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We have compared the energy-transfer dynamics of different B800-850 and B800-820 isolated pigment- 
protein complexes. Picosecond absorption speetr~sanpy under annihilation-free conditions has been used to 
measure the energy-transfer rate from B ( ~  800 to BChl 8 5 0 / 8 2 0  at 296 and 77 IL It is found that at room 
temperature the BCid 800 --, BOtl 850/820 transfer is very fast ( <  1 ps in all studied complexes). At 77 K 
in the type I B800-850 complex of Rhodol~eter sphaeroldes and Rhodopseudomonns acidopMla the BChi 

~ IIChl 850 transfer i~ ~b~ut ~-2 ps~ whereas in the 9ther complexes the decay of the BChl 800 excited 
state occurs within less than I ~Js, also at 77 K. The observed subtle differences between the diiferent 
complexes give insight into the fine details of energy transfer. 2"he excited slate of BC'hl 850/820 has a long 
lifetime ( =  I ns), but measurements of induced anisotropy reveal very fast energy transfer between more or 
less identical BCId 850 molecules. 

Introduction 

The photosynthetic light-harvesting antenna of 
purple bacteria is a highly organized arrangement 
of pigment-protein complexes allowing very effi- 
cient energy transfer from the periphery of the 
antenna to the reaction, center [1]. The number of 
different pigment-protein complexes forming the 
antenna varies from one bacterial species to 
another. Thus, Rhodospirillum rubrum is an exam- 
ple of a species having only one major pigment 
B880, and an additional minor component B896. 
R~.odobacter sphaeroides has two major complexes 
B800-850 and B875 as well as the minor B896. 
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Rhodopseudomonas acidophila is a representative 
of the group of bacteria containing three major 
pigment-protein complexes, B800-820, B800-850, 
and B875. In all cases the pigment-protein com- 
plexes are believed to be arranged in order of 
decreasing energy towards the reaction center. 

The B800-850 fight-harvesting complex of Rb. 
sphaeroides was the first membrane-bound photo- 
synthetic antenna complex obtained in purified 
form [2] Since then, a similar c~mplex has been 
isolated from several species of purple bacteria, 
and extensively studied with a number of spectro- 
scopic techniques, Two spectroscopically slightly 
different B800-850 complexes, termed type I and 
type II,  respectively, have been identified [3,4]. 
The type 1 complex is represented by the comple~ 
isolated from Rb. sphaeroides and Rps. acidophila 
(strain 7750) and it is characterized by an ap- 
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proximatdy 1:1.5 intensity ratio of the 800 and 
850 nm absorption bands. The type II complex 
has been isolated from Rps. acidophila (strain 
7050) [5] and is characterized by a near 1:1 
absorbance ratio of the two absorption bands. 

Based on the results of the spectroscopic stud- 
ies a model of the minimum functional unit of 
B800-850 was suggested by Kramer etal .  16]. in 
this model four BChl 850, two BChl 8L~O and three 
carotenoid molecules occupy a basic unit which is 
composed of two pairs of an a,/~ polypeptide 
dimer. Other models involving the same or other 
aggregation states of a,/~ dimers have also been 
suggested by other authors. For instance, such 
basic units of rt,/~ dimers were proposed to form 
structuxe~ of cyel;e hexame~ of (B800-850) or 
dodecamers of (B875/880) which surround the 
reaction center and direct the excitation energy 
into the trap [7,8]. 

When isolated and solubilized by conventional 
detergents such as lanryldimethylamine N-oxide 
(LDAO), Triton, or lithium dodecyl sulfate (LDS) 
the basic units aggregate into a highly ordered 
structure and in some eases several hundred chso- 
mopbores may be coupl~ througt~ energy trans- 
fer. For instance, the/s800-8",0 complex isolated 
from Rb. sphaeroides has a variable deg#~c of 
aggregation, sensitive to the relative detergent/ 
protein concentration, which may vary from about 
30 BChi 850 molecules in LDS to hundreds of 
BChl 850's in LDAO [9]. This aggregation could 
at least in principle be compared with the aggrega- 
tion of complexes existing in the photosynthetic 
membrane. However, little is known about the 
relation between the aggregation of these com- 
plexes in the intact membrane and in the deter- 
gent-sohibilized state. 

