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The kinetics and the yield of the primary charge separation in whole cells of Rps. v/r/d/s was studied with the 
light-gradient technique using 30 ps and 12 ns flashes at 532 nm and 1064 nm. When the menaquinone acceptor, QA, of 
the reaction centers (RCs) is oxidized the primary charge separation occurs with two electrogenic phases. The faster 
phase with a time constant of 45 + 20 ps contributed with 40% and the slower phase with a time constant of 140 + 15 ps 
contributed with 60% to the total electTogenicity. We interpret the fast phase as the trapping time, monitored by the 
charge separation between the primary donor P-965 and the intermediary pheophytin acceptor, H. The second phase is 
ascribed to the electron transfer from H to QA- The reduction of QA, either chemically or photochemically, prior to the 
flash leaves only the fast rising phase. This signal decays with a time constant of 2 .3-2 .8  ns. At the excitation 
wavelength of 1064 nm the quantum yield of primary photochemistry is 0.97:1: 0.07. The reduction of QA does not 
change the quantum yield. The recombination of the state P +H - when QA is reduced can repopnlate the excited state 
(ant.. P)* as demonstrated by a fluorescence phase with the same time constant. The fast phase of fluorescence was not 
affected by the reduction of QA, indicating an unaffected primary photochemistry. Fluorescence measurements with 
double flashes delayed by nanoseconds showed that the quenching power of P + is approx. 1.4-times smaller than that of 
P. A comparison of the photovoitage amplitude evoked by 12 ns flashes and 30 ps flashes at 1064 nm revealed marked 
competition between annihilation and trapping. At 532 nm the competition was less pronounced. The influence of the 
fraction of closed RCs (as defined by the state P + QA) on the trapping efficiency was studied by excitation with trains 
of 30 ps flashes. These data and the data resulting from the nanosecond versus picosecond measurements are analyzed 
with a theory for the light-gradient photovoltage (l~ibl and Trissl (1990) Biochim. Biophys. Acta 1015, 304-312)  and a 
theory of exciton dynamics in the lake model (Deprez et al. (1990) Biochim. Biophys. Acta 1015, 295-303).  
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Introduction 

The first photophysical steps in bacterial photo- 
synthesis are the absorption of light by a photochemi- 
cally inactive antenna pigment, the migration of the 
excitation energy in the antenna bed, and its interaction 
with the primary donor, P, of the reaction center (RC) 
[1-3]. The redox potential of P* is sufficiently negative 
as to reduce an intermediary acceptor, H, which in turn 
reduces a quinonic acceptor, QA. In the case of 
Rhodopseudomonas oiridis and Rhodobacter sphaeroides, 
the geometrical position of H, when projected onto the 
membrane normal, is close to the middle point between 
P and QA [4-6]. Since P and QA lie on opposite sides of 
the membrane the photochemical steps are electrogenic. 
Hence, the primary reactions can be divided into the 
non-electrogenic energy transfer and two electrogenic 
steps. The electrogenicity of the two forward electron 
transfer steps has been demonstrated by direct electrical 
measurements [7,8]. 

In the case of the purple bacteria Rps. viridis and 
Rb. sphaeroides, the protein structure of the RC, the 
pigment composition, and the spatial arrangement of 
the pigments are well known from X-ray crystallo- 
graphic analysis [4-6]. Less detailed information exists 
on the dielectric properties of the micro-environment of 
the electron carrier molecules. As will be shown later, 
such information can be gained from an analysis of the 
electrical data in relation to the structure. 

Also well known are the primary photophysical and 
photochemical reactions in isolated RCs of Rps. viridis 
down to femtosecond resolution. In RCs with oxidized 
QA the radical pair, P÷H- ,  is formed with a rate 
constant of (2.8 ps) -1 [9]. Upon reduction of QA, the 
rate has been shown to be about 30-40% lower in Rb. 
sphaeroides, (Refs. 10, 11, and Martin, J.L. and Breton, 
J., unpublished results) and a value of (6 ps)- a has been 
reported for Rps. viridis [12]. The reduction of QA has 
been reported to occur in about 230 ps [13]. 

A charge transfer state formed from P* in less than 
200 fs has been proposed from hole-burning, photon- 
echo studies [14-16], as well as Stark effect spec- 
troscopy [17]. The relevance of this step for the mecha- 
nism of trapping, however, is not completely clear. 

In some purple bacteria, like Rb. sphaeroides, three 
different antenna pigment systems are distinguished 
[18]. These are the peripheral light-harvesting complex 
(LHC) B800-850, the core complex B875 [2,18], and 
some minor far-red absorbing pigments absorb around 
900 nm [19,20]. Recent excitation transfer dynamic 
studies have shown that excitons created in the periph- 
eral antenna flow energetically downhill via the core 
complex, to finally concentrate in far-red pigments that 
surround the RC [21]. As already recognized in 1965 by 
Holt and Clayton [22], the excitation of the primary 
donor, P-870, would require an energy uphill conver- 
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sion. The corresponding Boltzmann factor of 0.2 at 
room temperature appears rather small in view of the 
short trapping time of about 60 ps [2,23]. 

A much higher energy gap is found in Rps. viridis. 
This bacterium contains only one antenna pigment sys- 
tem which - on the basis of its long-wavelength absorp- 
tion maximum at 1015 nm - may be considered as a 
particularly far-red shifted core complex. The absorp- 
tion maximum of the primary donor lies at 965 nm, 
thus at a much shorter wavelength than the antenna. 
This is the highest energy gap known so far and one 
would expect that - due to the very unfavorable Boltz- 
mann factor - this may lead to a low photosynthetic 
quantum yield and to long trapping times. Low dose 
electron microscopy has shown that on the cytoplasmic 
side each RC is surrounded by 12 subunits which are 
assigned to antenna complexes [24,25]. Each subunit 
contains an a,fl-polypeptide heterodimer, as well as a 
~,-polypeptide which does not bind bacteriochlorophyll 
[26]. If each of the a- and fl-polypeptides binds one 
bacteriochlorophyll b, as it is generally accepted for 
bacteriochlorophyll-a-containing antenna [27], the an- 
tenna size is 24. 

