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The efficiency of energy transfer from the reaction center to the antenna in chromatophores of various species of purple bacteria 
was estimated from the contribution of the reaction center bands to the excitation spectra of antenna fluorescence. In all species 
studied, except for wild-type Rhodobacter sphaeroides, where the results were inconclusive, the efficiency at 6 K was lower than 
5%, and in most cases even lower than 2%. Similar results were obtained with Rhodopseudomonas ciridis at room temperature. 
These results indicate that the so-called "trap-limited" model for energy transfer does not apply to purple bacteria: it is 
concluded that the rate of photochemistry is determined by the rate of energy transfer from the antenna to the reaction center 
and that back transfer to the antenna cannot compete with the early events of charge separation. Upon blocking of the charge 
separation in Rps. viridis by prior reduction of the primary electron acceptor extensive energy transfer from the reaction center 
to the antenna occurred. 

Introduction 

Models of energy transfer in photosynthetic anten- 
nas are often based on the assumption that the energy 
moves freely in and out of the reaction center [1-7]. 
Such models are called trap-limited, since they imply 
that the average rate of energy transfer from the an- 
tenna to the reaction center is fast as compared to the 
rate of  trapping, defined here as the rate of charge 
separation. Thus, in the ideal situation the antenna 
and reaction center after photon absorption will rapidly 
convert into a state of thermal equilibrium which dissi- 
pates its energy by charge separation and subsequent 
electron transfer processes. The opposite case is the 
diffusion-limited or migration-limited model, where the 
rate of photochemistry is largely determined by the 
time required for an excitation to reach the reaction 
center [8,9]. The first model applies when the distance 

Correspondence to: J. Amesz, Department of Biophysics, Huygens 
Laboratory, University of Leiden, P.O. Box 9504, 2300 RA Leiden, 
The Netherlands. 
1 Current address: Center for the Study of Early Events in Photo- 

synthesis, Department of Chemistry and Biochemistry, Arizona 
State University, Tempe, AZ, USA. 
Abbreviations: BChl, bacteriochlorophyll; BPh, bacteriopheo- 
phytin; P, primary electron donor; OA and QB, first and second 
acceptor quinones; RC, reaction center. 

between the reaction center pigments and the neigh- 
boring antenna pigments is approximately the same as 
that between two antenna pigments, and when the 
'hopping rate' ,  i.e., the rate of energy transfer between 
two neighboring pigments is much higher than the rate 
of charge separation. This may be the case for the core 
of Photosystem I [10] and of green sulfur bacteria and 
for heliobacteria. 

However, for Photosystem II, purple bacteria and 
green filamentous bacteria the reaction center pig- 
ments are located on a separate pigment protein com- 
plex. This means that the distance between the reac- 
tion center pigments and the nearest  neighbors in the 
antenna may be relatively large and consequently the 
rates of energy transfer from neighboring antenna pig- 
ments to the reaction center low as compared to the 
hopping rates in the antenna. When the rate of charge 
separation is fast as compared to the rate of energy 
transfer to the reaction center, this would result in a 
special case of the diffusion-limited model, where the 
rate of trapping by (not in) the reaction center is the 
rate-limiting step. In purple bacteria the rate constants 
of hopping are approximately 1012 s - t  [11,12] and 
those of charge separation are (3 to 10). 1011 s -1 
[13,14], whereas there is evidence that the average rate 
of energy transfer to the reaction center is approxi- 
mately 2" 101° s - l  [11,15], i.e., more than an order of 
magnitude lower. If  the rate of energy transfer from 



the reaction center to the antenna is of comparable 
magnitude, this means that this process cannot com- 
pete very efficiently with charge separation. 

More than 20 years ago, Clayton and co-workers 
[16,17] and Zankel [18] showed that excitation of the 
accessory BChls in the reaction center of Rhodospiril- 
lum rubrurn, and Rhodobacter sphaeroides R-26 pro- 
duced relatively little BChl fluorescence, which indi- 
cated that excitation energy caught by the reaction 
center has only a small chance of escaping to the 
antenna. Similar observations were made by Vasmel et 
al. [19] with membranes of the green filamentous bac- 
terium Chloroflexus aurantiacus at 4 K, while kinetic 
measurements with chromatophores of R. rubrum [20] 
and with an antenna-reaction center complex from 
Chromatium minutissimum [21] likewise indicated that 
the excitation energy has only a low probability to be 
transferred from the reaction center to the antenna. 

