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We have studied the energy-transfer dynamics in chromatophores of Rhodobacter sphaeroides and Rhodospirillum rubrum 
at 77 K, with functional charge separation. Using low-intensity picosecond absorption recovery, we determined that 
transfer between the energetically low-lying antenna component BCh1896 and the special pair of the reaction center occurs 
with a time constant of 37 ps in Rb. sphaeroides and 75 ps in R. rubrum. Assuming that a F6rster energy-transfer mecha- 
nism applies to the process, this allows us to estimate the distance between BCh1896 in the B875 complex and the special 
pair P870 in the reaction center to range between 26 and 39/~, in Rb. sphaeroides. Such a distance indicates that the 
BChI896 pigment and the special pair of the reaction center are at the minimum separation allowed by the size and shape 

of the reaction center and the light-harvesting polypeptides. 

Energy transfer; Picosecond absorption spectroscopy; Bacteriochlorophyll; Reaction center; Light-harvesting antenna 

1. I N T R O D U C T I O N  

The dynamics of  energy transfer and trapping in 
photosynthetic purple bacteria have recently been 
extensively studied by means of  picosecond ab- 
sorption [1,2] and fluorescence measurements 
[3,4]. These experiments have clearly shown that 
the bacteriochlorophyll light-harvesting antenna is 
inhomogeneous and consists of  several different 
pigment pools forming an energetic downhill ar- 
rangement for energy transfer to the special pair of  
bacteriochlorophylls (called P870) of  the reaction 
center (RC). For R. rubrum and Rb. sphaeroides, 
which we have studied in this report, the main 
antenna consists of  one (B880) and two (B800- 
850, B875) pigment-protein complexes, respective- 
ly. In both species there also exists an additional 
minor red-shifted component termed B896 
[1,2,5,61. 

Steady-state fluorescence depolarization mea- 
surements at 4 K [5], picosecond absorption 
measurements at room temperature [1] and 77 K 
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[2], as well as spectroscopic work with photosyn- 
thetic mutants [6], have shown that B896 is an in- 
tegral part of  the B875/B880 core antenna. Its 
spectral properties may arise as a consequence of  
pigment-pigment or pigment-protein interactions, 
and the function of  B896 is probably to concen- 
trate the excitation energy into the vicinity of  the 
reaction center, thereby increasing the probability 
of  trapping [7]. 

As a result of  picosecond absorption measure- 
ments on chromatophores [1] and isolated pig- 
ment-protein complexes [8,9] of  purple bacteria, 
the energy transfer at room temperature can be 
characterized by the following sequences and time 
constants seen when the RC is able to perform 
light-driven charge separation [1,8,9], i.e. the RCs 
are 'open ' .  

Rb. sphaeroides 

=0.5 ps 35-40 ps 
BChlS00 , BCh1850 . 

60 ps 

BChI875 ~BChl896) RC(open) 
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R. rubrum 

60 ps 

BChI880 IBChI896) RC(open) 

The  energy di f ferences  be tween ad jacen t  pig- 
men t  pools  in these sequences (except  BChl800 /  
850) at  r o o m  t e m p e r a t u r e  are  smal l  c o m p a r e d  to  
kT. Energy  equ i l ib r ium is t he r fo re  es tabl i shed  be- 
tween the pools  shor t ly  af ter  exci ta t ion,  and  the 
measu red  exci ted-s ta te  decays will ref lect  this  fact .  
As  a resul t  o f  such equ i l ib ra t ion  processes  the  
BChI875 (/BCh1880) . • BCh1896 energy- t rans fe r  
s tep canno t  be d is t inguished  f rom the  BCh1896 
--'--" R C  t r app ing  process  at  r o o m  t empera tu re ,  
and  on ly  an  average  t r app ing  t ime cons tan t  o f  
a b o u t  60 ps is obse rved  [1]. 