In order to understand the function of the 
light-harvesting antenna it is necessary to examine 
the energy transfer dynamics both in whole mem- 
brane preparations, containing the complete pho- 
tosynthetic apparatus, and in individual pigment- 
protein complexes. In this paper we report the 
results of picosecond absorption r~overy mea- 
surements at room temperature and 77 K on the 
B800-850 complex of Rb. sphaeroides and Rps. 
acMophila and the B800-820 complex of Rps. 
acidophila. The results show that all studied com- 
plexes have quite similar overall energy transfer 
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dynamics and that this dynamics is in general 
agreemem with previous observations made for 
both ehromatopbores [10,11] and the isolated 
complex [121. However, the present study of several 
cotltplcxcs allows us to identify a number of subtle 
differences between the different complexes, which 
yields additional insight into the fine details of 
energy transfer of these fight-harvesting com- 
plexes. 

Materials and Methods 

The energy transfer dynamics of die following 
complexes was studied: the type I B800-850 com- 
plex of Rb. sphaeroides and Rps. acidophila (strain 
7750). 1~800-850 type II of Rps. aeidophila (strain 
7050), and the B800-820 complex of Rps. 
acidophila (strain 7050). Proccdmes for their pre- 
para£on can be found in Refs~ 2 and 3. 

Wavelengths and temperatures at which the 
energy transfer kinetics of the~ complexes w~e 
studied are sumanarized in Table I. Thus, the 
B800-850 type I complex 6~ Rps. acidophila was 
studied by exciting and probing both in the 800 
and 8~0 nm absorp!ion bands, at room tcraper;z- 
tuse as wei! as at 77 K. For the other three 
complexes meaningful kinetics could not be ob- 
tained at 77 K when exciting and probing in the 
850/820 nm band, due to the accumulation of 

TABLE ! 
SUMMARY OF STUDIED SYSTEMS *~ND EXPERIMEN- 
TAL CONDITIONS 
r.L - -  r o o m  temperature; X means studied in this work. 

complex Wavelength and lempetature 

r.t. 7 7  K r.t. 8 5 0 /  7 7  K 
800  n m  8 0 0  r an  820  n m  8 5 0 /  
band band band 820 nm 

band 
B800-850 a X X X 

P~. sphacroidcs 
B800-850 type I x x x 

Rps, acidophila 
B800-850 type I t  x x × 
~ .  acidophila 
B800-820 X X x 
Rps. acid~phila 

• ~ ~lso ReL 12. 



long-lived photoproduets which efficiently 
quenched the excited state of the final emitter 
BChl 850/820, and thereby shortened the lifetime 
drastica, lly. This effect has previously also been 
observed for the B800-850 complex of Rb, 
sphaeroides at room temperature [12]. The 
observation by Rafferty ct aL [13] that intense 
continuous illumination of Rb. sphaeroides R26 
chromatophorcs bleaches the 850 nm absorption 
band is probably a manifestation of the same 
process; it was attributed to the photooxidative 
loss of BChl 850 antenna chlorophyll. 

Measurements of isotropic and auisotropie 
absorption recovery kinetics were performed as 
previously described, by using a high repetition 
rate (800 kHz) synchronously pumped and 
cavity-dumped dye laser system, operating in the 
nor-infrared wavelength region (700-910 nm) 
[10]. For the room temperature measurements the 
concentrated detergent-solubilized sample was di- 
luted with plain buffer solution (Tris) to yield an 
absorbance of about 0.3/ram. A high flow speed 
of the sample was mimicked by using a rotating 

cell [10], which renewed the irradiated sample 
volume for every excitation pulse. The low-tem- 
perature measurements were performed with a 
stationary samp!e in a liquid-N 2 eryosmt. The 
measured deeay curves were analyzed as a sum of 
exponentials, and the associated lifetimes and am- 
plitudes were obtained by using a non-linear 
least-square fitting program. In cases where very 
short ( < 20 ps) dec:,y components were observed 
a deeonvolution procedure was used to obtain the 
dcc~y parameters [11]. In this way lifetimes equal 
to or longer than 1 ps could be determined accu- 
rately, although 10 ps long laser pulses were used. 
This fact is demonstrated by the measured re- 
covery kinetics of a cyanine dye molecule in Fig. 
1. The decay time of this molecule was determined 
to be 5 ps by direct measur~,r~.c,t using 300 fs 
pulses at 575 nm. When using 20 ps excitation and 
probing pulses the deconvolution procedure yields 
a time constant of 4 ps, which is quite close to the 
actually measured one. This result shows that time 
constants larger than approx. 1 ps can be obtained 
with this method. 

