as the chromatophores .  Glycerol at 65% ( v / v )  
was added to all samples to obtain a t ransparent  glass 
at low temperatures.  

The spectrofluorimeter used for the annihilation ex- 
periments was described elsewhere [5]. The wavelength 
of the exciting laser pulse was 532 nm. The m a x i m u m  
energy in the pulse was 5 m J / c m  2 and the pulse length 
was approx. 25 ps. Low-intensity emission spectra were 
measured with xenon flash il lumination through a Schott 
A1-522 interference filter. For  measurements  between 4 
and 300 K a helium f low,cryosta t  (Kelltor) was used. 
All measurements  on R. rubrum chromatophores  were 
performed with the pr imary donor  in the oxidized state 
(P+). In order to obtain this state the sample was 
illuminated during cooling and throughout  the experi- 
ment. The redox state of the reaction center was checked 
by measuring the fluorescence yield due to excitation 
with a weak xenon flash. The absorbance of the samples 
at 532 nm was kept low (less than 0.1) in order to 
achieve a homogeneous light distribution within the 
sample. We observed that photodegradat ion  of the sam- 
ples led to a decrease of  the fluorescence yield and an 
increase of mono-exci tat ion relative to bi-excitation de- 
cay processes. Fresh samples were therefore used after 
each series of measurements.  

Both the excitation energy and the fluorescence yield 
were measured with photodiodes (RCA C30810). The 
fluorescence yield was compared  by a least-squares 
analysis with computer-generated curves of Eqn. 1. The 
data were then analyzed as described by  Vos et al. [6]. 
In general, the spread of the data was such that fits of 
Eqn. 1 to the data could not be distinguished for r > 2. 
We assumed that 30% of the energy absorbed at 532 
nm, at all temperatures,  is transferred to the antenna 
BChl [13]. 

Tempera ture-dependent  fluorescence polarization ex- 
periments were performed using a single-beam spectro- 
photometer  as described by Kramer  et al. [8]. 

Results and Discussion 

The relative fluorescence yield as a function of the 
laser pulse energy for R. rubrum chromatophores  is 
shown in Fig. 1. The solid lines are fits of Eqn. 1 to the 
data and will further be called annihilation curves. The 
measurements  were performed at 4 K, at two different 
emission wavelengths. At both  wavelengths a decrease 
of the fluorescence yield is observed as the laser excita- 
tion energy increases. This decrease is caused by sing- 
let-s inglet  annihilation. Analysis of the measurements  
according to the procedure described above (see Materi-  
als and Methods) leads to an apparent  domain  size of  
220+__ 50 BChls and an r-value of 0.6___ 0.2 for the 
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Fig. 1. The relative yield of fluorescence plotted as a function of the 
incident energy density of the excitation flash for R. rubrum chro- 
matophores at 4 K. Squares: detected at 905 nm; triangles: detected 
at 918 nm. Excitation was at 532 nm with a 25 ps laser flash. The data 
are fitted with Eqn. 1 with r =1.5 (905 nm) and r = 0.6 (918 nm). The 
curves are normalized at low energy densities. A.U., arbitrary units. 

a n n i h i l a t i o n  curve  at  918 nm. A s imi la r  resul t  was 
o b t a i n e d  by  Vos et  al. [6]. F o r  the  curve  at  905 nm an  
a p p a r e n t  d o m a i n  size of  120 + 25 and  an r -va lue  of  
1.5 + 0.4 is ob t a ined .  A n a l y z i n g  the d a t a  at  d i f fe ren t  

wave leng ths  therefore  l eads  to d i f fe ren t  d o m a i n  sizes 
a n d  r -values .  This  can  on ly  be  exp l a ined  if  it  is a s sume d  

tha t  the  a n t e n n a  of  R. rubrum is spec t ra l ly  i n h o m o g e -  

neous .  
In  o r d e r  to o b t a i n  i n f o r m a t i o n  a b o u t  the ex ten t  of  