W h e n  the energy- t rans fe r  kinetics are  measured  
at  77 K, all t r ans fe r  steps are  effect ively i r rever-  
sible and  the ind iv idua l  energy- t rans fe r  processes  
can  be resolved [2,10]. P i cosecond  a b s o r p t i o n  
measu remen t s  h a v e  a l lowed us to  charac te r ize  the  
energy- t rans fe r  process  in pu rp le  bac te r i a  at  77 K, 
wi th  the p r i m a r y  d o n o r  (P870) o f  the  reac t ion  
center  in its oxid ized  s tate  (P870÷).  U n d e r  these 
cond i t ions ,  no  charge  s epa ra t i on  is poss ible ,  but  
the  exci ta t ion  energy is still quenched  re la t ive ly  ef- 
f ic ient ly  by  the ox id ized  p r i m a r y  dono r ,  i .e.  the  
RCs  a re  no t  ab le  to  p e r f o r m  l ight -dr iven charge  
s epa r a t i on  and  are  ' c lo sed ' .  

F o r  Rb. sphaeroides the  measu red  kinet ics  was 
in te rp re ted  as the  fo l lowing  sequence o f  events 
[2,10]: 

Rb. sphaeroides 

1-2 ps 40 ps 10-15 ps 
BChI800 ~ BCh1850 , BChI870 . 

20 ps 19o ps 
BChI875 ~ BCh1896 ~ RC(closed) 

F o r  R. rubrum, which lacks  the  B800-850  pig- 
ment ,  the  scheme becomes :  

20 ps 150 ps 
BChI880 ~ BCh1896 , RC(closed) 

It  is o f  cons iderab le  in teres t  to  ob t a in  the  ra te  o f  
the  t r a p p i n g  step BCh1896 ~ RC with the  reac- 
t ion  centers  in the  active,  open,  s tate ,  and  able  to  
effect  charge  separa t ion ,  since this  would  p rov ide  
insights  into the  p igment  o rgan i za t i on  in the  im- 

med ia t e  su r round ings  o f  the r eac t ion  center  com-  
plex.  Such an  exper iment  wou ld  also c lear ly  
es tabl i sh  the  t ime scales o f  energy t ransfe r  and  
t r a p p i n g  in the  p r i m a r y  reac t ions  o f  pho tosyn -  
thesis .  

Here ,  we have s tudied  the t r app ing  o f  exc i ta t ion  
energy by  the r eac t ion  center ,  in c h r o m a t o p h o r e s  
o f  Rb. sphaeroides and  R. rubrum at 77 K. The  ex- 
pe r imen ta l  condi t ions  (low t e m p e r a t u r e  and  con-  
t inuous  i l l umina t ion  o f  the  sample)  m a d e  it 
imposs ib le  to  ma in t a in  a ful ly  act ive electron-  
t r a n s p o r t  chain ,  bu t  nevertheless  the  p r i m a r y  step 
o f  charge  sepa ra t ion  f rom the  special  pa i r  to  the 
p r i m a r y  e lec t ron  accep tor  b a c t e r i o p h e o p h y t i n  
(Bph) ,  P870 Bph ~ P870 ÷ B p h - ,  was ope ra t ing  
a n d  in the  context  o f  ou r  exper iments  the  RCs are  
open .  In  the present  exper iments ,  the  m i n o r  anten-  
na  c o m p o n e n t  B896 was di rec t ly  exci ted by  an in- 
f r a red  p icosecond  pulse and  the t r app ing  o f  
exc i ta t ion  energy was m o n i t o r e d  by  p icosecond  ab-  
s o r p t i o n  spec t roscopy  [1]. The  results  show tha t  
the  f ina l  t r app ing  step is re la t ively  slow; the  t ime 
cons t an t  assoc ia ted  with this  process  was measured  
to be 37 + 5 ps in Rb. sphaeroides and  a lmos t  a 
f ac to r  o f  two longer  in R. rubrum. A s s u m i n g  tha t  
the  F f r s t e r  mechan i sm o f  energy t rans fe r  appl ies  
we es t imate  an  average  center - to-center  d is tance  
be tween  BChI896 and  P870 o f  a b o u t  3 nm in Rb. 
sphaeroides. 

