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Picosecond absorbance difference spectra at a number of delay times after a 35 ps excitation flash and 
kinetics of absorbance changes were measured of the membrane vesicle preparation Complex I from the 
photosynthetic green sulfur bacterium Prosthecochloris aestuarii. After chemical oxidation of the primary 
donor the excitation pulse produced singlet and triplet excited states of carotenoid and bacteriochiorophyll a. 
With active reaction centers present also the flash-induced primary charge separation and subsequent 
electron transfer were observed. The singlet excited state of the carotenoid, formed by direct excitation at 
532 nm, is characterized by an absorbance band peaking at 590 nm. Its average lifetime was calculated to be 
about 1 ps. Excited singlet states of bacteriochlorophyll a were characterized by a bleaching of their ground 
state Qy absorption bands. Singiet excited states, localized on the so-called core complex, were produced by 
energy transfer from excited carotenoid. Their lifetime was about 70 ps. A decay component of about 280 ps 
was ascribed to singlet excited bacteriochlorophyll a in the bacteriochlorophyll a protein. These singlet 
excitations were partly converted to the triplet state. With active reaction centers, oxidation of the primary 
donor, P-840, characterized by the bleaching of its Qy and Qx absorption bands, was observed. This 
oxidation was accompanied by a bleaching between 650 and 680 nm and an absorbance increase between 680 
and 750 nm. These changes, presumably due to reduction of bacteriopheophytin c (Van Bochove, A.C., 
Swarthoff, T., Kingma, H., Hof, R.M., Van Grondelle, R., Duysens, L.N.M. and Amesz, J. (1984) Biochim. 
Biophys. Acta 764, 343-346), were attributed to the reduction of the primary electron acceptor. Electron 
transfer to a secondary acceptor occurred with a time-constant of 550 _+ 50 ps. Since no absorbance changes 
due to reduction of this acceptor were observed in the red or infrared region, we tentatively assume that this 
acceptor is an iron-sulfur center. 

Introduction 

Until fairly recently little was known about the 
primary and associated electron-transport reac- 

Abbreviations: BChl, bacteriochlorophyll; BPh, bacteriopheo- 
phytin; Car, carotenoid; P-840, primary electron donor 
bacteriochlorophyll; PMS, N-methylphenazonium methosul- 
fate. 

tions of green sulfur bacteria. One reason for this 
lack of knowledge was undoubtedly the large an- 
tenna size and correspondingly low reaction-center 
content of these organisms [1,2]. Moreover, iso- 
lated reaction centers, like those obtained from 
purple bacteria and recently also from Chloro- 
flexaceae, have not been isolated from green sulfur 
bacteria (see Refs. 1-3 for recent reviews). 
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The photosystem of the green sulfur bacterium 
Prosthecochloris aestuarii consists of a large an- 
tenna system of BChl c molecules, the chlorosome, 
and a base plate that contains the soluble BChl a 
protein [1,2,4,15]. 

Excitation energy captured by the chlorosome 
is thought to be funnelled through the base plate 
to the core complex. This core complex contains 
BChl a and carotenoid, and is closely associated 
with the reaction center [5,6]. 

An important advance toward the study of elec- 
tron transport in the reaction center of green sulfur 
bacteria has been the development of methods to 
obtain preparations with a strongly enhanced reac- 
tion center content. These preparations contain 
little or no BChl c and have a BChl a - / r eac t ion  
center ratio that ranges from about 100 to about 
20. They include the membrane vesicle preparation 
'Complex I' with about 80 BChl a molecules per 
reaction center and various pigment-protein com- 
plexes derived from the cytoplasmic membrane 
[5-9]. 

Optical and ESR measurements with these pre- 
parations have provided evidence that the elec- 
tron-acceptor chain in green sulfur bacteria resem- 
bles more that of Photosystem I of green plants 
than that of purple bacteria. Photoaccumulation 
experiments indicated that iron-sulfur centers 
function as secondary electron acceptors [10,11], 
and also suggested the involvement of monomeric 
BChl a with a Qy band at 814 nm in the electron- 
transport chain [12]. More recently, nanosecond 
flash spectroscopy of a preparation in which sec- 
ondary electron transport was inhibited suggested 
that BPh c or another pigment absorbing at 670 
nm acts as primary electron acceptor [13]. Evi- 
dence was given for a back reaction between the 
reduced primary acceptor I -  and the oxidized 
primary electron donor P-840 ÷ yielding the triplet 
state of P-840. The half-time of this reaction was 
25 ns. 