a n n i h i l a t i o n  q u e n c h i n g  as  a func t ion  of  wavelength ,  the 

f luorescence  s p e c t r u m  of  R. rubrum was r eco rded  at  
h igh  a n d  at  low pulse  energies.  The  low in tens i ty  spec-  
t r um (Fig.  2a, sol id  l ine)  and  the high in tens i ty  spec-  

t r um (Fig.  2b,  sol id  l ine)  were  r e c o r d e d  on  the same  
s p e c t r o p h o t o m e t e r  wi th  x e n o n  f lash and  with  laser  pu lse  

exc i ta t ion ,  respect ive ly .  The  a p p l i e d  laser  pu l se  energy  
dens i t y  was 1.0 m J / c m  2. The  ex ten t  of  ann ih i l a t i on  a t  

h igh  l ight  in tens i ty  as a func t ion  of  emiss ion  wave-  
length,  o b t a i n e d  b y  d iv id ing  the  first  by  the second  
spec t rum,  is shown in Fig.  3 (sol id  circles).  I t  can  be  
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Fig. 3. Wavelength dependence of the extent of annihilation (see text) 
at 4 K (circles), 15 K (squares) and 80 K (triangles). 

seen that  the extent  of  a nn ih i l a t i on  increases  wi th  wave-  
length  unti l  it reaches  a c o n s t a n t  level at 920 nm, 

ind ica t ing  tha t  the f luorescence  above  920 n m  comes  
f rom one  type  of  p igment .  A s s u m i n g  that  the f luores-  

cence s p e c t r u m  consis ts  of  two bands ,  the ex ten t  of  
a nn ih i l a t i on  at  each  wave leng th  is a c o m b i n a t i o n  o f  the 
c o n t r i b u t i o n  by  these bands .  T h e  d a t a  o f  Fig.  3 can  then 

be used to ca lcu la te  the sizes and  shapes  of  the con t r i b -  
u t ing  f luorescence  bands .  The  two ca l cu la t ed  f luores-  
cence  b a n d s  are  shown in Fig.  2 b y  the b r o k e n  lines.  
One  b a n d  has  a m a x i m u m  at 918 n m  with  a wid th  at  
hal f  m a x i m u m  of  21 nm. Since the  a n n i h i l a t i o n  behav-  
ior  over  this  b a n d  is c o n s t a n t  at  4 K, we c o n c l u d e  tha t  
this b a n d  is due  to a s ingle  p igment .  The  o the r  has  a 
m a x i m u m  at 911 n m  with  a wid th  of  11 nm. These  

bands ,  which  we will call  F918 and  F911,  p r e s u m a b l y  
ar ise  f rom BChl  896 and  BChl  880, respect ive ly .  T h e  
ra t io  of  the in t eg ra t ed  f luorescence  y ie lds  at  low in ten-  

s i ty of  the two b a n d s  is 11.7 + 0.8. Resu l t s  of  measu re -  
men t s  a t  15 K a n d  80 K are  a lso  p lo t t e d  in Fig .  3. I t  is 

obse rved  in Fig.  3 tha t  u p o n  lower ing  the t e m p e r a t u r e  
f rom 80 to 4 K,  there  is an inc rease  of  the ex ten t  of  
ann ih i l a t i on  at  wave leng ths  longer  than  920 nm,  f rom 
a b o u t  8 to a b o u t  14 at  the energy  dens i ty  app l i ed .  A t  15 
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Fig. 2. (A) Fluorescence spectrum at low excitation intensity fluorescence spectrum of R. rubrum chromatophores at 4 K (solid line) and 
decomposition in two bands (broken lines). (B) As (A), but measured at high excitation intensity (1.0 mJ/cmZ). 
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K the calculated positions and widths of the two bands 
were the same as at 4 K with a ratio of 9.7 + 1.2 at low 
excitation intensity. At 80 K the wavelength depen- 
dence had almost disappeared. 