2. M A T E R I A L S  A N D  M E T H O D S  

In order to resolve the BChI896 ---* P870 trapping step, the 
equilibrium situation established when there is energy back- 
transfer must be avoided. Consequently, the experiments were 
performed at 77 K. However, since the picosecond laser used 
delivers a continuous train of picosecond pulses with a repeti- 
tion rate of 80-800 kHz, and the frozen sample cannot be flow- 
ed, maintaining the reaction centers in their fully active state is 
a difficult task. This forced us to use experimental conditions 
where only the primary charge separation step from the special 
pair P870 to the primary acceptor bacteriopheophytin (Bph) is 
active. Experimentally, this was realized by pre-reducing the 
secondary electron acceptor (QA) with sodium dithionite 
(10 mM in Rb. sphaeroides and 50 mM in R. rubrum) in a buf- 
fered solution (50 mM Tricine) with a 1:2 water/glycerol ratio, 
at pH 8, and under anaerobic conditions. Immediately after 
preparation the samples were cooled to 77 K where they form 
a transparent glass. Excitation of P870 then leads to primary 
charge separation and formation of the state P870+Bph-Q~. 
The recombination of this state occurs with a time constant of 
about 20-25 ns and yields either the original ground state or the 
reaction center bacteriochlorophyll triplet state [11]. The latter 
is rapidly converted into a reaction center carotenoid triplet 
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state [11]. The carotenoid triplet has a lifetime of a few 
microseconds [11]. At relatively low pulse intensities the reac- 
tion centers can thus be maintained in the active state, even dur- 
ing illumination with a pulse train having a pulse repetition rate 
of 80-800 kHz. 

Picosecond absorption recovery kinetics were measured using 
the technique described in [1]. In order to establish the open 
reaction center state and avoid non-linear effects, it is necessary 
to use a light intensity as low as possible when measuring the 
kinetics. Maximum average and peak pulse intensities of 4.2 x 
1019 photons .s -1 -cm -2 and 5.1 x 1013 photons .cm-2.pulse -1, 
respectively, were employed in the present measurements, and 
the kinetics remained unchanged when the intensity was 
decreased 10-fold. 

3. RESULTS AND DISCUSSION 

For excitation wavelengths longer than 905 nm 
the B896 pigment is selectively excited in Rb. 
sphaeroides [2], and if the same analyzing wave- 
length is used, energy transfer out of  B896 is mani- 
fested by recovery of  the B896 bleaching and 
formation of  a constant bleaching due to 
P870+Bph - .  The difference absorption (AA) spec- 
t rum of  P870+Bph - is known to possess a bleach- 
ing band in the wavelength region 870-910 nm, 
with a maximum around 890 nm [12]. The kinetic 
curve of  fig.1 obtained on Rb. sphaeroides 
chromatophores at 905 nm, shows that the bleach- 
ing due to the initially formed BCh1896* decays 
with a time constant of  37 ps into a long-lived 
bleaching of  low intensity due to P870+Bph - .  A 
similar appearance of  the kinetics is observed at 
other wavelengths above 900 nm. At shorter 
wavelengths the excited state of  B896 is observed 
as an absorption increase [2], and the same time 
constant for the BChl896* decay is obtained. 