This paper reports the results of a flash spectro- 
scopic study of Complex I in the picosecond re- 
gion. Evidence will be presented that a 35 ps, 532 
nm laser flash, in addition to excited singlet and 
triplet states of BChl a and carotenoid, generates 
the primary charge pair P-840+I -. Our results 
confirm the suggestion that I is BPh c, and show 
that the electron is transferred in about 550 ps 
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from I -  to a secondary electron acceptor. No 
evidence was found for a significant absorption in 
the red or infrared region by the secondary accep- 
tor, suggesting that this acceptor is an iron-sulfur 
center, rather than BChl a. 

Materials and Methods 

P. aestuarii, strain 2 K, was grown anaerobi- 
cally in a mixed culture as described by Holt et al. 
[14]. The membrane vesicle preparation Complex I 
was prepared according to Ref. 7, and the BChl a 
protein according to Ref. 15. Samples were sus- 
pended in 10 mM phosphate /10 mM ascorbate 
buffer (pH = 7.4). 

The picosecond absorbance measurements were 
performed by means of the apparatus briefly de- 
scribed in Ref. 16. The light source was a mode- 
locked Nd-YAG laser generating pulses at 1064 
nm with a duration of 35 ps. Part of the radiation 
was frequency-doubled to 532 nm, at which wave- 
length the samples were excited. The maximum 
excitation energy used was about 3 m J / c m  2. The 
remaining infrared radiation was focussed into a 
15 cm cell filled with water in order to generate a 
broad wavelength continuum. The measuring pulse 
was obtained from this continuum by means of a 
small monochromator placed before the sample. 
Its wavelength was varied between 550 and 900 
nm. Due to variations in the focussing of the laser 
beam on the monochromator, the error in the 
wavelength reading was about 2 nm. Part of the 
pulse was deflected by a beam splitter onto a 
photodiode as a reference. The remaining measur- 
ing pulse light was transmitted through the sample 
and detected by a second photodiode. A time 
delay of maximally 5 ns between the exciting and 
probe pulses was obtained by means of an optical 
delay line. Stray exciting light and fluorescence 
were prevented from reaching the photodiode by 
diaphragms, a Schott KV 550 and, when needed, 
suitable interference filters. Absorbance changes 
were measured by comparing the ratio of measur- 
ing and reference pulse intensities with the ratio 
obtained with a measuring pulse preceding the 
excitation pulse. By this method remaining effects 
of stray light and fluorescence, if any, were largely 
eliminated. Both the excitation and measuring 
pulses were vertically polarized. The repetition rate 
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of the pulses was 0.5 Hz. By averaging over about 
25 laser flashes a resolution of about (1-2) .  10-3 
units of absorbance was obtained. All experiments 
were performed at room temperature. 

R e s u l t s  a n d  I n t e r p r e t a t i o n  

The absorbance spectrum of the membrane ves- 
icle preparation Complex I of P. aestuarii  is shown 
in Fig. 1. The near-infrared absorbance band 
(maximum at 810 nm) is due to antenna BChl a, 
for the largest part  contained in the BChl a pro- 
tein and partly in the so-called core complex [5]. 
The corresponding Qx bands are located around 
600 nm. Membrane-bound BPh c is partly re- 
sponsible for the absorbance band at 670 nm, but 
artefacts of the preparation, including solubilized 
BChl c, may also absorb at this wavelength. The 
band at 740 nm is due to residual BChl c of the 
chlorosome [2,7,9]. 

Illumination of Complex I at 532 nm excites 
mainly carotenoids (rhodopin and (OH)-chloro- 
bactene). A laser flash at this wavelength produced 
absorbance changes that could be ascribed both to 
the formation of excited states of antenna pig- 
ments and to charge separation in the reaction 
center. In order to distinguish between these phe- 
nomena, we measured the absorbance difference 
spectra and the kinetics of the absorbance changes 
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Fig. 1. Absorption spectrum of Complex I of P. aestuarii 
suspended in 10 mM phosphate/10 mM ascorbate buffer (pH 
= 7 .4) .  

both under reducing and oxidizing conditions. In 
the first case the preparation showed full reaction 
center activity, whereas in the second case the 
primary electron donor P-840 was in the oxidized 
state (P-840 +) before the flash, so that the reaction 
centers were closed and no light-induced charge 
separation was observed. 