. . . . .  
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Fig. ]. Absorption recovery kinetics of !,['-diethyl-4,4'-cyanine at 580 nm measured with a 23 ps long pulse. The sofid line is a 
theoretical fit including deconvolution with a Gaussian pulse having the same width at half maximum as the measured pulse 

autooarr¢latlon function. 



Results and Discussion 

All studied complexes have the same general 
energy transfer pattern. However, from the ob- 
served differences it is possible to divide Lhem into 
two different classes. The type I B800-850 com- 
plexes appear to form one categorj distinct from 
the B800-820 and B800-850 type II complexes. 
The similarities and differences between the two 
groups will be illustrated in the following discus- 
sion. 

The general decay pattern common to all com- 
plexes is illustrated by the isotropic recovers curves 
of Fig. 2 for the BS00-B850 type I complex of 
Rps. ucidopkila and the B800-820 complex. Exci- 
tation at 77 K and probing at about 800 nm 

results in an initial bleaching which decays ve,'v 
qui~ldy into an absorption which in turn decays 
on ~ much slower timescale. At room temperature 
the i.~tial bleaching has a much lower intensity, in 
fact it is orfly clearly distinguishable in the decay 
curve of the B800-850 type I complex (Fig. 2A). 
Simila; decays were earlier also observed at the 
same wavelength in chromatophore preparations 
[11], and the very fast decay was then attributed to 
BCI~ 800--* BChl 850 energy transfer. Since this 
~ind of decay is present in all examined complexes 
this assignment now appears to be well docu- 
mented. We assign the much slower nanosecond 
decay to the quenching of the excited state of the 
final emitter BChl 850/820. Similar nanosecond 
lifetimes have previously been observed in the 
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Fig. 2. Iso[vapic abso~tion recovery kinetics around 800 nm, measured at "/7 K and room temperature. (A) B$00-850 type I of Rps. 
acidophila. (B) B800-820 of Rps. acidophJl~ 
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Fig.  3. lso t rop ic  k inet ics at  8S0 n m  measured a t  room temperature  fo r  (A )  BS00-BSS0 type I ;  (B )  B800-820.  

energy transfer kinetics of a number of different 
isolated pigment-protein complexes of purple 
bacteria [12,14,15]. Consequently, such nanose- 
cond fifefimes appear to be typical of the quench- 
ing of BChl excited states of purple bacteria an- 
tenna complexes. The slow decay of the BCM 
850/820 excited state is much more pronounced 
in the decay curves measured within the absorp- 
tion band of BCM 850/820, where the decay is 
observed as an intense excited state absorption or 
a strung bleaching (see Fig. 3). 

A detailed analysis of the decay curves of Fi E. 
2, including deconvolution with the pulse autocor- 
relation function, reveals a clear difference in the 
itdtial fast time constant between the two groups 
of complexes; the BChl 800 ~ BChi 850 transfer 
tinie at 77 K in the type I complex is clearly 
resolvable and amounts to ¢f = 2 + 1 ps, whereas 
the corresponding time constant of the B800-820 
complex is too short to be resolved. The latter is 
estimated to be in the range 0.5-1 ps at 77 K. 
Previous studies of energy transfer dynamics in 
chromatophores of Rb. sphaeroides [10,11] sug- 
gested that the BCI¢ 800 ~ BChl 850 transfer rate 
is temperature-dependent. This is also clearly 
demonstrated by comparing the decay curves of 
Fig. 2 obtained at room temperature and 77 K. At 
room temperature (r.t.) the initial decay is too fast 
to be resolved by the deconvolution technique. 

However, we can use the ampfitude of the fast 
(bleaching) component to estimate the lifetime of 
the BChl 800 excited state. Thus we obtain the 
following relation with tentative time constants 
indicated. 

