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Chromatophores of the purple photosynthetic bacteria Rhodospirillum rubrum and Rhodobacter (Rhodo- 
pseudomonas) sphaeroides were excited by means of 35-ps flashes at 532 nm of varying intensities, both at 
room temperature and at 4 K. With increasing exciting energy densities the integrated yield of fluorescence 
produced by these flashes was found to decrease considerably due to singlet-singlet annihilation. An analysis 
of the results showed that in R. rubrum the number of connected antenna molecules between which energy 
transfer is possible decreases from about 1000 to about 150 when the temperature is lowered from 298 to 4 
K. In Rb. sphaeroides the B875 light-harvesting complex appears to contain about 100 connected 
hacteHochloropbyll (BChl) 875 molecules at 4 K, while the B800-850 complex contains about 45 BChl 850 
molecules. The data are explained by a model for the antenna of Rb. sphaeroides in which units of B875, 
containing about four reaction centres, are separated by an array of B800-850 units that surrounds 13875. 
By applying a random walk model we found that in both species the rate of energy transfer between 
neighbouring antenna molecules decreased about 10-fold upon lowering the temperature. The rate of energy 
transfer from antenna molecules to either open or closed reaction centres decreased only 3- to 4-fold in R. 
rubrum and remained approximately constant in Rb. sphaeroides upon cooling. A blue shift of the emission 
spectra at 4 K of both species was observed when the excitation energy density was increased to a level 
where singlet-singlet annihilation plays a significant role. This observation appears to support the notion 
that an additional long-wave pigment exists in the antenna of these hacteHa. 

Introduction 

The transfer of excitation energy in photo- 
synthesis is a well-established and extensively 

Abbreviations: BChl, bacteriochlorophyll; BChl 800, BChl 850 
and BChl 875, bacteriochlorophyll absorbing around 800, 850 
and 875 nm, respectively; B800-850 and B875, antenna pig- 
ment-protein complexes containing BChl 800 and 850 and 
BChl 875, respectively; I, primary electron acceptor 
(bacteriopheophytin a); P, primary electron donor; Q, first 
quinone acceptor. 

studied phenomenon [1]. Two fundamental con- 
cepts have emerged. The first is that for each 
reaction centre a large number of antenna pig- 
ments transfer their excitation energy efficiently to 
these reaction centres [2]. This assembly of a reac- 
tion centre with its associated antenna pigments is 
called a photosynthetic unit. The second is that in 
many photosynthetic systems a large number of 
photosynthetic units are interconnected, i.e., the 
ensemble of antenna pigments may be viewed as a 
large 'lake' that is shared by several reaction 
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centres. The reaction centres thereby act as traps 
for the excitations. In that case one of the major 
effects that can be observed is that if a reaction 
centre that is inactive or 'closed' is visited by an 
excitation, this excitation may escape and be 
trapped by a neighbouring, still open, reaction 
centre [3]. This phenomenon results in the well- 
known linear experimental relationship between 
the reciprocal of the fluorescence yield and the 
fraction of closed traps that was observed in many 
systems [4,5], but only recently theoretical deriva- 
tions have been given [6,7]. 

The concept of domains has been introduced 
by Clayton [8] as the cluster of connected antenna 
pigments among which excitations can be trans- 
ferred freely; transfer between pigments belonging 
to different domains is severely restricted. One 
way to determine the sizes of these domains is to 
measure the quenching of the integrated fluores- 
cence yield as a function of the intensity of a 
picosecond laser flash [9]. When more than one 
excitation is present in a domain, the annihilation 
of two singlet excitations causes the number of 
excitations to decrease, and therefore the fluores- 
cence yield to drop. 

A general descripton of the relation between 
the integrated fluorescence yield ~ (z)  of a sys- 
tem with oxidized reaction centres and the average 
number of excitations created in a single domain 
upon delta pulse excitation (z), was first derived 
by Paillotin et al. [9]: 

oo 

d~ ( z )  = 4/~ ( O ) r k ~  = ( -- z )k  1 =or(r+l)(r+2)...(r+k) k + l  
(i) 

In this expression, r is a parameter that expresses 
the efficiency of annihilation relative to mono-ex- 
citation decay processes: 

2"tl 
= - -  ( 2 )  

Y2 

in which "tl is the rate of mono-excitation decay 
due to trapping or losses, averaged over a domain, 
and "t2 is the rate of annihilation per pair of 
excitations in a domain. A high value of r thus 
corresponds to a low efficiency of annihilation. 

In experimental annihilation curves the in- 
tegrated fluorescence yield q~r is plotted against 
the logarithm of the energy of the exciting laser 

flash, which energy is proportional to the variable 
z in Eqn. 1. The value of r determines the slope of 
such a quenching curve, as well as the fluorescence 
decrease caused by one excitation per domain. 
Since the energy, corresponding to one excitation 
per domain is needed for further calculations, r 
has to be determined from the slope of the 
quenching curve. In practice only r-values of not 
more than 2 can be distinguished by this method. 
When the value of r of an experimental curve has 
been determined, the energy corresponding to z = 
1 is also known. Calibration of the intensity axis 
to the number of excitations generated in the 
system makes it then possible to calculate the 
number of antenna molecules, N D, in a domain 
[9]. 