Oxid i zed  reaction centers 

Fig. 2 shows the flash-induced absorbance dif- 
ference spectrum obtained during the flash in the 
presence of 20 mM ferricyanide and with a weak 
background light to keep P-840 in the oxidized 
state throughout the experiment. The bleaching 
between 800 and 850 nm, with a maximum near 
820 nm, can be ascribed to disappearance of an- 
tenna BChl a ground states due to excitation of 
the antenna molecules. A similar bleaching with a 
lifetime of about 60 ps, ascribed to singlet-excited 
BChl a (BChl a*) has been observed in the an- 
tenna of purple bacteria [17]. 

The kinetics of the bleaching at 840 nm are 
shown in Fig. 3B. The light-on response is prob- 
ably determined by the temporal profile of the 
exciting and the probing pulses. Simulation of the 
decay kinetics by convolution of a monoexponen- 
tial decay with 35 ps Gaussian excitation and 
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Fig. 2. Absorbance difference spectrum of Complex 1 with 
coincident excitation and measuring pulses after addition of 20 
mM K3Fe(CN)6 and under continuous (weak) background 
illumination at 528 nm. The absorbance at 532 nm was 1.5 in a 
2 mm cell. 
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Fig. 3. Kinetics of absorbance changes at various wavelengths. 
Conditions as for Fig. 2; t = 0 corresponds to simultaneous 35 
ps Gaussian excitation and probe pulses. The broken line in 
Fig. 3B corresponds to a simulation obtained by convolution of 
a 70 ps decay (see text). 
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probe pulses indicated a lifetime ~" ( l / e )  of BChl 
a* of 70 + 10 ps, as shown by the broken line in 
Fig. 3B. A similar decay component of about 70 ps 
was observed at 815 nm (Fig. 3A), but at this 
wavelength at least two other components could 
be discerned; one with a lifetime of approx. 250 + 
50 ps and a much slower one that remained ap- 
proximately constant at the time-scale of our ex- 
periment. The first of these may be due to a 
longer-lived excited singlet state of BChl a (see 
below); the second one may be attributed to a 
triplet state (BChl aT), produced from BChl a* by 
intersystem crossing. The absence of long-lived 
components at 840 nm indicates that no flash-in- 
duced oxidation of P-840 occurred, and that thus 
practically all P-840 was in the oxidized state 
before the flash. 

Another prominent feature of the difference 
spectrum of Fig. 2 is a strong increase in ab- 
sorbance at 550-650 nm with a maximum at 590 
nm and a weaker tail extending to 750 nm. The 
kinetics of the absorbance changes at 560 nm are 
shown in Fig. 3C. The absorbance change consists 
of several components. The time dependence of 
the initial increase and rapid decrease is largely 
determined by the temporal profile of the excita- 
tion and probe pulses, and thus reflects the forma- 
tion and the decay of a species with a lifetime 
short compared to the duration of the pulses (i.e., 
a few picoseconds). This short-lived component 
accounts for the larger part of the absorbance 
increase. Similar absorbance changes have recently 
been shown to occur in the antenna of  chromato- 
phores of Rhodospirillum rubrum. Spectral evi- 
dence indicated that these changes were caused by 
transient formation and decay of the singlet ex- 
cited state of the carotenoid spirilloxanthin [16]. 
Analogously, the short-lived component in Com- 
plex I may be caused by singlet excited carotenoid 
(rhodopin or (OH)-chlorobactene) formed by di- 
rect excitation of these carotenoids during the 
pulse. 

The absorbance changes due to the formation 
of Car* (at 590 nm) and BChl a* (at 815 nm) 
during the excitation flash are plotted in Fig. 4 
(filled circles and crosses, respectively) as a func- 
tion of the energy of the excitation pulse. Ap- 
parently, the formation of both excited states pro- 
ceeds approximately linearly with energy density, 
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Fig. 4. Absorbance changes vs. the incident excitation-energy 
density. O, absorbance increase at 590 nm at t = 0 (left hand 
scale); ×,  bleaching at 815 nm at t = 0 (left hand scale), both 
under oxidizing conditions as for Fig. 2. A, bleaching at 840 nm 
after 500 ps (right hand scale), under reducing conditions as in 
Fig. 7. The sign of the absorbance changes at 815 and 840 nm 
was reversed. 

and is far from saturated at the maximal flash 
energy used. 