Since the antenna of R. rubrum is spectrally inhomo- 
geneous at low temperatures,  Eqn. 1 is not in a simple 
way applicable to this system. When analyzing the 
fluorescence of F911, the pigments emitting at 918 nm 
can be considered to act as traps and their presence is 
therefore reflected by the mono-excitat ion decay 71. As 
noted by Kramer  et al. [8], the high polarization value 
of the fluorescence indicates that back transfer f rom 
BChl 896 to BChl 880 does not take place at 4 K. Thus, 
in principle, Eqn. 1 remains applicable to F911. A 
correction, however, must be made for the fact that the 
curve recorded at 905 nm is not entirely due to F911. At 
low excitation intensity about  25% of the fluorescence 
yield originates f rom F918 (see Fig. 2). Applying the 
correction for the contribution of F918 at 905 nm an 
r-value of 1.0 _+ 0.3 and a domain size of 75 _+ 25 BChls 
were obtained. However, for BChl 880 a correction 
must  also be  made  for the pulse duration of 25 ps, 
which is of the same order of magni tude as the lifetime 
of F911. Measurements  of fluorescence lifetimes [14] 
and of absorption recovery [15] indicate that at 77 K 
the lifetimes of F911 and F918 with closed reaction 
centers are approx. 20 and 160 ps, respectively. We 
observed an increase of the total fluorescence yield by a 
factor of 2.5-3 when lowering the temperature from 77 
to 4 K. From this number  and a ratio of the integrated 
fluorescence intensities of the two bands of 10 at 4 K, 
we thus calculated a lifetime at 4 K of 50 + 10 ps for 
F911 and of 500 + 100 ps at 4 K for F918, respectively. 

To  study the effect of the length of the laser pulse we 
performed random walk computer  simulations on a 
square lattice of 36 molecules similar to the ones per- 
formed by Vos [16]. For  these simulations we assumed 
that the excited BChis decay with a t ime constant  of 50 
ps. The time needed for energy transfer between indi- 
vidual molecules was taken to be 1.5 ps. Constant  
ampli tude pulses of 1, 25 and 50 ps were used. The 
annihilation curves thus obtained are shown in Fig. 4. 
The random walk simulations were fitted with curves 
calculated according to Eqn. 1 by which r-values were 
determined, as well as the number  of excitations for 
which z = 1. The r-value increased f rom r = 0.5 for the 
1-ps pulse to r = 1.3, as in the experiment, for the 25-ps 
pulse. The number  of excitations for which z = 1 is 
shown in Fig. 4 by markers  on the horizontal scale. For  
the 1-ps pulse this value corresponds to 1 true excitation 
on the lattice. For  the pulse with 25 ps duration z = 1 
corresponds to 0.75 true excitations on the lattice. This 
means that applying a 25-ps pulse the domain size will 
be overestimated by about  a factor of  1.3. Assuming 
that this factor is also valid for our experiment, the 
obtained domain size of 75 _4-25 BChls should be di- 
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Fig. 4. Simulated annihilat ion curves for a 6 x 6 lattice for laser pulse 
lengths of  1, 25 and 50 ps, respectively (see text). The  vertical tines 
give the corresponding intensity for which the (apparent)  z-values are 
equal to unity. In the s imulat ion annihi lat ion is assumed to occur if 

two excitations are present  on the same BChl. 

vided by this factor. We thus determined a domain  size 
of  55 _+ 20 BChls 880. 