B800-850 TI(77 K) > B800-820 (77 K) • B800-820 TI (r.t.) 
1-2 ps 0.5-1 ps = ~.5 ps 

> BBOO-S2U (r.t.) 
<0.Sps 

In an attempt to explain the difference in en- 
erg, y transfer rate between the B800-850 type I 
and the B800-820 complexes we calculated the 
spectral overlap integral between the fluorescence 
of BChl 800 and the absorptiou of BChl 850/8~0 
The result of this calculation suggests that the 
overlap, and thus the rate of F6rster energy trans- 
fer, is at least a factor of three higher in the 
B800-820 complex as compared to the B800-850 
complex. Consequandy, this could explain the ob- 
served differences in energy transfer rates. 

Similarly, the observed temperature depen- 
dence of the BCIfl 800 ~ BChl 850/820 transfer 
rate can be attributed to a temperature-induced 
change in the spectral overlap. 

Petrich, J.W., Breton, J. and Martin, J.L. 
(private communication) also measured the rate of 
BChl 800 --* BChl 850 energy transfer in the iso- 
lated B800-850 complex of Rb. sphaeroides by 



exci t ing BChl  800 wi th  very short  150 fs pulses 
(A = 797 nm),  and  p rob ing  the rise of  the BCM 
850 excited state at  855 nm.  It was  concluded that  
the t ransfer  occurs wi th in  less than  100 fs. T h i s  
result  appears  to be  in cont radic t ion  to 3ur results.  
Howe~er,  it  is i m p o r t a n t  to  note  that  ihe femto-  
second exper iments  were pe r fo rmed  wi th  very h igh  
pulse  intensi ty  which  caused extensive exci tat ion 
annih i la t ion  to occur. Thus ,  ins tead of  its n o rma l  
approx.  1 ns  l i fet ime the B e h l  850* was  seen to 
decay wi th  an  approx imate  t ime cons tan t  o f  2.4 
ps. Such an  extensive quench ing  of  ~he excited 
state will mos t  likely result  in  an  :~.pp~trent shut-  
l en ing  of  the  dse t ime  of  the BChl  850 excited 
state. Th e  s i tua t ion  is even further compl ica ted  by  
the  fact that  some BChi  850 is  a lso directly excited 
at 797 rim. Thus ,  the rise of  the absorp t ion  signal  
duo to BChl  850* ,,via have a con t r ibu t ion  f rom 
an  ins tan taneous  rise in  addi t ion  to the contri-  
b u t i o n  f rom the BChl  800 ~ BChl  850 transfer.  
T o  resolve the t rue energy transfer  t ime (expected 
to b e  0 .5 -1  ps)  f rom such a mixed  signal, is 
p robab ly  a diff icul t  task.  

Upon exci tat ion a n d  p rob ing  wi th in  the BChl  
8 5 0 / 8 2 0  abso rp t ion  b a n d  a s ingle  l o n g  l i fe t ime 
du e  to the quench ing  of  the  BChl  8 5 0 / 8 2 0  excited 
s tate  is observed.  As  is seen f rom Tables  I I - I V  the 
B8 0 0 -8 2 0  and  the type l I  B 8 0 0 - 8 5 0  complexes  
appea r  to have  a somewha t  shor ter  l i fe t ime (¢~ = 
700 ps)  than  the type  I B800 -850  complexes  (% 
1100 ps). I t  was  men t ioned  above  that  some  of  the 
complexes  are  e x p o ' ~ l  to  efficient quench ing  of  

TABLE [11 

ISOTRQPIC LIFETIMES AND LIMITING ANISOTROPY 
FOP. THE B800-820 COMPLEX OF riPS ACIDOPHIL4 
STRAIN 7050 

The standard deviations of the nars~econd lifetimes are lOtS of 
the measured value. 