Absorbance difference spectra of Complex I 
measured at 130 ps and 4 ns after the excitation 
pulse are given in Fig. 5. At 130 ps after the pulse 
the singlet carotenoid (Car*) has largely or com- 
pletely disappeared, but a considerable amount of 
BChl a* is still present, as indicated by the bleach- 
ing in the near-infrared region. Part of the ab- 
sorbance increase in the region 550-600 nm, which 
is also seen in the 4 ns spectrum, may be ascribed 
to carotenoid triplets (Car T ) [13]. Formation of 
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Fig. 5. Absorbance difference spectra of Complex I under 
oxidizing conditions at 130 ps (O) and 4 ns (O)  after the 
excitation flash. Conditions as for Fig. 2. 

these triplets then accounts for the small constant 
component in the kinetics at 560 nm (Fig. 3C). 
The small residual bleaching at 817 nm observed 
in the 4 ns spectrum may be likewise ascribed to 
triplets of BChl a (Bchl aT), as mentioned above. 

The spectra measured after 130 ps and 4 ns also 
show a fairly strong bleaching at 675 nm. Most of 
the absorption at this wavelength is due to 'native' 
BPh c, which showed effective energy transfer to 
BChl a of the core complex [5,18], but part of the 
absorption and most of the relatively strong fluo- 
rescence observed near 675 nm have been attri- 
buted to a detached form of BPh c, which may be 
an artefact of the preparation, and to degradation 
products [18,19]. Since these products presumably 
do not transfer their energy to other pigments, 
their excited singlet (and perhaps triplet) states 
may contribute significantly to the difference spec- 
trum measured at 4 ns. At shorter times the contri- 
bution of 'native' BPh c* may be more important. 
Part of the absorbance increase measured in the 
region 550-600 and 700-750 nm could likewise be 
due to these excited pigments. 

The BChl a protein 
Approximately three-fourth of the BChl a of 

Complex I is contained in the BChl a protein 
[5,18]. It is therefore of interest to compare the 
absorbance changes of Complex I with those of 
the isolated BChl a protein. 
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Fig. 6. Absorbance difference spectra of the isolated BChl a 
protein with coincident excitation and probe pulses (O), and 
after 4 ns (O). The insert shows the kinetics of absorbance 
changes at 813 nm. The absorbance of the sample was 0.92 at 
810 nm in a 2 mm cell. 



The difference spectra of the isolated BChl a 
protein recorded during the excitation flash and 
after 4 ns are shown in Fig. 6. Both spectra exhibit 
a bleaching with a maximum at 813 nm, coincid- 
ing with that of the absorption spectrum. The 
kinetics of the absorbance changes at 813 nm are 
given in Fig. 6 (inset). The bleaching decays with a 
time constant of 280 + 20 ps to a level constant on 
a nanosecond time-scale. We attribute the fast 
component to the decay of BChl a*, and the 
constant component to BChl a T. Formation of a 
triplet of BChl a in the BChl a protein has 
recently also been shown by absorbance-detected 
magnetic resonance at 1.2 K [20]. The triplet is 
probably produced by intersystem crossing from 
the excited singlet state Comparison of the dif- 
ference spectra observed for Complex I and the 
BChl a protein indicates that for Complex I at 
least an appreciable fraction of the excited singlet 
states is not located on the BChl a protein (and 
thus probably resides on the core complex). We 
will return to this point in the discussion. 

Open reaction centers 
Fig. 7 shows the absorbance difference spec- 

trum of Complex I with coincident exciting and 
probe pulses under reducing conditions. These and 
other measurements reported in this section were 
performed in the presence of 5 /~M PMS and 20 
mM ascorbate to obtain complete rereduction of 
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Fig. 7. Absorbance difference spectrum of Complex I with 
coincident excitation and measuring pulses in the presence of 5 
/~M PMS/20  m M  ascorbate. The absorbance at 532 nm was 
1.5 in a 2 mm cell. 
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P-840 + between flashes. The absorbance increase 
in the visible region with a maximum near 590 nm 
can again for the larger part be attributed to Car*. 
The kinetics at 560 nm (Fig. 8B) were similar to 
those obtained in the presence of ferricyanide (see 
Fig. 3C). Above 750 nm a comparison with the 
spectrum of Fig. 2, with closed reaction centers, 
reveals a shoulder near 840 nm and an additional 
weak maximum and minimum near 800 nm. This 
indicates that in addition to BChl a*, P-840 ÷ was 
now formed during the flash. In the region 650-750 
nm, the trough at 670 nm as well as the ab- 
sorbance increase around 700 nm were more pro- 
nounced than in the presence of ferricyanide. As 
will be discussed below, these features are prob- 
ably due to reduction of the primary electron 
acceptor. 