Exact expressions are available that relate ~q, 
3'2 and N o to the rate constant for loss on an 
antenna molecule k 1, to the molecular rate con- 
stants for energy transfer between two neighbour- 
ing antenna molecules, k , ,  for annihilation upon 
collision of two excitations, k a, and for trapping 
k ° and k t by open or closed reaction centres, 
respectively [6]. When trapping is allowed to occur 
simultaneously with annihilation, and thus the 
transition of reaction centres from the open to the 
weakly trapping or closed state P+ has to be taken 
into account, the theoretical description of the 
process becomes more complicated. However, ex- 
pressions for (hf(z), the integrated fluorescence 
yield, and q(z),  the fraction of traps closed as 
functions of z, are available [6]. 

There is various evidence that domain sizes in 
purple bacteria, at least at room temperature, are 
large. Measurement of the fluorescence yield as a 
function of the fraction of traps in the state P+ [4], 
of the magnetic-field-stimulated fluorescence yield 
as a function of reaction centres in the state Q -  
(primary quinone electron acceptor Q reduced) 
[5], of the efficiency of quenching of singiet excita- 
tions by triplet states [10] support the lake model 
for energy transfer. This applies also to measure- 
ments of the yield of BChl fluorescence as a 
function of the intensity of the exciting picosec- 
ond laser flash [11-13], and its was shown recently 
that the effect of annihilation is also observed in 
the amplitude and kinetics of flash-induced ab- 
sorbance changes due to formation and decay of 
excited BChl a in chromatophores of Rhodospiril- 



lum rubrum [14]. Analysis of annihilation experi- 
ments by means of a model that will be discussed 
below gave a domain size of 10-20 connected 
photosynthetic units for Rhodospirillum rubrurn 
and of more than 20 connected photosynthetic 
units for Rhodobacter (Rhodopseudomonas) sphae- 
roides [13]. Estimates for k h and k t yielded k h = 
(1.5 + 0.5). 1012 s -1 and k t = (5 + 1). 1011 s -1 for 
R. rubrum and k h =4.1011 s -1 and k~'= 3.1011 
s-1 for Rb. sphaeroides. Measurements of fluores- 
cence yields at low temperatures by Rijgersberg et 
al. [15] indicated that these rate constants decrease 
considerably upon lowering the temperature. 

The experiments described here extend the an- 
nihilation measurements to low temperatures (4 
K). Our results show that both in R. rubrum and 
Rb. sphaeroides a strong decrease of the domain 
sizes in the long-wave antenna complex, B875, 
occurs upon lowering the temperature. An analy- 
sis of the annihilation curves indicates that a 
model with a relatively slow energy transfer may 
explain the data. Measurement of the BChl 850 
fluorescence vs. pulse intensity curve in Rb. 
sphaeroides at 4 K shows that the B800-850 com- 
plex consists of relatively small aggregates. 

Materials and Methods 

Rhodospirillum rubrum strain $1 was cultured in 
a chemostat as described elsewhere [12]. Rhodo- 
bacter (Rhodopseudornonas) sphaeroides strain 2.4.1 
was cultured as described in Ref. 15. Chromato- 
phores were prepared by sonifying the cells for 10 
min at 0°C, followed by high speed centrifuga- 
tion. For all experiments the chromatophores were 
suspended in a buffer containing 10 mM Tris (pH 
8.0)/5 mM MgC12/0.5 M sucrose/55% (v/v)  
glycerol. The absorbance at the excitation wave- 
length never exceeded 0.1 to ensure a homoge- 
neous light distribution within the sample. 

Annihilation experiments were performed using 
a spectrofluorimeter described elsewhere [13]. The 
sample was excited by a frequency doubled 
Nd:YAG laser with a maximum pulse energy of 
about 5 mJ- cm -2 at 532 nm and a pulse width of 
approx. 35 ps. The sample could also be il- 
luminated with continuous background illumina- 
tion at 520 nm or with a xenon flash provided 
with narrow band filters passing either 420 or 520 
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nm. The time-integrated fluorescence and the in- 
tensity of the exciting flash were measured by 
means of photodiodes (RCA C30810). The diode 
that monitored the excitation intensity was 
calibrated by means of a glass absorber type laser 
energy meter (model 172R by Laser Instrumenta- 
tion Ltd., U.K.). 

The raw experimental data were compared to 
plots of Eqn. 1, generated by a computer, to 
estimate a value for the parameter r. For clarity of 
representation, however, the figures show the aver- 
age of 10 successive data points. Before averaging, 
data points with a deviation towards higher yield 
which are caused by erroneous (double) pulses 
from the laser were removed using a computer 
regression method: from sets of 25-50 adjacent 
data points a best linear regression line was calcu- 
lated, and data points with a deviation more than 
20 times the standard deviation were removed. 

Emission spectra were recorded using either a 
35 ps laser flash at an incident energy density 
between 4 and 5 m J- cm-2,  or with a xenon flash 
at 0.1 mJ.  cm -2. The resolution of the. recording 
monochromator was set to 2 nm. 