The characteristic shape of  the AA spectrum of  
P870+Bph - around 800 nm [12] is used to confirm 
further the identity of  the long-lived bleaching 
observed at 905 nm. The AA spectrum of  isolated 
reaction centers displays maximum absorption at 
790 nm and maximum bleaching at about 810 nm 
[12]. Absorption recovery measurements perform- 
ed at these two wavelengths are in full agreement 
with the assignment of  the constant signal formed 
after the decay of  BCh1896*, to the charge- 
separated radical pair P870+Bph - .  This is il- 
lustrated by the other kinetic curves displayed in 
fig. 1. The formation of  a long-lived bleaching at 
8 1 0 n m  and long-lived absorption at 790nm 
proves that the P870+Bph - state is developed. The 

0 

Rb. sph. 
Open RC, 77 K 

~ = 9 0 5 n m  

~.= 810 nm 

~ = 7 9 0 n m  

I I I I l 

0 200 400 600 800 

TIME/ps 

Fig.l. Absorption recovery kinetics of Rb. sphaeroides 
chromatophores at 77 K measured at three different wave- 
lengths. Open RC refers to the initial state of the reaction 
center, with the primary donor P870 reduced, the primary 
acceptor Bph oxidized and the secondary acceptor Q^ reduced, 
i.e. P870 Bph QTy. This state is capable of trapping excitation 
energy from the antenna by formation of the charge-separated 
state, P870+Bph-QT,. The long-lived (~,1 ns) kinetic com- 
ponent observed in all traces reflects the presence of this 

species. 

small difference in extinction coefficients between 
antenna BChl and P870+Bph - at these wave- 
lengths makes the task of  obtaining a time constant 
for  the trapping from these traces a difficult one. 

When the experiments described above were 
repeated for R. rubrum, a considerably longer time 
constant of  about 75 ps for the final trapping step 
at 77 K was obtained as is shown in fig.2. Kinetics 
measured as a function of  temperature show that 
the trapping time constant for R. rubrum increases 
f rom about 40 ps at 100 K to 75 ps at 77 K ob- 
served here [13], whereas for Rb. sphaeroides it re- 
mains constant (37 ps) over the entire temperature 
interval of  177-77 K. Previous measurements of  
the temperature dependence of  the fluorescence 
quantum yield [14] have shown that the fluore- 
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~, = 9 0 7 n m  

R. rub rum 

Open RC, 77 K 

~.= 8 7 O h m  

r"~rv~'rvrlrV, . . . . . . . .  ' 
0 200 400 600 

T IME/ps  

Fig.2. Absorption recovery kinetics of R. rubrum at 77 K, 
measured at two different wavelengths. Open RC has the same 

meaning as in fig. 1. 

relevant, 

20 ps 75 ps 
BCh1880 ~ BChl896 , RC(open) 

From the schemes above it is evident that the 
final trapping step occurs with a rate typical of  
other inter-complex energy-transfer processes in 
purple bacteria. The time constant of  this step is of  
the same order of  magnitude as the total trapping 
time observed at room temperature [1]. This result 
demonstrates that the final trapping step con- 
tributes substantially to the overall trapping time. 
One may speculate as to how well this agrees with 
the known high overall efficiency of  energy 
transfer in these organisms. It appears that the 
minor B896 antenna component is a necessary 
feature for attaining the observed efficiency. With 
this low-energy antenna component,  consisting of  
only a few BChl molecules per reaction center [6], 
the excitation energy is concentrated into the 
vicinity of  the reaction center, which makes trapp- 
ing more probable although it is fairly slow. 

Assuming weak F6rster coupling between 
BChl896 and P870, the distance between the 
chromophores can be estimated from the F6rster 
relation for energy transfer [15,16]: 

scence quantum yield of  both R. rubrum and Rb. 
sphaeroides starts rising at about 80 K when the 
temperature is lowered. This rise is however 
substantially sharper in R. rubrum. We suggest 
that the longer trapping time at 77 K observed for 
R. rubrum is a result of  a temperature-induced 
spectral narrowing and /or  a spectral shift, affec- 
ting the spectral overlap and energy-transfer effi- 
ciency; at physiological temperatures the rate of  
trapping is identical in the two species. 

With the present measurement of  the energy 
trapping step in purple bacteria, the energy flow 
through the antenna system of  Rb. sphaeroides at 
77 K, with primary charge separation operational, 
is characterized by the following scheme and time 
constants: 

1-2  ps 40 ps 10-15 ps 
BChI800 , BChI850 , BCh1870 . 