Rps. uiridis is most interesting for studying exciton 
dynamics and trapping yield since the antenna system 
appears to be small and homogeneous and the RC 
structure and function are known in great details. On 
the other hand, little is known on the coupling of the 
antenna to the RC. This is in part due to technical 
problems associated with the classical assay of time 
resolved fluorescence in the near-infrared. 

In contrast, photovoltage measurements can conveni- 
ently be applied to this organism. Recently, we have 
determined two rising phases in the primary charge 
separation by the light-gradient technique and have 
given a lower limit of 40 ps or less for the trapping time 
[8]. Technical improvements of the method [28] and 
newly developed theories of the light-gradient photo- 
voltage [29], and exciton dynamics [30], led us to rein- 
vestigate the primary photochemistry of this system in 
more detail. 

The present study, carried out with whole Rps. oiridis 
cells, aims at gaining information on (i) the absolute 
quantum yield of primary photochemistry upon excita- 
tion in the antennae, (ii) the trapping times in the low 
energy limit and at higher energies, (iii) the question 
whether a negative charge on Q^, which is known to 
slow down the primary charge separation in isolated 
RCs, influences the trapping time, (iv) the effect of the 
photon energy (excitation wavelength) on the trapping 
process, (v) the competition between trapping and anni- 
hilation when short (30 ps) and intense picosecond 
flashes are applied, and (vi) the influence of the closure 
of a fraction of RCs (P+) on the trapping efficiency of 
the remaining open RCs. 

All these data were obtained from photovoltage mea- 
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surements of the light-gradient type. They were analysed 
with theories of the light-gradient [29] and of the exci- 
ton dynamics for the lake model description of photo- 
synthetic units [30], which was shown to be adequate for 
Rps. viridis [31]. Further subjects addressed are: (i) the 
analysis of the photoelectric data for the dielectric posi- 
tion of H with respect to P and QA, (ii) the determina- 
tion of the back-reaction kinetics under reducing condi- 
tions, and (iii) the measurement of the fluorescence 
yields and fluorescence decay kinetics (300 ps time 
resolution) under ambient and reducing conditions. 

Materials and Methods 

Rps. oiridis cells were grown according to Ref. 32. 
For measurements, they were diluted with 20 mM Tris 
buffer (pH 8.0) to give an absorbance at 532 nm of 
A = 0.34 in a 0.1 nun cuvette. All measurements were 
done in the presence of 30 #M PMS (phenazine metho- 
sulfate). 

Photoelectric measurements were carried out with a 
micro-coaxial cell as described [28]. The signals with the 
highest time resolution were amplified by two cascaded 
broad band amplifiers of 10 GHz  and 8 GHz  band- 
width (SHF 80 from SHF-Design, Berlin, and IV 74 
from the Hahn-Meitner-lnstitut, Berlin). Single traces 
were recorded with a 7 GHz  transient digitizing oscillo- 
scope (7250, Tektronix). At the end of each sweep a 
marker signal from a picosecond photodiode was ad- 
ded, which had a fixed time delay to the excitation 
flash. The marker signal served to shift on a computer 
the individual traces to a common origin before averag- 
ing. This procedure avoids a loss of the time resolution 
due to the jitter between different single-shot traces. 
When lower time resolution was sufficient the signals 
were recorded with a 1 GHz set-up as described [28]. 

The time resolution and apparatus response function, 
including the laser flash duration, the response time of 
the micro-coaxial cell, of the two amplifiers, and of the 
oscilloscope, was obtained by means of the ultra-fast 
charge separation occurring in purple membranes 
[33,34]. Photovoltage signals of this system were found 
to display a Gaussian rise with a time constant of 85 ps. 
With the convolution procedure described in Ref. 23, 
this allows for the determination of exponential rise 
times of 20 to 40 ps depending on the signal-to-noise 
ratio. 

Excitation pulses were derived from two different 
lasers. One was a Nd-YAG laser delivering flashes of 12 
ns or 30 ps duration at the wavelengths of either 1064 
nm or 532 nm (frequency doubled). The other was a 
ruby laser delivering flashes of 80 ns duration under 
Q-switched conditions or 30 ps duration under mode- 
locking conditions at the wavelength of 694 nm. For the 
fluorescence double-flash experiments (Fig. 7), the Q- 
switched ruby laser pulse was shortened to about 10 ns 

by means of a pulse clipping system. Double flashes 
spaced by 40 ns were obtained by means of a beam 
splitter and an optical delay line. 

The flashes were passed through a light pipe to 
achieve homogeneous illumination. The distance be- 
tween the measuring cell and the output of the light 
pipe was 70 mm, enlarging the homogeneously il- 
luminated area to more than 10 mm diameter. Flash 
energies were measured with an energy meter (ILl 7200, 
Laser Precision) under the same geometry. The repe- 
tition rate was 0.1 Hz throughout. 

Fluorescence was detected by a Ge-Avalanche pico- 
second photodiode (AR-G20, Antel) using a long-pass 
filter RG 835. The signals were amplified 10-times 
(B& H Electronics 3 GHz-amplifier, type AC-3010) and 
recorded on the 1 GHz  set-up. 