Results and Interpretation 

Rhodospirillum rubrum 
Fig. 1 shows the time integrated fluorescence 

yield induced by a 35 ps, 532 nm laser flash in 
chromatophores of R. rubrum at room tempera- 
ture and at 4 K. In both cases the reaction centres 
had been brought in the state P÷ by illuminating 
the sample continuously during freezing and 
throughout the experiment. As mentioned already, 
the shape of the curves is not only determined by 
the optical cross section of the molecules at the 
wavelength of excitation and by the domain size, 
but also by r. For example, for r = 0 the intensity 
at which on the average one excitation per domain 
is generated already gives a fluorescence decrease 
to 1 - e-1 (i.e., about 37% quenching), whereas at 
higher r values (less efficient annihilation) the 
yield drops much less at the same energy (e.g., less 
than 15% quenching at r =  2). Therefore both 
curves were fitted to Eqn. 1 to obtain the best 
value for r. In this way r was found to be at least 
2 at room temperature, which is larger than the 
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Fig. 1. Time-integrated normalized fluorescence yield of R. 
rubrum chromatophores as a function of the energy density of 
the exciting laser flash. For clarity of presentation, the averages 
of 10 successive data points are plotted. The reaction centres 
were kept in the oxidized state (P+)  by applying continuous 
background illumination. (O) :  Room temperature, fluores- 
cence detected at 900 nm. ([3): 4 K, 917 nm. The curves are 
normalized at low energies. The continuous curves are fits by 
means  of Eqn. (1) with r = 2 for room temperature and r = 1 
at 4 K (see text). A.U., arbitrary units. 

value of 1.1, reported by Bakker et al. [13]. At 4 K 
we found r = 1.0 + 0.3. 

The intensities at which on the average one 
excitation per domain is generated are indicated 
by arrows. It  can be seen from Fig. 1 that a 
marked shift to higher pulse intensities occurs for 
the curve at 4 K, although the r-value decreases. 
These results can be used to calculate the size of 
the domains, using the absorbance of the sample, 
a room-temperature BChl extinction coefficient of 
140 mM -1 .  cm -1 at 880 nm [16] and an energy- 
transfer efficiency from carotenoid to BChl 875 of 
30%, both at room temperature and at 4 K [5]. For 
the low-temperature measurements the increase in 
sample concentration by shrinkage was estimated 
to be 5%. Our calculations yield a domain size 
N D > 1000 BChl 875 molecules at room tempera- 
ture (assuming r = 2), and N O = 150 BChl mole- 
cules at 4 K ( r =  1). The value of N o at room 
temperature is in agreement with the number  ob- 
tained by Bakker et al. [13]. Since for r values 
higher than 2 the slopes of the curves become 
almost indistinguishable, larger values of r at room 
temperature (and consequently larger domain 
sizes) cannot be excluded and therefore the value 
of 1000 molecules must be regarded to be a lower 
limit. In a separate experiment the number  of 

antenna molecules per reaction centre, N, was 
determined from the bleaching of P-870 in saturat- 
ing continuous light and found to be 35 for this 
particular sample. This implies that at room tem- 
perature more than 25 photosynthetic units are 
connected, while at 4 K the domains have become 
partially disconnected and contain on the average 
only four reaction centres. N D > 1000 at room 
temperature and N D = 150 at 4 K were also ob- 
tained for a sample that had been grown at low 
light intensity and which contained 65 BChl 875 
molecules per reaction centre. 

Fig. 2 compares annihilation curves at 4 K of 
chromatophores of  R. rubrum in either the state 
P+I  Q (e)  (as in Fig. 1) or P I Q (O).  At higher 
energies the fluorescence yield in the state P I Q 
drops less rapidly than in the state P+I  Q. This 
difference is caused by the fact that in the state P 
I Q at low energies, there are open reaction centres 
present keeping the yield low, while at higher 
energies these become progressively closed, giving 
rise to a relative increase in the fluorescence yield, 
partly counteracting the annihilation quenching 
[13]. We also measured the fluorescence intensity 
due to a weak probing xenon flash at 420 nm, 
given 1.5 ms after the laser flash. After this time 
the fluorescence due to the laser flash has decayed 
but at least 90% of P+ created by the laser flash 
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Fig. 2. Annihilation curves of R. rubrum chromatophores at 4 
K, with reaction centres closed by continuous background 
illumination (O); reaction centres open before the arrival of  the 
excitation flash (O).  In addition the fluorescence intensity 
caused by a weak xenon flash given 1.5 ms after the laser flash 
is plotted against the laser intensity (see text). Closed reaction 
centres (m); reaction centres open before arrival of the actinic 
flash ([3). The fits correspond to the rate constants of Table I. 
A.U., arbitrary units. 



still exists [17]. For  the curve with already closed 
reaction centres (ll) the fluorescence yield in the 
weak xenon flash is independent of the intensity 
of the preceding laser flash, confirming that the 
traps are indeed closed. For the curve with the 
traps initially open (D), the fluorescence yield 
measured by means of the probing flash increases 
by a factor of 1.6 at the highest laser intensities. 
At these intensities the curve tends to become 
horizontal, which suggests that at these energies 
the majority of the traps is closed by the actinic 
flash. However, it should be reminded that at 
these extreme pulse intensities the competition 
between annihilation and trapping becomes quite 
severe, which also may result in the leveling off of 
the fraction of traps closed by the laser flash [6]. 