Temp. Wavelength ff (ps) % (ps) r(0) r (~ )  
(am) 

296 K 803 < 0.5 715 0.05 0.05 
S0S < 0.5 610 0.04 0.04 
820 - 800 0.07 0.05 
827 < ] 630 0.0g 0.08 
~50 770 0.11 0.08 

77~. 804 < t  0.~9 ~ 0  

the BC|d  8 5 0 / 8 2 0  excited s ta te  (see Tab l e  I) unde r  
exper imenta l  condi t ions  favor ing accumula t ion  of  
long-rived pho toproduc t s .  I t  appears  that  the  com-  
plexes  that  are mo s t  sensit ive to this quench ing  
also have the shor tes t  decay t ime of  the  f inal  
emit ter ,  in  the absence of  quenching.  Both  these 
observa t ions  cou ld  b e  the resul t  of  a s t ruc tura l  
difference in  the  p a r t  o f  the  po lypep t ide  cha in  
where  the BChl  8 5 0 / 8 2 0  ch romophore s  are 
s i tuated.  A mo re  o p en  s t ructure  in  this  pa r t  o f  the  
p ro te in  w o u l d  m a k e  the  BChl  ch romophores  more  
accessible to external  inf luence which  cou ld  affect 
the excited s ta te  l i fe t ime in  the descr ibed manner .  

F o r  the type  I 8 8 0 0 - 8 5 0  complex  of  Rps. 
acidophila the  l i fe t ime o f  the BChl  850 excited 

TABLE II 

ISOTROPIC LIFETIMES AND L]MITING VALUES OF 
ANISOTROPY FOR 88f10-850 TYPE I FROM RPS. 
ACIDOPHILA STRAIN 7750 

The standard deviations of the nanosecond lifetimes are 10~ of 
the measured vdlo~. 

Temp. Wave|ensth "rf (psi % (ps) r(0) r (~ )  
(rim) 

296 K 795 < I 1195 0.05 0.05 
803 < l I It0 0.05 0.05 
850 - 1100 0.08 0.07 
870 - 1090 0.11 0.11 
880 - 1050 0.10 0,10 

77 K 807 24-1 1000 0,28 < 0.05 
880 - 1250 0.11 0.11 

TABLE IV 

ISOTROPlC LIFETIMES AND LIMITING ANISOTROPY 
FOR THE B800-850 TYPE l[ COMPLEX OF RPS. 
ACIDOPHILA STRAIN 7050 

The standard deviations of the nanosecond lifetimes are 10~$ of 
the measured ",alue. 

Temp. Wavelength T r (ps) % (ps) r(O) r(oo) 
(rim) 

296 K 803 < 0.S 870 0.05 0.05 
808 < 0.5 863 0.06 0.05 
820 610 0.07 0.07 
831 830 0.07 0.07 
870 733 0.11 0.11 

77K 804 <1 - 0.37 •0 
807 <1 - 0.41 ~ 0  
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pl©xes. (A) 800 nm and room tempm'atur© (r.L); (B) 850 nra 
and room temperature; ((2) 800 nm and 7"/K; (D) 850 run and 77 K. 

state was also measured at 77 K (Fig. 4D), and 
found to be only slightly longer (20%) as com- 
pared to the room temperature value. 

The time dependence of the induced absorption 
anisotropy is most easily followed at those wave- 
lengths where a high intensity of the long-lived 
decay is observed, i.e. in this case in the BChl 
850/820 band. Here we have a time window of 
more than 1 ns to monitor the :ime evolution of 
the anisotropy of the Behl 85C/820 excitations. 
For BChl 800 the situation is triore difficult, due 
to the very short ex¢itc, M state lifetime. Only at 77 
K are the decay times long enough to allow 
quantitative measurements cf the anisotropy. 
However, even here the results are limited to an 
initial, r(0) and final, r(oo), value of the an- 
isotropy. No reliable time dependence could be 
obtained at these wavelengths due to the limited 
time resolution. 