Concerning the F918 fluorescence component ,  we 
note that most  of the excitations in the corresponding 
BChl 896 will result f rom energy transfer f rom BChl 
880. Therefore the number  of  excitations present  in 
BChl 896 has to be corrected for annihilation in BChl 
880. In fact the annihilation curve of F911 determines 
the relative amount  of energy transferred to BChl 896 
and therefore the excitation density in BC1 896. On the 
assumption that this pigment  constitutes about  15% of 
the total antenna as in Rhodobacter sphaeroides [8] and 
receives 85% of the excitations via BChl 880, an r-value 
of 0.5 4- 0.4 and a domain  size of 21 + 9 are found. The  
relatively large error in these values is mainly caused by 
the fact that the r-curves fit the data poorly at high 
energies. The curves were therefore only fitted up to a 
density of 5 excitations per  domain.  The relatively large 
domain size found for F918 is interesting. Since prob-  
ably only 5 -7  BChls 896 are present  per reaction center 
[8], this indicates that each reaction center is closely 
interconnected with 1 - 4  others. I t  is of interest to note 
here that measurements  by Hunte r  et al. [17] on devel- 
oping photosynthet ic  membranes  revealed that  the 
minimal functional size in the chromatophore  of  R. 
rubrum is about  4 photosynthet ic  units large. The  as- 
sumption used above that BChl 896 constitutes 15% of 
the total antenna [8] is based on the assumption that the 
extinction coefficients of BChl 896 and BChl 880 are 
the same. If, for example, in the red the extinction 
coefficient is higher for BChl 896, the number  of BChl 
896 in the sample will be overestimated. The number  of 
domains,  however, derived f rom the annihilation curves, 
is independent  of the relative absorpt ion of BChl 880 
and BChl 896. In this case the calculated domain  size of 
BChl 896 will be too large. However,  since then the 
calculated number  of BChl 896 per reaction center is 
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Fig. 5. Energy density dependence of the fluorescence for the isolated 
B880 complex of R. rubrura, detected at 905 (squares) and 918 run 

(triangles). The data are normalized at low energy densities. 

also overestimated, the number  of interconnected reac- 
tion centers is independent  of the relative absorpt ion in 
the red. 

Annihilation measurements  performed at 4 K on the 
isolated B880 antenna complex are shown in Fig. 5. The 
measurements  show a similar wavelength dependence of 
the annihilation curves as the chromatophores  of R. 
rubrum. This indicates that the pigment  fluorescing at 
9.18 nm is still present in the complex. This was also 
shown by picosecond absorpt ion difference spec- 
troscopy by Danielius et al. [18] at room temperature.  
In view of the similarity between the data on chromato-  
phores and those on the antenna complex we presume 
that the domain  sizes for both systems are roughly the 
same. Since the results indicate that BChl 896 is still 
present  in antenna complexes of R. rubrum devoid of 
reaction centers, we conclude that the spectral proper-  
ties of BChl 896 result f rom local interactions within the 
antenna,  rather than from an interaction between the 
reaction center and the antenna BChls. 

To  study the temperature  dependence of annihilation 
in R. rubrum chromatophores  in more detail, we mea- 
sured annihilation curves between 4 and 300 K at 905 
and 920 nm. The results are shown in Fig. 6. In this 
figure the energy density is plotted for which the flu- 
orescence yield has decreased to 50%, relative to the 
value obtained in the absence of annihilation, as a 
function of the temperature.  Fig. 6 shows that there is a 
wavelength dependence of the energy density at which 
50% annihilation occurs, observable to about  100 K. 
Upon  increasing the temperature  from 100 to 300 K 
there is a shift of the 50% annihilation point  towards 
lower densities. Annihilation curves at temperatures be- 
tween 25 and 300 K could, at both wavelengths, be 
fitted with r >  2. At lower temperatures the r-value 
dropped  from about  2 at 25 K to 0.6 at 920 nm and to 
1.5 at 905 nm at 4 K. 