With a few exceptions [22,23] these observations 
appear to have been largely overlooked in the litera- 
ture, and not to have been incorporated in the models 
for energy migration mentioned above. For this reason 
we have made a quantitative study of the fluorescence 
excitation spectra of a number of different species of 
purple bacteria. The results indicate a very low proba- 
bility for energy transfer from the photoactive reaction 
center to the antenna. At 6 K, this probability did not 
exceed 5% and in most cases could be determined to 
be less than 2%. Possible causes for this effect are 
discussed. 

Materials and Methods 

Rhodopseudomonas viridis strain F, Rhodospirillum 
rubrum strain S1, Rhodobacter sphaeroides strain 2.4.1. 
(wild-type) and Rb. sphaeroides mutant R-26 were all 
grown in a medium described in Ref. 24. The ceils 
were harvested by centrifugation and res~spended in 
10 mM Tris-HC1 buffer (pH 8.0). Ceils of C~"omatium 
tepidum, grown as described in Ref. 25, were a kind 
gift of Dr. A. Verm6glio, CEN Cadarache. The cells 
were incubated with 2 mg DNAase (Desoxy- 
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ribonuclease I) per 100 ml cell suspension during 15 
min at room temperature to reduce the viscosity of the 
suspension during and after sonication. Then the ceils 
were sonicated for 20 min at 0 °C, and subsequently 
centrifuged for 10 min at 12 000 × g to remove unbro- 
ken cells and large cell fragments. Membranes were 
collected by ultracentrifugation at 223 000 × g for 90 
min. The pellet was resuspended in 10 mM Tris-HCl 
buffer (pH 8.0). If necessary, 10 mM ascorbate was 
added to keep the primary electron donor in the re- 
duced state. 

Absorption, fluorescence emission and fluorescence 
excitation spectroscopy were performed using a single 
beam spectrophotometer [26,27], equipped with a per- 
sonal computer for data analysis. The spectral resolu- 
tion was 1.5 nm for absorption measurements and 2.5 
nm for fluorescence measurements. The intensity of 
the excitation light was less than 50 ~W/cm 2. To 
obtain clear samples at low temperatures, glycerol (60% 
v/v) was added to the samples. 

The position of the main absorption bands and the 
fluorescence emission maxima of the chromatophores 
of the purple bacteria studied are given in Table I. 

Results 

Rhodopseudomonas viridis 
Fig. 1 shows the absorption ( 1 -  T) spectrum of 

Rps. viridis membranes at room temperature (solid 
line). Absorption bands at 780-850 nm arise from 
reaction center pigments, and the band at 604 nm is 
due to the Qx transition of BChl b. The fluorescence 
excitation spectrum (dashed line) showed no measur- 
able contribution by the reaction center pigments, indi- 
cating that essentially no energy transfer from the 
reaction center to the antenna occurred. Both spectra 
did not change upon the addition of 10 mM o-phenan- 
throline, which has been shown to block electron trans- 
fer from QA to QB, resulting in a considerably shorter 
lifetime of P+ [28]. This indicates that the primary 
electron donor P was in the reduced state during the 
measurements. 

TABLE I 

The locations of the maxima of the major BChl Qx and Qy absorption and fluorescence emission bands at 6 K of membrane fragments of the purple 
bacteria studied. 

For Rps. viridis, the room temperature data are also given (italics). The relative amplitudes are indicated in parentheses. 