The absorption cross-section of the antenna pigments 
in the native membrane was determined as follows. An 
absorption spectrum of an aqueous suspension of Rps. 
viridis chromatophores was taken between 400 and 1100 
nm on a Schimadzu spectrophotometer (model UV-160). 
100 ~tl of the same suspension in 400 ~i methanol was 
introduced on a filter (Sep-Pak C18 cartridge, Waters 
Associates, U.S.A.) and washed with 1 ml of 80% 
methanol/20% water. After turning the filter, bacterio- 
chlorophyll b was extracted with 98% ethanol (2-3 ml). 
The first appearing BChl b was collected separately 
from the later appearing carotenoids. From the absorp- 
tion of the BChl b-containing fractions and a molar 
absorption coefficient for the Qy-band of bacterio- 
chlorophyll b in ethanol of 77000 (Wollenweber, A., 
personal communication), we calculated the molar ab- 
sorption coefficients of the membrane-bound antenna- 
BChl b to be 150000 at 1015 nm and 22500 at 1064 
nm. The former is at variance with the absorption 
coefficients assumed by Olson and Nadler [35]. Apply- 
ing the same procedure at 532 nm, yields an analytical 
molar extinction coefficient of 25 300, which, however, 
involves a systematic underestimation due to the ab- 
sorption of pigments other than BChl b in the mem- 
brane fraction (e.g., carotenoids and bacteriopheo- 
phytin). 

Results 

Excitation with 12 ns flashes 
First we consider excitation conditions with long 

pulses for which annihilation effects can be neglected. 
These conditions allow the quantum yield of the primary 
photochemistry to be directly determined. 

Excitation of whole Rps. viridis cells with 12-ns 
flashes of low energy (<  100 /~J. cm -2) at either 532 
nm (Fig. la) or 1064 nm (Fig. lb)  led to a step function 
like photovoltage when the signals were measured with 
a high impedance amplifier (rise time 1 ns). Hence, the 
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Fig. 1. Time resolved light-gradient photovoltages from Rps.  viridis cells in a microcoaxial measuring cell excited with 12 ns laser flashes of 
different energies at the wavelengths 532 nm (a) and 1064 nm (b). The signals were picked up by a 500 MHz impedance converter (18 k12 to 50 12) 
before their further amplification. Averaged traces: 20. The traces were deconvoluted with a 45 ns exponential decay function which results from a 

self-discharge of the capacitative measuring cell [501. 

t ime-course  of  the small  signals in Fig. 1 follows the 
in tegra ted  laser  flash. 

A n  increase  of  the flash energy above  100 p J .  c m - 2  
led to a faster  r ising photovol tage ,  an increase of  the 
max ima l  a m p l i t u d e  up to a sa tu ra t ion  value,  and  a 
decrease  of  the pho tovo l t age  wi thin  the du ra t ion  of  the 
12 ns flashes (Fig.  l a  and  b). These  p h e n o m e n a  are  
specific for the l ight -gradient  effect. They  can be qual i-  
ta t ively  unde r s tood  and  have been quant i ta t ive ly  t reated 
(Eqn. 16 and  Fig. 6 in Ref. 29). 

The  energy dependence  of  the pho tovo l tage  remain-  
ing af ter  the 12 ns flash is p lo t t ed  in Fig. 2 (double-  
logar i thmic  scales) for exci ta t ion  at  532 nm (Fig.  2a) 
and  1064 nm (Fig.  2b), respectively.  The  da t a  were 
ana lyzed  using the corre la t ion  be tween the exci ta t ion 
energy expressed in hits pe r  RC,  z, and  the fract ion of  
still open  RCs  af ter  a flash, q o f ,  in Eqn. 11 of  the 
exci ton theory for a lake model  [30]. Fo r  the special  case 

of negligible ann ih i la t ion  and of  all RCs open  before  
the flash (Qo = 1) this equat ion  reads:  

ko ko 
F.  -~c " z = qot " (1  - qof 

The l igh t -grad ien t  pho tovo l t age  fol lows by  subs t i tu t ion  
of  Eqn. 1 into Eqn. 9 of  the l igh t -grad ien t  theory  [29]: 

V(  z ) = f . Vo. l Aqc , l (  z ) - A q c , 2 ( T ¢ , -  z )] (2) 

using the re la t ion Aq¢- - - -1 -  qof. Here in  F means  the 
q u a n t u m  yield,  k o / k  c the ra t io  of  quench ing  rate  con-  
s tants  of  open (P) and  c losed (P+)  RCs,  V the measured  
pho tovo l tage  remain ing  af ter  the flash, f a p r o p o r t i o n -  
al i ty factor,  V o a hypothe t i ca l  pho tovo l t age  which would  
be measured  if all RCs  in a single p lane  m e m b r a n e  were 
closed by  the flash, and  Wet t the t ransmiss ion  charac-  

,o,,1 " r-  • = ' m ~ ~" 0 8'sl 

1013 10 a~ 10 Is 10 TM 

energy / photons-cm -2 

1 " 0 1 ~  ' ' (~) 

1013 10 lz" i0 Is 1016 

energy / photons.era-2 

Fig. 2. Energy dependence of the photovoltage amplitudes remaining after the 12 ns flahses. (a) The data at 532 nm were fitted (solid line) as 
described in the text, using the following parameters: f .  Vo = 12 mV, Weft = 0.8, k o / k  c =1.4, and F . N . o  = 8.15.10 -16 cm 2. (b) The data at 1064 

nm were fitted (solid line) using the following parameters: f- V o = 12 mV, Weft = 0.9, k o / k  ~ = 1.4, and F. N- o = 2.0-10 - 15 cm 2. 

T A B L E  I 

List of  parameters used in this work to fi t  all dam 

Weft -P '  N "  o ( c m  2 ) 

532 nm 0.8 8.15-10 -16 
1064 nm 0.9 2.0.10-15 

/ . v  o (mY) ko/k, ~2/A, a 

12 1.4-t-0.2 1.5 :t:0.05 1.2-t-0.1 
12 1.4::t:0.2 1.5 +0.05 2.65:0.2 
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ter iz ing  an  'e f fect ive '  vesicle. T h e  subscr ip t s  1 a n d  2 
refer to the uppe r  a n d  lower layer  of  the effect ive 
vesicle, respect ively  [29]. 