The results summarized in Fig. 4 show that the 
decay of anisotropy in the studied complexes fol- 
lows the same general behavior as previously 
observed in chromatophores [10,11] and in the 

B800-850 complex of Rk sphaeroides at room 
temperature [12]. This means that excitation and 
probing in the BChl 800 band is associated with a 
relatively high anisotropy, r(0)> 0.2 at 77 K, 
whereas excitation and probing in the BChi 
850/820 band yields very low ainsotropy, r(0) = 
r(0o) < 0.1. There is seen to be a clear difference 
in the initial anisotropy between the B800-850 
type I and the B800-820 complexes as measured 
at 800 nm and 77 K (see Fig. 4C). While the 
maximum anisotropy for the B~',00-850 type I 
complex is about 0.25 it comes sery. close to the 
theoretical maximum of 0.4 for tbe B800-820 and 
B800-850 type II complexes. The lower-than-max- 
imum value of r(0) in the type I complex indicates 
that depolarizing BChl 800 ~ BChl 800 energy 
transfer proceeds on a timeseale similar to that of 
BChl 800 .o BChl 850 transfer [11]. If we assume 
that the BChl 800's of the B800-820 complex are 
orgaz~'~d in a similar way as those in the 
E800--850 complex, and that BChl 800 .-, BChl 
800 transfer has about the same rate in both 
complexes, then the observed difference in an- 



isotropy around 800 nm suggests a higher rate of 
BChl 800 ~ BChl 820/850 traazfer in the 
B800-820 and B800-850 type II complexes as 
compared to the type I complex. This conclusion 
is in accordance with the results obtained from the 
isotropie measurements (Fig. 2). 

At long times a low value of the anisotropy is 
observed at 800 rim, r(o~)<O.05 (Fig. 4). This 
suggests an efficient depolarization during the 
BChl 800 ~ BChl 850/820 and BChl 850/820 *-~ 
BChl 850/820 transfer steps. 

The anisotropy measured w~thin the BChl 
850/820 band ~ iadependent of time (within the 
time resolution), r(0) ffi r(o0) ffi 0.08 + 0.02, and 
temperature. These results suggest that there is a 
fast initial energy transfer between adjacent BChl 
850/820 molecules, presumably within one 
minimum unit, resulting in efficient depolarizat'on 
of the excited states. The fact that r(~o)= b.08 
suggests that the Qy transition dipole moments oi 
the BChl 850/820 molecules are oriented roughly 
in one plane, or several parallel planes. The same 
conclusion was earlier drawn from fluorescence 
and picosecond absorption depolarization mea- 
surements [6,10]. 

Finally we turn to a peculiar observation made 
for the B800-820 complex in a narrow wavelength 
interval around the isosbestie point of absorbance 
cha~ges due to BCId 820 (~ = 827 nm). In this 
wavelength range, where the amplitude of the 
absorbance changes due to BChl 820 is very low, a 
pulse limited decay of an initial bleaching is also 
observed. This type of decay is strongly remi- 
inscent of similar observations previously made 
for BChl 850 of Rb. sphaeroides [10] and BChl 880 
of Rs. rubrum [11]. Since this kind of kinetics has 
now been observed for all types of major antenna 
pigments of purple bacteria it "~ay be snggested 
',hat very rapid decays around the isosbestic points 
of BChl antenna pigments is a general property 
that reflects some fundamental process common 
to all pigment-protein complexes. 

We have previously suggested two possibilities: 
(i) spectral inhomngeneity of the BChl absorption 
band; (ii) spectral shifts due to exciton effects [11]. 
Since the effect appears in exactly the same way 
(same relative wavelength position and same kind 
of signal) in all complexes, it seams likely that the 
reason is more fundamental than spectral inhomo- 

geneity, which wodid be expected to show some 
variation between diff¢:=ut complc'~es. We there- 
fore ~uggcst that the effect arises as a resuh of 
breaking exciton interaction a~ter excitation. If the 
absorption band of the pigment that is excited 
correspond~ to ex.'Aton-coupie~ ~.Chl molecules, 
the initial excited state is expected to be a coUec- 
tire excitation. The lifetime of socb a state is 
probably very short (< 1 ps) [16,17], and would be 
expected to decay into a localized excited state, 
where the energy is localized on a single BCF- 
molecule. Exciton.coupled BCh] molecules of fight 
harvesting pigment-protein complexes seem gener- 
ally to have a red-shifted absorption spectrum 
relative the spectrum of the non-interacting mcle- 
cules. A transfer from coupled to less ~oupled 
ehromophores, induced by exciton localization, is 
thus expected to be associated with a spectral 
blue-shift. The very rapid kinetics around the iso- 
sbestic wavelengths described above are all cot:- 
sislent ~,ith this picture. 
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