Before turning to a further analysis of the above 
data, we shall first give a short description of the 
model of Den Hollander et al. [6], used before by 
Bakker et al. [13] to analyze their annihilation 
experiments. This model is based on energy trans- 
fer with rate constant k h between nearest 
neighbours on a two-dimensional square lattice. 
The traps, which are regularly spaced on the lattice 
( N  lattice points per trap) can be either open or 
closed; the corresponding rate constants for trap- 
ping are k t or kt ,  respectively. A domain contains 
)~ traps and N D ( =  h N )  lattice points. The excita- 
tions can be lost on each lattice point, with rate 
constant k~, and annihilation between two collid- 
ing excitations occurs with rate constant k a. It 
turns out that the experimentally accessible 
parameters,  fluorescence (or loss) yield and the 
fraction of traps that are closed can be expressed 
as functions of the effective or 'averaged'  rate 
constants of  trapping, ~:t and k~ for open and 
closed traps, respectively, and the average rate of 
annihilation, k~. These average rate constants in- 
clude the diffusion process the excitation under- 
goes before trapping or annihilation occurs. From 
these average rate constants and the size of the 
domain, the 'molecular '  rate constants can then be 
calculated. 

Since, because of a recalibration of the inten- 
sity scale, the observed parameters differ some- 
what from those found by Bakker et al. [13], we 
shall first analyze our room temperature experi- 
ments. From a loss yield ~ of 0.06 when the 
reaction centres are in the efficiently trapping 
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state P I Q [18], a fluorescence lifetime of 1.0 ns in 
the absence of traps [19] corresponding to k I = 1 • 
109 s -1 and from an observed fluorescence in- 
crease upon closing the traps of 2.7 at room 
temperature we obtain, by using the equation 

dp~ ,c  = kl 
kl + k~----- ~ (3) 

k t = l . 6 . 1 0 1 °  s -1 and ~ : t=5 .3 -109  s -1. From 
the assumption that r = 2 and Eqn. 2 from the 
introducion it follows that ~:~ = 6.2.109 s -1. 

From these effective rate constants the molecu- 
lar ones can now be calculated, using N D -- 1000 
and N = 35: 

Y2 ka N D k  I F [ 4k h ~+ 8kh+2kj ]  -1 
2 2 4 k h + k , [ G ' ~ ° [ 0 ; ~ )  k, j 

(4) 

and 

N k  I [ [ 4k h ~ 4 k h + k l ]  -1 

In these expressions, GND and G N are the Green's  
functions for the domain and the photosynthetic 
unit, respectively [6]. From Eqns. 4 and 5 the 
values of k h, k ° and k~ can be derived. This 
yields: k h = 1.9.1012 s -1, k~' = 6.1 • 1011 s -1 and 
k t --1.9.1011 s -1. It should be noted that these 
values are only weakly dependent on the value 
assigned to r. For r = 3 we would obtain a domain 
size N D -- 1350, which yields values of kh, k t and 
k t that are smaller by only 8%, < 1% and < 1%, 
respectively. The values are summarized in Table 
I. Although our average rate constants are slightly 
larger than the ones given by Bakker et al. [13], 
the molecular values for trapping and energy 
transfer at room temperature do not significantly 
deviate from theirs. 

Upon  cooling from room temperature to 4 K, 
the fluorescence yield of R. rubrum (and therefore 
the loss yield) increases about four times, in agree- 
ment with Rijgersberg et al. [15], from ~ ffi 0.06 to 
~ = 0.24 at 4 K. In addition, our experiments 
show that N O decreases strongly. For the ratio 
~ / ~  Rijgersberg et al. [15] reported a value of 
1.5 at 4 K. The experiment of Fig. 2 yielded 
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TABLE I 

CHARACTERISTICS OF THE ANTENNA SYSTEM OF R. 
RUBRUM AT TWO TEMPERATURES 

The symbols are defined in the text; the rate constants are 
expressed in s-1 

298 K 4 K 

k i 1.109 1.109 

~ 0.06 0.24 
e#~ 0.16 0.38 
r > 2  1 

N o > 1000 150 
N 35 35 
~:t 1.6-10 l° 3.2-109 
kt  5.3'109 1"6"109 
ka < 6.2' 109 5.3.109 
k h _<_1.9'1012 1.8.1011 

k t > 6.1" 10 n 1.4.10 ll 
k~ > 1.9' 10 II 6.4.10 l° 

essentially the same ratio of 1.6 and this number 
was used for further calculations, with the as- 
sumption that all traps are closed by a high inten- 
sity laser pulse. 

Repeating the above calculation with ¢~ = 0.24, 
¢~=0.38, k l = l - 1 0 9  s -1, N D = 1 5 0  and r = l  
gives the rate constants that are summarized in 
Table I, together with the room temperature re- 
suits. 

From Table I it can be concluded that, in 
addition to a large decrease in domain size, a 
strong decrease in the rates of energy transfer 
occurs upon lowering the temperature to 4 K. The 
rate of transfer of an excitation from one BChl 
molecules to another (kh) has decreased by a 
factor of 10, as has also been suggested by Rijgers- 
berg et al. [15] to explain the increased fluores- 
cence yield of R. rubrum chromatophores at 4 K. 
The rates of trapping by the reaction centres are 
less strongly affected. For open reaction centres 
the rate of trapping decreased by a factor of about 
4, while for already oxidized reaction centres the 
decrease is by a factor of about 3. 

The rate constants given in Table I were used 
to calculate the fluorescence yield and the number 
of traps closed by the excitation flash as a func- 
tion of the number of excitations generated in a 
domain (Eqn. 21a and b of Ref. 2). The results are 

given by the continuous curves in Fig. 2. It can be 
seen that indeed this choice of the rate constants 
gives a good fit of the experimental data. 