Species Absorption (nm) Fluorescence (nm) 

Rps. viridis 605 (0.09) 834 (0.06) 1038 (1.00) 1058 
604 (0.26) 832 (0.19) 1015 (1.00) 1040 

R. rubrum 591 (0.11) 804 (0.10) 896 (1.00) 917 
Rb. sphaeroides R-26 592 (0.15) 804 (0.22) 883 (1.00) 907 
Rb. sphaeroides WT 588 (0.44) 799 (1.81) 856 (2.17) 889 (1.00) 908 
C. tepidum 594 (0.51) 796 (0.93) 808 (1.02) 871 (1.57) 938 (1.00) 967 
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Fig. 1. Solid line: absorption ( 1 -  T) spectrum of Rps. viridis mem- 
branes at room temperature. Dashed line: fluorescence excitation 
spectrum of the same sample, normalized at the Qy antenna band 

(1015 nm). The detection wavelength was 1040 nm. 

The low probability of energy transfer from the 
reaction center  to the antenna of Rps. uiridis is even 
bet ter  illustrated by spectra measured at 6 K (Fig. 2). 
Whereas  the room tempera ture  absorption spectrum 
showed little structure near  820 nm, five reaction cen- 
ter bands could be discerned at low temperature,  lo- 
cated at 789, 808, 819, 833 and 853 nm according to the 
second derivative spectrum (Fig. 2A and B, solid lines). 
The same bands, but with different relative amplitudes 
have been observed in the absorption spectrum of 
isolated reaction centers [29]. They may be attributed 
to the two BPhs and the two accessory BChls of the 
reaction center  and to the high energy exciton band of 
the primary electron donor P [29]. No contribution of 
any of these bands was observed in either the fluores- 
cence excitation spectrum for antenna emission (Fig. 
2A, dashed line) or in its second derivative (Fig. 2B), 
indicating a very efficient trapping of excitation energy 
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Fig. 2. (A) Solid line: absorption ( 1 -  T) spectrum of Rps. uiridis 
membranes at 6 K. Dashed line: fluorescence excitation spectrum of 
the same sample, normalized at 1038 nm (adapted from Ref. 41). 
The detection wavelength was 1060 nm. For comparison, the thin 
lines give spectra obtained by the addition or subtraction of a 
component corresponding to 2, 4, 6, 8 and 10% efficiency for energy 
transfer from the RC to the antenna, respectively. (B) Second 
derivatives of the absorption and fluorescence excitation spectra 

(solid and dashed lines, respectively). 
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Fig. 3. Solid line: absorption (1- T) spectrum of Rps. ciridis mem- 
branes at 6 K upon addition of 10 mM sodium dithionite and actinic 
illumination during cooling. Dashed line: fluorescence excitation 
spectrum of the same sample, normalized at 1038 nm. The detection 
wavelength was 1060 nm. Inset: the absorption difference spectrum 
for reduced minus oxidized BPh at 6 K (Fig. 3 minus Fig. 2, solid 

lines) after normalization to an absorption of 0.62 at the Q× band. 

in the reaction center. From a comparison of the 
measured excitation spectrum with spectra to which a 
known contribution by energy transfer was added (thin 
lines) it may be concluded that the efficiency of energy 
transfer from the reaction center to the antenna was at 
most 2%. The same conclusion follows from the second 
derivatives. 

We also performed experiments under  conditions 
where the primary electron acceptor, BPh b, was in the 
reduced state. The first acceptor quinone, QA, was 
reduced by the addition of 10 mM sodium dithionite. 
Upon actinic illumination of the sample during cooling 
the primary electron acceptor was accumulated in the 
reduced state, thus inhibiting charge separation [30]. 
Absorption (1 - T)  and fluorescence excitation spectra 
at 6 K for this case are given in Fig. 3. In the region of 
775-850 nm, the absorption spectrum (solid line) was 
drastically changed as compared to that of  Fig. 2, with 
bands at 789, 826 and 849 nm and a weak shoulder 
near  810 nm, indicating essentially complete reduction 
of the primary acceptor under  these conditions. The 
absorption spectrum clearly resembled that of isolated 
reaction centers with photoreduced BPh [29], as is also 
confirmed by the strong similarity of the corresponding 
difference spectrum of our membranes  (Fig. 3, inset) to 
that of isolated reaction centers [29]. The fluorescence 
excitation spectrum now showed a clear contribution 
by the reaction center bands, indicating extensive en- 
ergy transfer from the reduced reaction center to the 
antenna. 