The  ra t io  of  the q u e n c h i n g  rate c o n s t a n t s  o f  o p e n  

a n d  closed R C s  was set to k o / k  c = 1.4 as d e t e r m i n e d  
f rom f luorescence  m e a s u r e m e n t s  (Fig.  7). Th e  so lu t ions  
of  these  e q u a t i o n s  were ad jus t ed  to the d a t a  wi th  the 

p a r a m e t e r s  f .  V o, Ter t, a n d  F - N .  o us ing  the re la t ion  
z = N - o .  E ,  where  o is the a b s o r p t i o n  cross sect ion of  
a s ingle  a n t e n n a  p i g m e n t  a n d  E the  exc i t a t ion  energy.  

The  p a r a m e t e r s  y i e ld ing  the  bes t  fits (sol id  l ines  in  Fig.  
2) are l isted in T a b l e  I. 

Excitation with single 30 ps flashes 
Next  we c o n s i d e r  exc i t a t ion  c o n d i t i o n s  with s ingle  30 

ps f lashes a n d  G H z - d e t e c t i o n  e lec t ron ics  which  a l lows 
the e lec t rogenic  s teps in the  fo rward  e lec t ron  t ransfer ,  
the t r a p p i n g  k ine t ics  wi th  o p e n  ( P H Q A )  a n d  reduced  

R C s  (PHQ~,) ,  the  c o m p e t i t i o n  b e t w e e n  t r a p p i n g  a n d  

@ 5 3 2  n m  I 
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B1~2-  t4ops A "1:1 = 351~ • > C 
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1 1 0 6 t .  n m }  
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A "[1 =30ps • B ~ 2  = 140ps > C 
A 1 = 1.00 A 2 = 1.50 

A % 1 " 5 ° ~  • B 1 : 2 " 2 ~ ° ~ > C  
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........... i i : :  ........... 

 dq-- l ll  . . . . . . . . .  
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Fig. 3. Kinetics of the photovoltage from dark-adapted Rps. viridis cells with oxidized (a, b) and reduced (c, d) RCs elicited by 30 ps flashes. 
Reduction was achieved by a saturating preflash from a Q-switched ruby laser (E = 2-3 mJ.cm-2), given 3-8 /~s prior to the ps flash (c) or 
addition of 20 mM sodium dithionite (d). Excitation wavelengths: 532 nm (a, c); 1064 nm (b, d). Excitation energies: E = 2.1.10 TM photons-cm -2 
(a, c, d); E = 2.7-1014 photons-cm -2 (b). Number of averaged traces: 20 (a, b, d); 10 (c). Bandwidths: 1 GHz (a, c); 7 GHz (b, d). Impedances: 50 
~'/(a-d). The traces below each photovoltage signal display the residuals between the measured traces and computer calculated curves according to 
a consecutive two-step electrogenic reaction convoluted with the response characteristics of the apparatus: Gaussian rise time of 88 ps, capacitative 
decay time of 0.90 ns, and an electrode polarization offset of 20% (determined by recordings on longer time scales). All amplitudes are normalized. 

The lines above and below the residuals mark the + 5% deviations. 
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annih i la t ion ,  as well as the back- reac t ion  kinet ics  when 

the RCs  are  reduced  ( P H Q A )  to be  invest igated.  
The  fast pho tovo l t age  f rom d a r k - a d a p t e d  Rps. viridis 

cells evoked  by  30 ps  flashes of  med ium energy at  532 
nm (1 G H z )  and  1064 nm (7 G H z )  is shown in Fig. 3a 
and  b, respect ively (note  di f ferent  t ime bases).  The  
kinet ics  of  the rising phase  was f i t ted by  an i rreversible  
two-s tep  react ion accord ing  to the scheme: 

ant.*-P.H-Q^ - ~  ant..P+.H-.QA ~24 ant..P+.H.Q~ 
A! A 2 

where  ' an t . '  s t ands  for the an t enna  pigments ,  k~ and k 2 

are the rate constants ,  and  A~ and  A 2 are  the electro-  
genici ty  factors  that  descr ibe  the change  of  d ipo le  
s t rength  be longing  to each react ion step (A~ = 1.0 by  
def ini t ion) .  In  the above  scheme, kl  is the appa ren t  rate  
cons tan t  for P + H -  format ion ,  which includes  energy 
migra t ion  and  charge  separa t ion .  We def ine the rec ipro-  
cal (k~) - ~ =  ~ as t r app ing  time. The  pa rame te r s  that  
gave best  fits to the  traces are  given below the figures. 
F i t s  of  numerous  traces ob t a ined  at  var ious  exci ta t ion 

energies gave k I = (45 + 20 p s ) -  t, k2 = (140 5- 15 p s ) -  1, 
and  an e lec t rogenic i ty  ra t io  of  A E / A  ~ = 1.5 at bo th  
wavelengths.  

The  reduct ion  of  the quinone,  QA, by a sa tura t ing  
pref lash  or  by  d i th ion i te  caused a decrease  of  the pho to -  
vol tage c o m p a r e d  to that  of  the oxidized case, a cancel-  
la t ion  of  the slower 140 ps phase,  and  an accelera t ion  of  
the decay.  In  Fig. 3c and  d are  shown the normal ized  
pho tovo l tages  evoked by  30 ps flashes at  532 nm and  
1064 nm, respectively.  These  and numerous  o ther  traces 

were ana lyzed  accord ing  to the reac t ion  scheme (ne- 
glect ing a r epopu la t ion  of  the exci ted  state):  

ant.*.P-H.Q;~ ~ ant. .P+-H-,Q~ 
J , k - I  

ant . -  P. H .  Q ~  

Due to the lack of  the 140 ps phase,  the analys is  
a l lowed a more  precise de t e rmina t i on  of  k t in the case 
of  reduced RCs. Whereas  the values found  for k t in the 
d a r k - a d a p t e d  case ( P H Q A )  are  so close to the t ime 
resolut ion of  the presen t  set-up,  that  they mus t  be  
cons idered  with precau t ion ,  the values (55 + 20 ps)  -1 

found for k 1 in the reduced  case ( P H Q A )  at  bo th  532 
and 1064 nm can be cons idered  to be t ime-resolved  
within the ind ica ted  er ror  range.  