Rhodobacter sphaeroides 
Fig. 3 shows the time-integrated fluorescence 

yield of Rb. sphaeroides chromatophores at 4 K, 
detected both at 912 nm where the maximum of 
the emission by the B875 complex occurs, and at 
880 nm where more than 90% of the emission is 
due to B800-850. The reaction centres were kept 
in the oxidized state by applying continuous back- 
ground illumination during freezing and through- 
out the experiment. It can be seen that the fluores- 
cence yield quenching from the B875 complex 
starts at much lower intensities than that of the 
B800-850 complex. For the curve at 880 nm the 
value of r was found to be close to 1, and the 
curve at 912 nm for the B875 emission resulted in 
an r value of at least 2. 

When calculating the sizes of the domains, one 
has to take into account that the excitations are 
distributed between the B800-850 and the B875 
complex. The fractions of the incident quanta at 
532 nm that excited the B800-850 and the B875- 
reaction centre complexes at 4 K were calculated 
as follows. From the areas under the absorption 
peaks in the near-infrared region after deconvolu- 
tion and assuming equal oscillator strengths for 
BChl 800, 850 and 875, it was calculated that the 
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Fig. 3. Annihilation curves of Rb. sphaeroides chromatophores 
at room temperature and at 4 K. The reaction centres were 
closed by providing the sample with continuous background 
illumination. 4 K, detected at 880 nm (O); 4 K, detected at 
912 nm (O); room temperature, detected at 900 nm (A). A.U., 
arbitrary units. 



ratio of the numbers of BChl a molecules in the 
two complexes in our samples was 3.5:1. On basis 
of an efficiency of energy transfer from B800-850 
to B875 of approx. 90% this means that 78% of 
quanta  absorbed in the Qx band at 590 nm are 
used to excite B800-850 and 92% to eventually 
excite B875 (at low energies). From these num- 
bers, from the absorbance in the band near 590 
nm and from the relative heights at 590 and 532 
nm in the excitation spectra for the B800-850 and 
the B875 fluorescence we calculated that for our 
sample 6.6% of the incident quanta at 532 nm 
exited B800-850 and 10.6% excited B875. The 
amount  of BChl molecules per unit volume in the 
sample was, like for R. rubrum, calculated from 
the room temperature spectrum, assuming a 
shrinkage of the volume of 5% upon cooling. At 
room temperature, the fraction of absorbed quanta 
that resulted in excitation of the B875 reaction 
centre complex was estimated to be 85%. 

Using these numbers we calculated the domain 
sizes at 4 K for the B800-850 and B875 com- 
plexes. For the B800-850 annihilation curve (Fig. 
3, (O))  the energy was determined where on the 
average one excitation per domain is generated 
(with r =  1). This, toghether with a BChl 850 
extinction coefficient of 184 mM -1-  cm -1 at 850 
nm [20], yielded a domain size of 45 connected 
BChl 850 molecules. Approximately the same 
number  has been reported for B800-850 com- 
plexes, isolated by means of lithium dodecyl 
sulphate gel electrophoresis [12], indicating that 
the B800-850 complexes occur in vivo in similar 
arrangements as in the isolated complex. 

The B875 quenching curve reflects not only 
annihilation in B875 itself, but also annihilation in 
B800-850, from which energy is transferred to 
B875. However, from the curves of Fig. 3 it fol- 
lows that an incident energy at which on the 
average one excitation per domain of B875 exists, 
no significant annihilation in B800-850 occurs. 
Thus we may assume that the yield of energy 
transfer from B800-850 to B875 is not yet af- 
fected at this intensity. We can then perform the 
same calculations as for the B800-850 complex, 
and from the low intensity part  of the curve we 
find a domain size of at least 100 (4 K), on the 
basis of an r-value of 2 or more. 

The data obtained for Rb. sphaeroides can be 
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interpreted by means of the same model we ap- 
plied above to R. rubrum. When the temperature 
is lowered to 4 K, the loss yield of the B875 
complex of Rb. sphaeroides with open reaction 
centres increases by a factor of about 2 from 6% 
to 12% [15]. With the reaction centres closed, the 
loss yield increases again by a factor of 2, to 24%. 
Since the observed ratio of the emission bands of 
the B850 and the B875 complex is about 1:8, and 
the initial distribution of the excitations between 
the two complexes is roughly 50%, the loss yield 
~'j of the BChl 850 is about 6%. No reaction 
centres are present in the B800-850 complex, but 
the B875 complex can be regarded to act as a trap 
for the excitations in B800-850. Before a calcula- 
tion of the various rate constants is possible, we 
will first have to make an assumption concerning 
the number of contact sites between the two com- 
plexes, since this choice determines the value of 
N ' ,  the number of BChl 850 antenna molecules 
per B875 trap. The calculations are performed 
assuming one, two and three contact sites between 
the B800-850 and the B875 complex. The results 
are given in Table II, where the rates of transfer of 
excitations from B850 to the B875 complex are 

- - t  t denoted by k t and k t for the average and the 
molecular rate constant, respectively. The rate 
constant k~ was again assumed to be 1-109 s -1. 
By using the well-known FSrster equation [21]: 