BChl a containing purple bacteria 
Irreversible trapping of excitation energy by the 

reaction center was not confined to Rps. viridis. Fig. 4 
shows the absorption and excitation spectra of mem- 
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Fig. 4. Solid line: absorption (1 -  T) spectrum of R. rubrum mem- 
branes at 6 K. Dashed line: fluorescence excitation spectrum of the 
same sample, normalized at the Qy antenna band (896 nm). The 

detection wavelength was 917 nm. 

b r anes  of  R. rubrum at 6 K. The  abso rp t ion  spec t rum 
is cha rac t e r i zed  by the  Qx band  o f  BChl  a at  590 rim, a 
band  nea r  750 nm f rom the r eac t ion  cen t e r  BPhs,  a 
s t rong  con t r ibu t ion  f rom the r eac t ion  cen t e r  BChls  at  
804 nm, and  a shou lde r  nea r  790 nm. Both  reac t ion  
cen te r  bands  show no t race  of  con t r ibu t ion  to the  
a n t e n n a  emission,  ind ica t ing  the  v i r tual  absence  o f  
back  t rans fe r  of  exci ta t ion  energy  f rom the  reac t ion  
cen t e r  to the  an tenna .  The  shou lde r  at  790 nm is 
p robab ly  a v ib ra t iona l  band  of  the  a n t e n n a  BChls,  as 
sugges ted  by its p r e sence  as a wel l - reso lved  b a n d  in the  
exci ta t ion  spec t rum.  

Simi lar  resul ts  were  o b t a i n e d  with the  ca ro t eno id -  
less m u t a n t  R-26 of  Rb. sphaeroides (Fig.  5). T h e  
m u t a n t  is cha r ac t e r i z ed  by the  absence  of  ca ro t eno ids  
and p e r i p h e r a l  a n t e n n a  complexes ,  the  only r ema in ing  
a n t e n n a  BChl  a absorb ing  at  883 nm at 6 K. W h e r e a s  
the  Qx b a n d  nea r  590 nm is c lear ly  visible in the  
f luorescence  exci ta t ion spec t rum,  no  con t r ibu t ion  by 
the r eac t ion  cen t e r  BPhs  and  BChls  (absorb ing  nea r  
755 and  805 nm, respect ive ly)  could  be  de tec t ed .  As  in 
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Fig. 6. Solid line: absorption (1 -  T) spectrum of C. tepidum mem- 
branes at 6 K. Dashed line: fluorescence excitation spectrum of the 
same sample, normalized at the Qy band at 871 nm. The detection 
wavelength was 910 nm. The inset shows the region of the reaction 

center BPhs on a 5-fold expanded scale. 

R. rubrum the  band  at  780 nm, which con t r ibu tes  
eff ic ient ly  to the  a n t e n n a  f luorescence ,  is p robab ly  a 
v ibra t iona l  band  of  the  a n t e n n a  BChL 

Fig. 6 shows the  abso rp t ion  and f luorescence  excita-  
t ion spec t ra  of  C. tepidum, a the rmoph i l i c  pu rp l e  sulfur  
b a c t e r i u m  [25]. In  add i t ion  to the  core  complex,  B920, 
this species  conta ins  at least  one  p e r i p h e r a l  a n t e n n a  
complex,  B800-850  [31]. A t  6 K the  800 nm band  is 
reso lved  in two componen t s ,  at  796 and  808 nm (Table  
I and  Ref.  31). R e a c t i o n  cen te r  bands  nea r  800 nm are  
t he re fo re  comple t e ly  masked  by a s t rong abso rp t ion  at  
this wavelength ,  and  the only reac t ion  cen te r  band  tha t  
can be resolved  in the  absorp t ion  spec t rum is a re la-  
tively weak  BPh a band  at 754 nm. A s  in Chloroflexus 
aurantiacus [19], an ind ica t ion  for  the  eff iciency of  
energy  t rans fe r  f rom the reac t ion  cen t e r  to the  a n t e n n a  
is t he re fo re  only given by the  re la t ive  a m p l i t u d e  of  the  
band  of  r eac t ion  cen t e r  BPhs.  This  band  is c lear ly  
missing in the  exci ta t ion  spec t rum,  ind ica t ing  the vir- 
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Fig. 5. Solid line: absorption (1 -  T) spectrum of Rb. sphaeroides 
R-26 membranes at 6 K. Dashed line: fluorescence excitation spec- 
trum of the same sample, normalized at 883 nm. The measurements 
were done in the presence of 10 mM ascorbate; the detection 