There are probably  several factors that contribute to 
the temperature  dependence of the annihilation. One of 
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Fig. 6. Temperature dependence of the energy density for which the 
relative fluorescence yield has decreased to 50% for R. rubrum chro- 
matophores. Detected at 905 (squares) and 920 nm (circles), respec- 

tively. 

these is a decrease of the rate of back transfer between 
BChl 896 and BChl 880 with decreasing temperature.  
This effect can also be observed in fluorescence polar-  
ization measurements  as a function of temperature.  Fig. 
7 shows the polarization of fluorescence ( p )  at 940 nm 
upon excitation in the absorpt ion band of BChl 896. At 
4 -20  K a strong polarization with an average value of 
0.39 was obtained. This number  is in close agreement  
with earlier results at 4 K and has been explained by  the 
absence of back transfer f rom BChl 896 to BChl 880 
and a high degree of orientation of BChl 896 [8]. U p o n  
increasing the temperature  the polarization drops, re- 
aching a value of 0.18 at 80-100 K and of 0.13 at 300 
K, presumably reflecting both an enhanced rate of back 
transfer, and increased overlap of the absorpt ion bands  
of BChl 880 and BChl 896. 

We performed random walk simulations to study 
qualitatively the effect of  the back-transfer  rate on the 
annihilation. A square lattice of  400 BChls was used. 54 
BChls (14%) represented a long-wavelength absorbing 
species, which were distributed in nine groups of six 
BChls. The group and lattice size are both  smaller than 
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Fig. 7. Tempera tu re  dependence o f  the f luorescence po la r i za t ion ,  

detected at  940 n m  w i t h  exc i ta t i on  at  915 nm.  
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Fig. 8. Simulated annihi lat ion curves for a 20 X 20 lattice consisting of  
346 main antenna BChls and nine regularly spaced clusters of six 
long-wavelength absorbing BChls with different rates of back transfer 
kb; broken lines: kb=0; solid lines: kb=l.101° s -1. The curves 
marked M refer to emission from the main BChl, those marked L to 
the long-wavelength-absorbing BChl. The other rate constants are 
given in the text. An excitation pulse of 25 ps duration and constant 

amplitude was used. Other details are given in the text. 

the experimentally obtained domain sizes of BChl 896 
at 4 K and BChl 880 at 300 K, in order to limit the 
CPU time needed. The energy-transfer rate between two 
identical BChls was taken to be 1.1011 s -1. It was 
assumed that this rate is slightly higher (1.5 • 1011 s -1) if 
transfer takes place from a main antenna BChl to a 
long-wavelength absorbing BChl. The loss rate due to 
fluorescence was taken to be 1 • 109 s -1. To simulate a 
temperature dependence of the annihilation only the 
back transfer rate (kb) was varied. For  simplicity, all 
other rates were assumed to be temperature-indepen- 
dent. In Fig. 8 annihilation curves are shown for k b = 0 
(dashed lines) and k b = 1 • 101° s - t  (solid lines) for the 
main antenna BChl (M) and the long-wavelength-ab- 
sorbing BChl (L). The figure shows that if back transfer 
is absent (k b = 0 )  a strong wavelength dependent is 
observed, but if the back transfer rate is 1 /15 of the 
forward transfer r a t e  ( k  b = 1 • 10 ~° s -1) the wavelength 
dependence is small and will be difficult to resolve 
experimentally. The BChl 896 S o ~ S 1 transition occurs 
at lower energy than that of BChl 880, so that in first 
approximation it may be assumed that back transfer 
can be described by an Arrhenius law: 

k b = k t e  - a E / k r  ( 2 )  

where the activation energy AE corresponds to a 10 nm 
difference of the absorption maxima of the pigments 
involved. If  we further assume that the back-transfer 
rate at high temperature is equal to the forward rate k r, 
then k b = 1-101° s -1 corresponds to a temperature of 
about 70 K. Experimentally a wavelength dependence 
therefore will only be observed at lower temperatures. 