1 Ro 6 

in which ~ is the lifetime of a singlet excitation in 
the absence of nonradiative decay processes, and 
R o is proportional to the overlap between the 
emission band of the donor molecule and the 
absorption band of the acceptor molecule, we 
calculate for the distance R between two BChl 850 
molecules 1.3 nm, using R o --5.3 nm, 1 / ,  = 5.6. 
107 s -~ [22], and the value of k h calculated above. 
In addition, a comparison of the overlap integrals 
of the BChl 850 emission band with either the 
BChl 850 or the BChl 875 absorption bands shows 
that R6o is about 6-times smaller for transfer be- 
tween two BChl 850 molecules than for transfer 
from a BChl 850 to a BChl 875 molecule. If  we 
substitute this value, together with the energy 
transfer rate from BChl 850 to BChl 875, k~, into 
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TABLE II 

CHARACTERISTICS OF THE TWO ANTENNA SYSTEMS 
OF RB.  S P H A E R O I D E S  

For the B800-850 complex two contact sites with the B875 
complex were assumed. One or three contact sites yielded 
k~ = 1.2.1013 s -  1 or k '  t = 3.1.1011 s -  1, respectively. 

B875 complex B800-850 complex 

298 K 4 K 4K 

k I 1.109 1.109 k I 1.109 
~ 0.06 0.12 
qS~ 0.15 0.24 q~'~ 0.06 
r > 2  > 2  r 1 
N D > 1000 > 100 N o 45 
N 25 25 N '  23 
~:~ 1.6-10 m 7.3-109 It' t 1.6.101° 
~:~ 5.7.109 3.2-109 
ka <6"7"109 <4"2"109 /Ca 3"3"10m 
k h > 2.0.1012 < 8.7.101° k h 2.6"10 H 
k~ > 4.2.10 H :> 5.2"1011 k~ 6.1"1011 
k~ :> 1.4'10 H :>1.1'1011 

Eqn. 6 we obtain the distances between the B850 
and the B875 molecules at the contact sites. If  one 
contact site between a B800-850 and a B875 
complex is assumed, a distance of 0.92 nm at the 
contact site is obtained, which appears to be too 
small to be realistic. With two and three contact 
sites we obtain values of 1.52 and 1.70 nm, respec- 
tively. Thus we conclude that not more than two 
contact sites between B800-850 and B875 have to 
be assumed to explain our data. 

The data for B875 yield a similar hopping rate 
as for R. rubrum, but 2-4-t imes higher trapping 
rates k t and k~ (Table II). The room-temperature 
annihilation curve for BChl 875 emission (Fig. 3, 
(zx)) can be approximately fitted with r ____ 2 and 
N o ~ 1000. Since at this temperature a significant 
rate of  energy transfer from BChl 875 to BChl 850 
is possible, the domains may consist of several of 
the B875 domains observed at low temperature, 
interconnected by B800-850, as will be discussed 
below. With the restriction that only a poor fit 
was obtained, and assuming N =  25 [23,24] k h 
and k t were calculated to be up to 2-1012 s - ]  
and at least 4 . 1 0  H s -  ], respectively. 

At room temperature we obtain the rate of 
transfer between two BChl 850 molecules from 
Eqn. 6 and R o = 8.2 nm [22]. This rate then is 

1.9.1012 s -1, which is very close to the value 
found for the B875 complex of R. rubrum. From 
this room-temperature hopping rate, and assuming 
that the molecular rate of energy transfer from 
B850 to B875 does not change upon increasing the 
temperature, Eqn. 5 then yields an average rate 

- o 1 0 1 °  s -  ]. c o n s t a n t  k t of 2.3 • This corresponds to 
a lifetime of an excitation in B850 of about 45 ps, 
in reasonable agreement with experiments by 
SundstriSm and Van Grondelle (unpublished re- 
suits) who found a lifetime of about 35 ps. 

Emission spectra 
So far the analysis of the data and their inter- 

pretation are based on a model that assumes a 
homogeneous antenna with traps. Since in this 
model the emission originates from a single type 
of antenna molecule, the emission spectrum should 
not depend on the pulse intensity. 

However, it has been proposed by several 
authors that the long-wavelength B875 antenna of 
purple bacteria is not homogeneous and might 
contain an additional pigment absorbing at the 
long-wavelength side of the main B875 absorption 
band [25-29]. In order to obtain independent 
information abou t  the presence of such a pigment 
and its properties, we measured emission spectra 
of chromatophores of R. rubrum both at low 
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Fig. 4. Emission spectra of chromatophores of R. rubrum at 4 
K. The reaction centres were closed by continuous background 
illumination. Excitation at 532 nm by a picosecond laser flash 
of 4-5 mJ .cm -2 (O);  excitation by a Xenon flash at 519 nm 
with an energy of 0.1 mJ-cm-2 ;  the spectra are normalized at 
the emission peak ( x ) ;  difference spectrum obtained by nor- 
malizing the emission spectra at 930 nm and subtracting (O)  
from ( x )  ( - - - - - ) .  A.U., arbitrary units. 



excitation energy in the absence of singlet-singlet 
annihilation, and at high Pulse intensities where 
the fluorescence yield has dropped by a factor of 
50. The resulting emission spectra are shown in 
Fig. 4. It can be seen that the spectrum recorded 
at high excitation intensity is shifted by about 2 
nm to shorter wavelengths compared to the low- 
intensity spectrum. At room temperature no sig- 
nificant difference between the emission spectra 
obtained at high- and low-excitation energy could 
be detected, as had also been noticed by Bakker et 
al. [13]. The effect of a long-wave pigment on the 
emission spectrum should indeed be small at room 
temperature, since then the excitations can move 
freely from one type of pigment to another and 
vice versa. At 4 K, however, the rate of back 
transfer of excitations which have arrived in the 
long-wave pigment would be small. 