20 ps 3 5 - 4 0  ps 
BChI875 , BChI896 , RC(open)  

In the case of  R. rubrum only the last two steps are 

where kr is the radiative lifetime; and 

(R0) 6 - 91nl0x 2 .~f(}[ ) • 0 t  ))t 2d~ 

128~rSn4NA ~ )t2 

In evaluating the integral in the numerator of  the 
expression for Ro we encounter a problem; the ab- 
solute value of  the extinction coefficient of  P870 as 
a function of  wavelength, e(A), is not known at 
77 K. Therefore,  we estimate e(A) by combining an 
absorption spectrum of  the isolated reaction center 
at 77 K [12] with information about the value of  • 
at 295 K [17] and data on the variation of  • when 
Tis varied [18]. The steady-state fluorescence spec- 
t rum of  the isolated B875(-896) complex at 77 K 
[19] gives f(A), and kF = 5.6 x 107 s -I is obtained 
from the literature [20]. Since the solvent is mostly 
glycerol we have used n = 1.5 as the refractive in- 
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dex [21]. The rate of  energy transfer is kET = (37 × 
10 -12 S) -1 -- (650 x 10 -12 s) -1 where 650 x 10 -12 is 

the excited-state lifetime of  BChl896 in the absence 
of  trapping as measured in the isolated B875 com- 
plex at 77 K [22]. 

When the steady-state fluorescence spectrum of 
the B875/896 complex is used to obtain f(~) of  the 
energy donor (B896) for the calculation of  R0, 
there is also a small contribution from B875 
fluorescence. To correct for this contribution we 
have repeated the same calculations with the 
deconvoluted emission spectrum of BChl896 
deduced from time-resolved emission measure- 
ments by Shimada et al. [23]. This emission spec- 
trum is approximated as a Gaussian band with Xma~ 
at 925 nm and a full-width at half-maximum of 
27.8 nm. This yields an Ro value which is about 
25 °7o less than that obtained using the total steady- 
state emission spectrum. 

This leaves us with the question as to the value 
of  the orientation factor ..y2 in this pigment system. 
From the crystal structure of  the reaction center 
[24] and measurements of  linear dichroism [25], it 
is clear that P870 has the transition moment 
oriented parallel to the membrane plane. BChl896 
is assumed to have the Qy transition parallel to the 
membrane plane [5], and judging from measure- 
ments of  the anisotropy decay at 77 K [2,22], 
which suggest transfer among differently oriented 
BCh1896 molecules, we assume, for simplicity, the 
BChl896 transition dipole moments to have a cir- 
cularly degenerate orientation in the plane. This 
allows us to calculate a value of  1,2 for x 2. Using 
this value of  .,y2 as  an upper limit and the value .,y2 
= 2/3, in the case of  a completely random orienta- 
tion of  the transition dipoles, as a lower limit, we 
calculate the distance, R, between BChl896 and 
P870 to be R = 35-39 A (Ro = 97-107 ~,) when 
using the total emission spectrum, and R -- 
26-31 A (R0 = 73-86 ,~,) using the deconvoluted 
BChl896 spectrum. 

Considering the size of the reaction center in the 
membrane plane, an ellipse with minor and major 
radii of  at least 20 and 35 ,~ [26], and noting the 
central position of  P870 within the reaction center 
polypeptides [24], it is clear that a distance between 
BCh1896 and P870 of  26-39 .~ implies that the 
B875 complex with the B896 pigment is situated at 
a distance from the special pair which is determin- 
ed by the physical dimensions of  the reaction 

center polypeptides. In view of  the fact that the 
shorter estimate for R is probably more likely to be 
correct, we predict that the B875(-896) antenna in- 
teracts with the reaction center polypeptides, and 
that excitation energy enters the reaction center, 
along the short axis of  the complex. 
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