The  analysis  for the ra te  cons t an t  of  the back- reac-  
t ion gave a value of  k 4 - - - (2 .4-2.6  ns) -1, i ndependen t  
of the exci ta t ion  energy at  e i ther  wavelength.  In i so la ted  
RCs with reduced QA, three  f luorescence phases,  of  
< 0.5, 2.5 and  15 ns, have been  repor ted  [36]. A 15 ns 

back- reac t ion  in reduced  RCs  is also found  by  abso rp -  
t ion spec t roscopy  [13]. Fi ts  to the t races wi th  two para l -  
lel phases  for the back- reac t ion ,  2 .4-2 .6  ns and  15 ns 
showed that  under  in vivo cond i t ions  a 2 .4-2 .6  ns 
back- reac t ion  is the main  decay  route  ( >  80%). 

Comparison o f  the photovoltage ampfitude o f  12 ns and 
30 ps  excitation 

The e lec t rogenic i ty  ra t io  A 2 / A  t can be  o b t a i n e d  not  
only  f rom the two phases  of  the fo rward  charge  sep-  
ara t ion,  but  also f rom the c ompa r i son  of  the pho tovo l t -  
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Fig. 4. (a) Comparison of the energy dependence of the photovoltage from Rps. viridis cells with oxidized QA (upper two curves) and reduced Q^ 
(lower curve) at the excitation wavelength of 532 nm. The uppermost curve contains data from 12 ns flashes (@) and the middle curve data from 
single 30 ps flashes (o), both recorded with high impedance at 1 GHz bandwidth. The middle curve also contains data from 30 ps flashes recorded 
with 50 12 impedance at a bandwidth of either 1 or 7 GHz (o).  The lower curve contains data from cells with reduced Q^ and 30 ps flashes 
recorded with 50 12 impedance. Q^ was reduced either by 20 mM sodium dithionite and the photovoltage recorded at 7 GHz ( + ), or by a 
saturating preflash (3 mJ/cm 2) from a Q-switched ruby laser applied 5/~s before the 30 ps flash and the photovoltage recorded at 1 GHz ( × ). The 
two upper curves were fit to the data by a simultaneous fit yielding the following set of parameters: light-gradient parameter Ter t = 0.8 and 
f. V o = 12 mV; annihilation parameter a = 1.2, ratio of quenching rate constants ko / k  c - 1.4. The lower dashed curve results from multiplication of  
the middle curve by 0.40. (b) Same as (a) but at the excitation wavelength of 1064 nm. The curve for reduced Q^ contains only data for which the 
reduction was achieved by a saturating preflash (3 nd/cm 2) from a Q-switched ruby laser 5 tAs before the 30 ps flash, and the photovoltage was 
recorded at 1 GHz (×). The two upper curves were fit to the data by a simultaneous fit yielding the following set of parameters: light-gradient 
parameter Tat ~ 0.9 and f - V  o = 12 mV; annihilation parameter a -  2.8 connectivity parameter ko / k  c -1.4. The lower fit cu rve  (dashed)  results 
from multiplication of the middle curve by 0.40. The energy scales are expressed as number of hits per trap, z, as described in 

the text. 
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age amplitudes under oxidizing and reducing condi- 
tions. These experiments require a time resolution of 
less than 1 ns because of the fast back-reaction of about 
2.5 ns in the reduced case. They must therefore be 
carried out with picosecond flashes, where annihilation 
effects may play an important role. 

The dependence of the peak photovoltage (measured 
with 1 G H z  and 7 G H z  electronics) on the excitation 
energy of 30 ps flashes at 532 nm and 1064 nm in the 
oxidized and reduced case is shown in Fig. 4a and b. 
For comparison, the photovoltage amplitudes evoked 
by Q-switched flashes (negligible annihilation) from Fig. 
2 are included in Fig. 4. The energy scales were ex- 
pressed in hits per RC, z = N .  o-  E, taking the absorp- 
tion cross-sections that follow from the molar absorp- 
tion coefficients (see Materials and Methods) and N = 
24. As t~ at 532 nm is unknown, the z-scaling at this 
wavelength was done by assuming a quantum yield 
o f f  = 0.35 [35]. 

The picosecond data for the oxidized RCs in Fig. 4a 
and b were analyzed by substituting Eqn. 11 of Ref. 30 
into Eqn. 2 for the special case in which all RCs are 
open before the flash (Qo = 1): 

(qor) '~- I ' . ~ . . z + - - +  =qor" + - -  (3) a - I  a - 1  a 

The fit was made by taking the parameters already 
used before for the Q-switched data, and by introducing 
the annihilation parameter  a as the only new adjustable 
parameter. The comparison of Q-switched and picosec- 
ond data under otherwise identical experimental condi- 
tions proves to be sensitive to the numerical value of a. 
This allows us to quote a with narrow limits: for 532 
nm excitation a = 1.2 and for 1064 nm excitation a = 2.6 
(see figure legend and Table I). 

The picosecond data for reduced RCs in Fig. 4a and 
b were analyzed by the same set of parameters as used 
for the oxidized case, except that the amplitude was 
multiplied by a factor of 0.40 (dashed curves in Fig. 4 a 
and b). The error was estimated to be +0.015. Since the 
multiplication factor is connected to the electrogenicity 
factors by A 1 / ( A  1 + A 2 ) ,  it follows that A2/A  1 = 1.50 
+ 0.05. 

Excitation with trains of 30 ps flashes 
Here we consider the effect of a variable fraction of 

closed RCs (P÷) on the trapping yield and on the 
competition between trapping and annihilation at 1064 
nm where only the antenna pigments are excited. A 
progressive closure was achieved by successive flashes 
of the mode-locked Nd-YAG laser. 