If  we analyze the results of the simulation for k b = 0 
(dashed lines) by means of Eqn. 1, using the same 

corrections as applied for chromatophores,  we obtain a 
domain size for the long wavelength absorbing pigment 
of 6 BChls, which is equal to the actual number. This is 
an indication that Eqn. 1 remains applicable also for 
heterogeneous systems. For  the main antenna pigment a 
domain size of at least 30 BChls was obtained. 

Between 100 and 300 K the 50% annihilation point 
showed a considerable shift towards lower energy densi- 
ties with increasing temperature. No  wavelength depen- 
dence of the annihilation was detectable at these tem- 
peratures, so we assumed that the annihilation in the 
antenna can be approximated by a homogeneous model. 
Since only a lower limit for r ( r > 2 )  could be de- 
termined from an analysis of the annihilation curves, 
only lower limits for the corresponding domain sizes 
can be calculated: at least 300 BChls at 100 K and at 
least 1000 BChls at 300 K. For this reason it is not  clear 
whether the size of the domains changes in the tempera- 
ture region above 100 K. In spite of this uncertainty, it 
can be shown that a considerable change in the average 
rate of energy transfer between individual BChl mole- 
cules must occur in this temperature region. The upper 
limit for the domain size can be taken as 10 000 BChls, 
the maximum number of BChls in a chromatophore  
[19]. This means that at room temperature 2 < r < 50. 
Calculation of the corresponding average energy-trans- 
fer rates (kh) according to the model of Den Hollander 
et al. [20] then gives 1.0.1012 S -1 _< k h ~ 2.0" 1012 S -1 .  

At 100 K these numbers are 3.0.1011 s -1 __< k h =<_ 5.0. 
10 ~1 S -1. Our calculations show that these values do not 
critically depend on the precise r-values and domain 
sizes, but are mainly determined by the 50% points as 
given in Fig. 6, because a larger r-value and a corre- 
sponding larger domain to some extent cancel each 
other when calculating the energy-transfer rate. 

As discussed above, the decrease in annihilation ob- 
served when cooling down from 300 K to about 100 K 

Fig. 9. Possible arrangement of BChl 880 ellipses) and BChl 896 
(hatched circles) in the antenna of R. rubrum. The ellipses and the 

circles represent approx. 60 and 20 BChls, respectively. 



does  no t  necessar i ly  ref lect  a dec rease  in d o m a i n  size 

and  can  be  exp la ined  solely by  a decrease  in the  average  
ra te  of  energy  t ransfe r  be tween  BChls,  caused  by  a 
decrease  in the  FiSrster ove r l ap  integral .  Never the less ,  it  
is c lear  tha t  upon  fur ther  coo l ing  to l iquid  he l ium 
t e m p e r a t u r e s  the d o m a i n s  are  b r o k e n  up in re la t ive ly  
smal l  c lus ters  of  BChl  880 and  BChl  896. I t  is l ike ly  tha t  
the dec rease  in d o m a i n  size of  BChl  880 by  at  least  a 
fac tor  of  4 be tween  100 a n d  4 K is co r r e l a t ed  with  the 
i nhomogene i t i e s  in f luorescence  emiss ion  a n d  energy  
t r ans fe r  which  deve lop  in this  t e m p e r a t u r e  range.  A 

s imple  m o d e l  m a y  be  cons t ruc t ed  where  the  a n t e n n a  
cons is t s  of  c lus ters  o f  a b o u t  60 BChls  880 s epa ra t ed  b y  
c lus ters  of  BChl  896 to exp la in  the effects  obse rved  

(Fig.  9). However ,  it  is a lso poss ib le  that  a spec t ra l  
i n h o m o g e n e i t y  wi th in  BChl  880 is involved.  Ev idence  

for  such an  i n h o m o g e n e i t y  was recen t ly  o b t a i n e d  f rom 
the l o w - t e m p e r a t u r e  a b s o r p t i o n  and  f l a sh - induced  ab -  

s o r p t i o n  d i f fe rence  spec t ra  of  Rb. sphaeroides and R. 
rubrum [15,21]. 
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