If we make the assumption that the spectrum 
obtained at 4 K at high intensity is a composite 
spectrum containing a contribution from a long 
wavelength component, called BChl 896 by 
Kramer et al. [27], and a short wavelength main 
component BChl 875, and if we take for the BChl 
896 emission the spectrum obtained at low excita- 
tion intensities [27], we can estimate the shape of 
the additional contribution to the emission spec- 
trum at high pulse intensities. This is also shown 
in Fig. 4 and it can be concluded that the ad- 
ditional emission spectrum peaks at about 909 
nm, i.e., 8 nm shorter wavelength than the main 
emission. It thus appears that at high pulse inten- 
sities the 'bulk'  BChl 875 contribution to the total 
emission becomes significant. This indicates that 
at low light intensities the diffusion of the excita- 
tion among the BChl 875 molecules is sufficiently 
efficient to trap the excitation either on BChl 896, 
from which the fluorescence occurs, or on the 
reaction centres. At high pulse intensities the dif- 
fusion of the excitations becomes severely limited 
due to excitation annihilation, giving rise to a 
relative decline of the BChl 896 emission and of 
the trapping efficiency. 

It is interesting to note that similar spectral 
effects have not been observed in chloroplast fluo- 
rescence [30]. However, recent experiments [31] 
indicate that very high intensities are needed to 
observe annihilation in long-wave emitting chloro- 
phylls, and possible effects of this annihilation on 
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Fig. 5. Normalized emission spectra of Rb. sphaeroides chro- 
matophores at 4 K, obtained at high (©) and low ( × ) intensity 
exciting flashes as in Fig. 4. Difference spectrum obtained by 
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units. 

the emission spectrum in the far-red region have 
not yet been investigated. 

In Fig. 5 we show emission spectra of chro- 
matophores of Rb. sphaeroides at 4 K. Again we 
observe that the emission peak shifts to shorter 
wavelengths upon increasing the energy of the 
excitation flash. In addition to this, the shape of 
the spectra of Fig. 5 is consistent with the observa- 
tion shown in Fig. 3, that the fluorescence yield of 
B800-850 does not drop as quickly at high laser- 
pulse intensities as the B875 fluorescence yield. 
While at low excitation energies the B800-850 
emission only appears as a weak shoulder, at high 
energies the relative contribution of the B800-850 
emission increases by approx, a factor of 3. 

Discussion 

The results presented here show clearly that 
upon lowering the temperature from 298 to 4 K in 
R. rubrum as well as in Rb. sphaeroides a strong 
decrease occurs in the sizes of the domains for 
energy transfer. An analysis for R. rubrum, which 
has a simpler antenna structure than Rb. 
sphaeroides indicates that the rate of energy trans- 
fer between the BChl 875 antenna molecules (kh) 
decreases about 8-fold. In addition the trapping 
rates for closed and open reaction centres k t and 
k ° are reduced by a factor of 3-4. 

From measurements of fluorescence lifetimes, 
Freiberg et al. [32] recently concluded that in 
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isolated reaction centres of R. rubrum the rate of 
primary electron transfer is 7 + 2 ps, independent 
of the temperature. This indicates that the trap- 
ping rates k t obtained by us (Table I), corre- 
sponding to trapping times of 1.6 ps at room 
temperature and of 7 ps at 4 K, at least partly 
reflect the energy transfer from the antenna to P, 
rather than the charge separation alone (see be- 
low). 

Rijgersberg et al. [15] already suggested that the 
rate of energy transfer between antenna pigments 
would be slower at 4 K by about a factor of 10. 
Our results give independent support for this 
suggestion. Because the rates of trapping do not 
decrease as strongly as the rate of energy transfer 
between antenna molecules, this implies that the 
increase in fluorescence yield that occurs upon 
lowering the temperature is only partly due to a 
decreased efficiency of the traps, and to a much 
larger degree due to a slower energy transfer be- 
tween antenna pigments. 

Both at room and low temperature, the hop- 
ping rates k h are higher than the rates of trapping 
k °. This would imply that an exitation on the trap 
or on a lattice point next to the trap has a higher 
probability to escape and to continue its random 
walk in the antenna than to be trapped. This is in 
agreement with results of Freiberg et al. [33] and 
of Bakker et al. [13], but appears to be in contrast 
to the observation that upon excitation of reaction 
centre bands no fluorescence is emitted by mem- 
branes of R. rubrum and Rb. sphaeroides [34] and 
of the green gliding bacterium Chloroflexus auran- 
tiacus [35] when the reaction centre traps are 
open. For a discussion of this point we refer to 
Ref. 1. 