wavelength was 910 nm. 
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Fig. 7. Solid line: absorption (1 - T) spectrum of Rb. sphaeroides WT 
membranes at 6 K. Dashed line: fluorescence excitation spectrum of 
the same sample, normalized at 856 nm. Ascorbate (10 mM) was 
present; the detection wavelength was 910 nm. The inset shows the 

region of the reaction center BPhs on an 8-fold expanded scale. 
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tual absence of energy transfer from the reaction cen- 
ter to the antenna, as in the other species. 

Inconclusive results were obtained with wild-type 
Rb. sphaeroides. At first sight the presence of a 754 nm 
band in the excitation spectrum (Fig. 7) would indicate 
an efficient back transfer from the reaction center to 
the antenna. However, the low tempera ture  absorption 
spectrum of the isolated B800-850 complex shows a 
band at precisely this wavelength of approximately the 
same relative amplitude [32]. Moreover,  it can be esti- 
mated by comparison with the height of t h e  Qy band of 
the core antenna (not shown in Fig. 7), that the BPh 
reaction center band should constitute only about 
one-third of the 754 nm band in the absorption spec- 
trum. Therefore  a definite conclusion concerning the 
contribution of the reaction center band to the fluores- 
cence excitation spectrum was not possible in this case. 

Discussion and Conclusions 

As judged from the absence of significant contribu- 
tions of the reaction center BPhs or BChls to the 
excitation spectra of antenna fluorescence, in purple 
bacteria the efficiency of energy transfer from the 
reaction center to the antenna is very low. This applies 
to all species studied, except for Rb. sphaeroides wild- 
type, where the results were inconclusive. The efficien- 
cies of energy transfer from the reaction center to the 
antenna for the various species are summarized in 
Table II. The numbers were determined from the 
amplitudes of the reaction center bands in the fluores- 
cence excitation spectrum, if necessary by means of the 
second derivatives. 

Experiments with isolated reaction centers have 
shown that the rates and efficiencies of energy transfer 
from the BPhs and the accessory BChls to the primary 
electron donor P are quite high [33]. Since there is no 
reason to assume that they will be significantly differ- 
ent when the reaction centers are contained in the 
membrane,  our results must be explained by a very low 
efficiency for energy transfer from excited P to the 
antenna. This means that we are dealing with a special 
case of the diffusion-limited model: the rate of photo- 
chemistry is determined by the rate of transfer from 
the antenna to the reaction center. The excitation 

TABLE II 

Efficiencies of  energy transfer from the reaction center to the antenna 
at 6 K o f  the purple bacteria studied 

Species Efficiency (%) Conditions 

Rps. uiridis < 10 
<2  
60_+2 

R. rubrum < 2 
Rb. sphaeroides R-26 < 2 
C. tepidum < 5 

room temperature 
open RCs 
reduced primary acceptor 

spectrum of Fig. 3 shows that a different situation 
applies when charge separation is blocked by prior 
reduction of the primary electron acceptor: the reac- 
tion center bands are now clearly visible, indicating 
extensive energy transfer from P to the antenna under 
these conditions. 