In Fig. 5a and b are shown the photovoltages evoked 
by a train of 30 ps flashes at low and high excitation 
energy, respectively. The photovoltage was measured 
with high impedance in order to allow the quantitative 

comparison with the Q-switched data. Analogous sets of 
data were also collected at 50 J2 impedance. They gave 
essentially the same results but with a better signal to 
noise ratio (data not shown; compare Ref. 28). The 
flashes are labeled by the integer, i, where i = 0 is given 
to the flash with the highest energy [28]. 

The amplitudes of the photovoltages, V,, for the flash 
numbers, i, are replotted in Fig. 5c and d. Within the 
duration of the train, repopulation of P-965 can be 
neglected, due to the rereduction time of more than 230 
ns [13,37]. Therefore, only the two states, PHQA and 
P+HQA are involved which allows the data to be 
analyzed by substituting Eqn. 11 of Ref. 30, which 
assumes the general case that a fraction of RCs (Qo) is 
open before the flash: 

qot]* IF k° ko / k~ - I  1] qot k o / k c - I  1 
~ :  .[ .~.z+eo. . _ ~ +  =oo ~---~i - -°°+-.  

(4) 

into Eqn. 14a of the light-gradient theory [29] in a 
successive manner: 

V, = f.vo.{(Qo.l.,_ 1 -Qo.l. ,)-(Qo.2,,-i-  Qo.2.,)l (5) 

The fit was made by taking the parameters already 
used before (Table I) and no further adjustment param- 
eter (Fig. 5c and d). This type of experiment is sensitive 
to the numerical values of a and k c / k  o. The progressive 
closure of RCs as predicted by the theory is shown in 
Fig. 5e and f, using the parameters listed in Table I. 
These parameters consistently fit all our experimental 
data. 

Fluorescence associated with P H Q  A / P H Q ~  
To support by independent measurements the in- 

terpretation of the photoelectric data given before and 
the numerical values of the fit parameters, we measured 
the relative fluorescence yield and the fluorescence 
kinetics in the nano- and picosecond time range. These 
experiments were performed with a ruby laser (~ = 694 
nm) instead of the frequency-doubled Nd-YAG laser in 
order to avoid distortions by the fundamental of the 
Nd-YAG at 1064 nm, a wavelength that lies within the 
fluorescence band of Rps. viridis. 

Excitation of dark-adapted Rps. oiridis cells with 80 
ns flashes gave a fluorescence signal that followed strictly 
the time-course of the laser flash (Fig. 6a). Reduction of 
QA with dithionite caused the fluorescence to increase 
by a factor of about 1.4 (Fig. 6a). An increase by a 
factor of 1.6 has been reported in Ref. 38. 

There are two possibilities to explain this fluores- 
cence increase. The enhanced fluorescence may either 
originate from a longer lifetime of excitons in the an- 
tenna due to a slower trapping time, or from delayed 
fluorescence (i.e., luminescence) due to a charge recom- 
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Fig. 5. Photovoltage from Rps. mridis cells excited with a train of 30 ps flashes (spaced by 6.8 ns) at a wavelength of 1.064 nm of a total energy of 
115 pJ.cm -2 (a) and 440 pJ-cm -2 (b). The photovoltage was recorded with high impedance (see legend of Fig. 1) and on the 1 GHz set-up. The 
integrated energy was measured as described in Materials and Methods. The relative energy distribution to the flashes of the train was determined 
by a silicon PIN-diode which replaced the measuring cell. Averaged traces- 20. (c), (d) Comparison of the photovoltages with calculated amplitudes 
(straight lines) predicted by the light-gradient theory and by the exciton theory [29,30] taking the parameters listed in Table 1. (e), (f) Fraction of 

still open RCs after the ith flash. Further details of this type of experiment are found in Refs. [28,29]. 

binat ion between P + H -  that repopulates the excited 
state. The first explanat ion would predict an increase of  
the yield of  < 100 ps phases, the second the appearance 
of  nanosecond phases. 

When  the fluorescence from dark-adapted Rps. viri- 
dis was measured with higher time resolution (1 G H z  
electronics) and non-saturat ing 30 ps excitation, a fast 
transient was found that decayed close to the base line 
within the photodiode ' s  response time, about  200 ps 
(Fig. 6b; normalized amplitude). The reduction of  QA 
by dithionite induced an additional slower decaying 
fluorescence phase with an exponential  time constant  in 
the range of  2 .3-2.9 ns (Fig. 6c; normalized amplitude). 

The  fluorescence yield was obtained by deconvolu-  
tion of  the two phases. The ratio of  the fluorescence 
yields for oxidized and reduced QA gave a ratio of  1.45, 
which is in good agreement  with the measurement  in 
Fig. 6a. The non-normal ized data  showed that the fast 
fluorescence transient had the same size and shape as in 
the oxidized case, except for the additional contr ibut ion 
of  the slow phase (accuracy + 107o). 

This latter observat ion supplies indirect evidence that 
the t rapping kinetics are not  much affected by Qp, 
reduction. Furthermore,  the 2.6 ns fluorescence phase 
correlates well with the electrically measured back-reac-  
tion, and can therefore be assigned to charge recom- 
bination luminescence. 

Fluorescence associated with PHQ,~ / P  ÷ HQA 
To analyze for a possible connectivi ty of  photo-  

synthetic units and to achieve a global analysis, it is 
essential to know the quenching efficiency of  the state 
PHQA (or PHQ~,) and P + H Q A  (or P + H Q A  ). Only 
when P+ and P have different quenching efficiencies, 
will energy migrat ion between neighbouring systems 
affect the overall t rapping yield. 