Not  only the various rate constants are smaller 
at low temperature, but also the sizes of the do- 
mains involved in energy transfer. While at room 
temperature the number of connected antenna 
molecules in R. rubrum is approximately equal to 
the number of antenna pigments present in a 
single chromatophore (about 1000) [36], at 4 K the 
domain breaks into smaller parts containing on 
the average only 150 antenna molecules, connect- 
ing four reaction centres. Recently, Hunter et al. 
[37] observed that in a developing photosynthetic 
membrane at least four reaction centres were con- 
nected, even in the earliest stage of development. 

This result, together with our observations, sug- 
gests that the antenna is synthesized in clusters of 
four reaction centres. These 'minimal units' then 
assemble into larger domains when the photosyn- 
thetic apparatus of the bacterium further devel- 
ops. There will, however, still remain some bar- 
tiers between the different dusters during this 
maturation process. These barriers are obviously 
easy to overcome for excitations at room tempera- 
ture, but at 4 K they become difficult to cross. 

A similar picture applies for Rb. sphaeroides. In 
this bacterium, at 4 K small domains of B875 
exist, again connecting about four reaction centres. 
The B800-850 complexes also form small do- 
mains, of 45 BChl 850 molecules, which transfer 
their energy to B875 perhaps via only a few con- 
tact sites. This indicates that at low temperature 
the model proposed by Monger and Parson [10], 
developed from room temperature experiments on 
triplet quenching, does not apply. In this model 
the B800-850 complex forms a 'lake' around large 
clusters of B875, which interconnect the reaction 
centres. Since the ratio BChl 875 to BChl 850 in 
our preparation was 1:2.3, there are about 230 
BChl 850 molecules per B875 domain, correspond- 
ing to about five B800-850 domains. This leads us 
to the proposed structure of the antenna of Rb. 
sphaeroides at 4 K shown in Fig. 6. 

In our analysis thus far, the presence of a 
long-wave absorbing BChl (BChl 896) in B875 has 
not been taken into account. As discussed above, 
the observed blue shift of the emission bands 
when pulses of high intensity are used to excite the 
sample can be interpreted assuming the presence 
of such a pigment. The effect of BChl 896 on the 
excitation annihilation and trapping processes is 
not easy to estimate. At room temperature its 
presence may, in first order, be ignored, since 
most of the excitations will be localized on B875. 
However, at 4 K this will, if the Boltzmann distri- 
bution would be established sufficiently rapidly, 
not be the case and we might expect a strong 
effect. Nevertheless, a model which ignores the 
presence of BChl 896 leads to a good fit of the 
experimental results. If we suppose, for instance, 
that in R. rubrum about 25 BChl 896 pigments are 
more or less randomly distributed over a domain 
of 150 BChl molecules, each of them would prob- 
ably act as a relatively strong trap. Energy transfer 
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Fig. 6. Model of the antenna structure of Rb. sphaeroides. The 
areas of the circles correspond to the domain sizes of the 
B800-850 and the B875 complex, observed at 4 K. Since this 
figure probably represents half of the total amount of pigment 
present in a single chromatophore, no attempt has been made 
to organize the complexes in a more regular lattice. 

to the react ion centre  seems unl ike ly  in that  case. 
Moreover ,  if two exci ta t ions  are presen t  in the 
d o m a i n  they p r o b a b l y  would  be  local ized rap id ly  
on  two different  BChl 896 molecules  and  would  
have a small  p r o b a b i h t y  to interact .  In  that  case 
the 4 K ann ih i l a t ion  curve would  show ext remely  
ineff ic ient  ann ih i l a t ion  (large r values)  con t r a ry  to 
wha t  we observed.  

In  view of  these a rguments  we p ropose  the 
fol lowing:  (1) BChl  896 represents  a cluster  of 
long wavelength  an t enna  molecules,  in contac t  
wi th  the reac t ion  centre.  (2) The  t r app ing  of  exci- 
t a t ion  energy and  the ann ih i l a t ion  of exci ta t ions  
are  main ly  governed by  the t ransfer  of  exci ta t ions  
in the B875 antenna .  Ann ih i l a t ion  m a y  occur  be-  
tween two freely d i f fus ing exci ta t ions  or  one dif-  
fusing exci ta t ion and  one that  is local ized on BChl 
896. I t  is i m p o r t a n t  to r emark  here that  in the 
r a n d o m  walk desc r ip t ion  of  the ann ih i la t ion  p ro -  
cess in first a p p r o x i m a t i o n  it is immate r ia l  whether  
bo th  exci ta t ions  diffuse or  only  one does  while the 
o ther  is local ized [6]. (3) U p o n  arr ival  in BChl 896, 
the exci ta t ion  m a y  be lost  or  t ransfer red  to the 
reac t ion  centre.  

I t  is diff icult  to es tabl ish  the mean ing  of  the 
un i fo rm hopp ing- ra t e  cons tan t  k h ca lcu la ted  in 
Tab le  I. F r o m  the above  i t  is obvious  that  it  will 
con ta in  con t r ibu t ions  f rom BChl 875 to BChl 875 
and  f rom BChl 875 to BChl 896 transfer.  How-  
ever, it  is c lear  that  a d iscuss ion on the role of  
BChl  896 remains  specula t ive  unless suppo r t ed  for 
ins tance  by  a c o m p u t e r  s imula t ion  of  the process  
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tha t  occurs  at  4 K.  In this connec t ion  also experi-  
men t s  with Rhodopseudomonas oiridis might  be  of 
interest ,  since in this species the long-wave pig- 
men t  does not  appea r  to be present  [38]. 
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