It may be noted that our results with R. rubrum and 
Rb. sphaeroides R-26 are in agreement  with those ob- 
tained by Clayton et al. [16,17] at room temperature,  
although the accuracy and spectral resolution of the 
present experiments is higher. However, our results 
with Rps. uiridis are at variance with those of Olson 
and Clayton [34], who concluded that quanta absorbed 
by the reaction center at 830 nm were about 70% 
effective in exciting antenna fluorescence in this 
species. This discrepancy might be due to the different 
conditions of the experiment. In our experiments the 
reaction center cytochrome c was in the oxidized state 
in the dark, as was checked by light-induced absorption 
difference spectroscopy, whereas under the conditions 
of Olson and Clayton it was in the reduced state. In 
the latter case, illumination might cause the photoac- 
cumulation of reduced electron acceptors [30], thus 
promoting energy transfer from the reaction center to 
the antenna. 

Once an excitation has arrived on the primary elec- 
tron donor, two competing processes occur, namely 
charge separation, and back transfer of the excitation 
to the antenna. It is therefore of interest to analyze our 
results in terms of time constants of energy transfer 
and charge separation. For isolated reaction centers of 
Rps. uiridis a time constant of 2.8 ps has been reported 
for the primary charge separation at room tempera-  
ture, which number  decreases to a value of 0.7 ps at 
temperatures  below approx. 25 K [14]. At low tempera-  
ture we observed an efficiency of no more than 2% for 
energy transfer from the excited reaction center to the 
antenna, which means that the time constant for en- 
ergy transfer from the reaction center to the antenna, 
ZA, should be at least 35 ps. By a similar calculation we 
arrive at a value of 30 ps or higher at room tempera-  
ture. 

These values may be compared with those of for- 
ward energy transfer. Unfortunately, data for liquid 
helium temperature  are not available. For Rps. tJiridis 
the lifetime of excited antenna BChl b with open 
reaction centers has been estimated at 215 ps at 25 K 
[35] and at 50-75 ps at room temperature  [35-37]. 
Correction for an estimated rate constant of 1 ns-~ for 
excitation decay in the absence of reaction centers [35] 
would yield slightly lower numbers for the average rate 
of energy transfer to the reaction center, correspond- 
ing to time constants of 275 ps and 53-80 ps, respec- 
tively. 

The interpretation of these numbers depends on the 
model used for the antenna organization. We assume 



that the antenna of Rps. viridis is homogeneous [35,38], 
N, the number of BChls /RC,  being equal to 24 [38,39]. 
On basis of the electron micrographs [39] we further 
assume that the coordination number q, i.e., the num- 
ber of equivalent neighboring antenna BChls surround- 
ing the reaction center [36,40], is 6. This means that the 
' true'  time constant for energy transfer from one of 
these BChls to the reaction center is q /N  × 275 = 70 
ps at 25 K and about 15 ps at room temperature.  In 
comparing these numbers with those for ~'A, one has to 
take into account that the time constants for energy 
transfer to a single neighboring antenna BChl are q7 A, 
yielding numbers of 200 ps or more for low as well as 
room temperature.  If we take into account that the 
overlap integrals for back transfer to the antenna are 
almost certainly considerably larger than those for for- 
ward transfer, because of the considerable red shift of 
the antenna with respect to the reaction center [4l], a 
number of 200 ps appears to be improbably high. The 
same conclusion appears to apply to the other species, 
although a quantitative comparison is not possible here. 
It may be noted that the, perhaps less likely, 'monoco- 
ordinate '  antenna model [40], with q = 1, yields the 
same conclusion, with time constants of about 10 and 
about 2.5 ps for the forward process at low and room 
temperature,  respectively, and of 30 ps or more for 
back transfer to the antenna. 

The above data might be tentatively explained by 
assuming that the charge separation, i.e., electron 
transfer to accessory BChl or BPh, is preceded by rapid 
relaxation processes in the reaction center which are at 
least one order of magnitude faster, and which are able 
to compete effectively with the energy transfer process. 
Evidence for a rapid relaxation in isolated reaction 
centers of Rb. sphaeroides has been reported recently 
[42,43]. The same process may be assumed to occur in 
chromatophores. It should be noted, however, that 
these relaxation processes should not be effective in 
'closed' reaction centers where electron transfer to 
BPh does not occur (Fig. 3). Hole-burning experiments 
suggest that this may indeed be the case [44]. 
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