We determined the relative quenching power of  
P / P + ,  i.e., k o / k  c, by fluorescence measurements  with 
double 10 ns flashes f rom a ruby laser. A first flash of  
variable energy served to close different fractions of  
RCs and a second weak probe  flash served to measure 
the fluorescence yield (Fig. 7a). 
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Fig. 6. (a) Fluorescence intensity evoked by 80 ns flashes at 694 nm 
from whole Rps. oiridis cells with the RCs in the state PHQA (lower 
trace) and PHQ~ (upper trace). Averaged traces: 60. (b) Time-course 
of the fluorescence evoked by 30 ps flashes at 694 nm from Rps. 
uiridis cells with open RCs. Averaged traces: 10. (c) Time-course of 
the fluorescence with reduced RCs. Averaged traces: 10. Inset: 6-times 
digitally amplified decaying phase together with a calculated fit with 
an exponential decay time constant  of 2.4 ns. The second peak at the 
right end of the traces in b and c are due to reflections in the cable. 
Recording bandwidth: 1 GHz. Including the photodiode, the Gaus-  

sian time constant  was 440 ps. 

The dependence of the fluorescence yield of the 
probe flash on the energy of the first flash was mea- 
sured at two energies of the probe flash. The amplitudes 
of the fluorescence of the probe flash are plotted in Fig. 
7b as a function of the energy of the preflash. With 
increasing energy of the preflash the fluorescence yield 
increased by a factor of approx. 1.4. Under the assump- 
tion that the rate constant of trapping is much higher 
than the rate constant of losses in the antenna, this 
factor corresponds to the ratio ko /k  c. 

It should be noted that the extent of fluorescence 
increase upon oxidation of the primary donor is dif- 
ficult to assess reliably by this experiment, since with 
increasing preflash energies the probability for triplet 
formation increases. The triplet states may form ad- 

ditional quenchers in addition to P+ and obscure the 
pure effect of P / P +  on the fluorescence yield. On the 
other hand, the situation in this double-flash experiment 
probably closely represents the true quenching states 
present in the photoelectric experiments. 

Discussion 

Quantum yields 
The fit to the data in Fig. 2 yielded numerical values 

for the product F - N . o  at the two excitation wave- 
lengths. With knowledge of the corresponding absorp- 
tion cross-sections of the antenna pigments and the 
antenna size of N = 24, the quantum yields would fol- 
low directly. However, at ~, = 532 nm it is not possible 
to determine a meaningful absorption cross-section be- 
cause of the difficulty to quantify at this wavelength the 
contributions of bacteriochlorophyll,  bacteriopheo- 
phytin and carotenoids. Hence, we only can estimate 
from the fit parameter  F . N . o  a quantum yield at 
~, = 532 nm of about 0.35. 
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Fig. 7. (a) Time resolved fluorescence from dark-adapted whole Rps. 
oiridis cells evoked by two 8 ns flashes at 694 nm. The preflash, probe 
flash, and fluorescence beams were all perpendicular to each other. 
The probe flash was derived from the preflash by means of a beam 
splitter and an optical delay line. The energies given in the figure refer 
to the front layer of the cuvette and represent an upper limit because 
of at tenuation by absorption and light scattering. Averaged traces: 20. 
(b) Dependence of the fluorescence from the probe flash (two fixed 

energies) on the energy of the preflash. 



At 1064 nm we determined the in vivo absorption 
cross-section to be 8.6-10 -17 cm -2 (see Materials and 
Methods). With this value, N = 24, and the experimen- 
tal value F .  N .  o = 2 .0 .10 15 cm 2 (Fig. 2), the quantum 
yield of primary charge separation is F = 0.97, a value 
most common in photosynthesis. We estimate the accu- 
racy of this number to be within +_ 7%. 

The constant ratio of the photovoltage amplitudes 
under oxidizing and reducing conditions (Fig. 4) indi- 
cates that the term F .  N .  o in Eqn. l l a  [30] must be the 
same in both cases. This means that the quantum yield 
F is unaffected by QA reduction, since neither N nor o 
can be affected by the reduction of QA- Hence, the 
presence of a negative charge on QA does not much 
influence the P + H -  formation, suggesting an irreversi- 
ble trapping, i.e., a situation in which the equilibrium 
between the excited state in the antenna and P ÷ H -  
rests largely on the charge separated state. This gives 
grounds for taking the same annihilation parameter  a in 
the exciton theory for the oxidized and reduced case 
[30]. This finding is noticeably different from that of 
Photosystem II of green plants for which a strong 
influence of QA reduction on the P + H -  yield is found 
[39,44]. 

Dielectric position of H 
The dielectric position of H was determined in this 

study by several different experiments to be A2/A 1 = 
1.5 + 0.05. The value resulted firstly from the kinetic 
analysis of the two-step forward charge separation (1 
and 7 G H z  data, Fig. 3), and secondly from the com- 
parison of the photovoitage amplitude with oxidized or 
reduced QA (Fig. 4). Data  from experiments in which 
the reduction was achieved either by dithionite or a 
strong preflash were combined, the measuring condi- 
tions were varied from high to low impedance, and 
different set-ups were used (1 G H z  and 7 G H z  band- 
width). The finding of the same electrogenicity ratio 
from all the redundant experiments demonstrates the 
consistency of our analysis and the soundness of the 
number within the quoted error. 

From the relative dielectric distances found by the 
photovoltage measurements and the known structural 
data of the Rps. viridis RC, it is possible to estimate the 
ratio of the dielectric constants of the environment of 
P-H and H-Q A. This ratio is needed for the interpreta- 
tion of electric field effects on the primary photochem- 
istry [40]. Labeling the effective dielectric constant be- 
tween P and H as e 1 and that between H and QA as e 2, 
and taking the corresponding geometric distances 
( d l / d 2 ) - - 1  [4,5], and our electrogenicity ratio of 
(A2/A1)  = 1.5, (e l /e2)  can be calculated according to: 

A 2 - d~ z - -  
~l/e2 A l . d  2 = 1 . 5  ( 6 )  
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This means that the protein environment around P-H is 
more polar than around H-QA. This more polar sur- 
rounding might be essential for assisting the pr imary 
charge separation step [41,42]. 

Recently, the relative dielectric distance in PS II was 
reported to be A2/A  ~ = 0.9 + 0.1 [43,44]. If the geomet- 
ric distances in the PS II reaction center are the same as 
in purple bacteria, as suggested by amino acid sequence 
homologies [45], then the ratio of the dielectric con- 
stants between P-H and H-Q A in PS II is r i le  2 = 1.1. 
This significantly smaller ratio might be correlated with 
the slower electron transfer from H to QA: 140 ps in 
Rps. viridis (this work and Ref. 8) and 550 ps in PS II 
[39,43,44]. 

Trapping times with open and closed R Cs 
In photoelectric measurements the time needed to 

convert the excited state in the antenna system into the 
charge-separated state in the RC, i.e., the trapping time, 
is directly monitored. This assay has already been ap- 
plied to Rb. sphaeroides R26.1 [23], and Photosystem I 
and Photosystem II of green plants [28,43,44]. In the 
low-energy limit the results were in agreement with 
fluorescence decay measurements. 

In the present study the trapping time in Rps. viridis 
has been investigated at the two wavelengths, 532 and 
1064 nm. The unknown transfer efficiency of the caro- 
tenoid, which makes the dominant  contribution to the 
532 nm absorption cross-section, prevents further inter- 
pretation of the data at this wavelength. At X = 1064 
nm, the energy dependence of the trapping time, v 1, was 
estimated from a theory of exciton dynamics [30]. The 
fit to the experimental data yields in the low-energy 
limit trapping times of 45 + 20 ps and 55 + 20 ps for 
oxidized and reduced RCs, respectively. A lengthening 
of the trapping time could be expected if an equilibra- 
tion of the excited state in the antenna system would 
exist which is depopulated with the rate constant of the 
primary charge separation, P + H - ,  and if the latter 
would decrease upon reduction of QA, as reported in 
Refs. 10, 11. The observation that, within our experi- 
mental error, the fast fluorescence phase is invariant 
upon reduction of QA (Fig. 6b, c) suggests the same 
trapping times for the two redox states of the quinone. 
This is also compatible with the photovoltage data. 

The fast trapping time is consistent with the high 
quantum yield near 1 at 1064 nm, i.e., the fast depopu- 
lation of the excited state by the primary photochem- 
istry before other decay paths become dominant.  It is 
also consistent with the F6rster rate constant calculated 
from the spectral overlap between the antenna fluo- 
rescence and the absorption of P (-~ 40 ps at a 20 ~, 
distance and an orientation factor of 1.2; Trissl, unpub- 
lished calculations). 

However, our model calculations based on (i) a ther- 
mal equilibration of the excitation energy over all an- 
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tenna pigments, (ii) a 2.8 ps primary charge separation, 
and (iii) accounting for the energy difference between 
antenna pigments and P by the Boltzmann factor, show 
that the observed trapping times are by a factor 5-10 
faster than the theoretical predictions. For these calcu- 
lations, the energy of the 0-0 transition of the primary 
donor was obtained from the absorption maximum and 
the 500 cm-~ Stokes' shift of P-965 [46], leading to a 
transition at 1014 nm. This value for the 0-0 transition 
of the primary donor agrees with recent low-tempera- 
ture spectra [47] and hole-burning experiments [48]. A 
240 cm -1 Stokes' shift for the antenna (1015 nm) in 
Rps. viridis can be deduced from the fluorescence spec- 
trum [38]. The difference between the relaxed levels of 
P-965 and of the antenna is thus estimated to be 1.2 kT. 
Assuming total equilibration of the excitation energy, 
then the trapping time should not be faster than 120 ps. 

The discrepancy could principally be ascribed to 
inappropriately estimated Stokes' shifts, although we 
consider this to be unlikely. Alternatively, the assump- 
tion of the 2.8 ps excited state depopulation step could 
also be wrong. Trapping times of about 40 ps could be 
modelled only with the assumption of a significantly 
faster relaxation process preceding the P ÷ H -  formation 
in 2.8 ps, which could be the formation of a charge 
transfer state as suggested by hole-burning and 
photon-echo studies [14,15]. A more detailed discussion 
on the consequences of our results for the trapping 
mechanism will be published elsewhere. 

Competition between trapping and annihilation 
The difference between the 12 ns data and the 30 ps 

data at 532 nm (Fig. 4a) and at 1064 nm (Fig. 4b) 
demonstrates significant losses of excitation energy with 
respect to the yield of P+HQ A formation. In the exci- 
ton theory of Deprez et al. [30] this is accounted for by 
the annihilation parameter 

't (7) 
a= 2.F.  ko 

where ~, is an overall bimolecular decay rate constant of 
singlet-singlet annihilation [30,49]. With a = 2.6 (Table 
I), F = 1, and ko = (45 ps)- 1 Eqn. 7 yields an annihila- 
tion rate constant of ~, = (8.6 ps)-1 for 1064 nm excita- 
tion. For 532 nm excitation one calculates tentatively 
" t= (54  ps)-~ using a = l . 2 ,  F=0 .35 ,  and k o= (4 5  
ps) -~. The large difference between the annihilation 
constants is tentatively related to the presence of a 
minor pool of carotenoids which significantly contrib- 
utes to the absorption cross-section at 532 nm and 
which is different from the bulk antenna carotenoid 
pool absorbing at 480 nm (Breton, J., unpublished 
observation). Assuming that the minor population of 
carotenoids does not efficiently transfer energy to the 
RC, this would also explain the low quantum yield 

observed upon excitation at 532 nm. The competition 
between trapping and annihilation at 1064 nm in 
Rps.viridis ( a - - 2 . 6 )  is in between the corresponding 
values found in Rb. sphaeroides R26.1 and Rb. rubrum 
[23,30]. 
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