Absorbance difference spectra measured at 130 
ps, 1 ns and 4 ns after the excitation pulse are 
given in Fig. 9. The absorption changes in the 
region above 750 nm measured after 4 ns and after 
1 ns (not shown) include negative bands around 
835 nm and near 790 nm, which are lacking in the 
corresponding spectra with closed reaction centers 
(Fig. 5). In this region the spectrum resembles 
closely that measured by Swarthoff and Amesz [9] 
at a much longer time, which was attributed to the 
oxidation of P-840 together with the formation of 
a reduced secondary acceptor (X). The shape of 
the 4 ns spectrum in the region 650-700 nm may 
be explained by bandshifts of pigments absorbing 
near 670 nm that accompany the oxidation of 
P-840 [9], and by the long-lived excited states that 
were also observed with closed reaction centers; 
the bleaching at 615 nm may be ascribed to the 
disappearance of the Qx band of P-840. The same 
features can be seen in the spectrum measured 
after 1 ns (Fig. 9). 

The kinetics of the absorbance changes at 815 
and 840 nm are shown in Fig. 8A and 8C, respec- 
tively. At both wavelengths a bleaching is observed 
which decays with a lifetime of 70 + 10 ps (ob- 
tained by convolution as described above) to a 
level constant on the time scale of the experiment. 
We again interpret the 70 ps phase which corre- 
sponds closely to that observed for samples with 
oxidized reaction centers to the decay of BChl a*. 
As is apparent from Fig. 8C, no change in ab- 
sorbance at 840 nm occurs after the decay of the 
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70 ps phase, indicating that P-840 oxidation occurs 
within the lifetime of BChl a*. From the intensity 
dependence of P-840 ÷ formation (Fig. 4) it can be 
seen that the excitation pulses were of saturating 
intensity with respect to charge separation. The 
maximal absorbance change at 840 nm due to 
P-840 ÷ formation (about 20-10 -3) corresponded 
well with the maximal absorbance change detected 
under continuous illumination (about 18.10 -3 ) 
(not shown). 

The spectrum measured after 130 ps (Fig. 9) 
shows contributions by P-840 + and BChl a* in the 
near-infrared region. Below 600 nm it resembles 
that obtained with closed reaction centers (Fig. 5). 
The spectrum shows a relatively large bleaching at 
670 nm, and a large increase in absorption around 
700 nm in comparison to the spectra measured at 
longer times after the pulse. The absorbance 
changes in the region 650-750 nm in the spectra 
of Figs. 7 and 9 are clearly distinct from those in 
the corresponding spectra with closed reaction 
centers (Figs. 2 and 5), the bleaching at 670 nm 
and especially the increase at 690 nm being more 
pronounced. Since these changes appear and dis- 
appear in times to be expected for an intermediary 
between P-840 and secondary electron acceptors, 
and do not occur in the presence of ferricyanide, 
we attribute these changes to reduction and re- 
oxidation of the primary electron acceptor. The 
kinetics of the absorbance changes at 670 nm are 
shown in Fig. 8D. The initial increase can again be 
attributed to Car*. The bleaching which is left 
after Car* has disappeared decayed with a half 
time of 550 + 50 past to a constant level. Ab- 
sorbance changes with a similar difference spec- 
trum but with a lifetime of about 25 ns were 
observed by Van Bochove et al. [13] in a prepara- 
tion in which secondary electron transport was 
inhibited, and were tentatively attributed to reduc- 
tion of BPh c. The 550 ps decay time in Complex I 
then would reflect the transfer of the electron from 
the primary to a secondary acceptor. The residual 
bleaching at 670 nm can be partly ascribed to 
long-lived excited states, partly to the band shift 
that is associated with P-840 ÷, mentioned above. 
Thus, apart from absorbance changes due to ex- 
cited states (Bchl a* mainly), the 130 ps spectrum 
of Fig. 9 can be ascribed to formation of the 
radical pair P-840÷I -, in which I is the primary 
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electron acceptor. The 4 ns spectrum reflects the 
state P-840÷I X-,  in which X is a secondary 
acceptor. 

Discussion 

Application of picosecond time-resolved ab- 
sorbance difference spectroscopy has permitted for 
the first time to observe the primary photosyn- 
thetic processes of a relatively large intact photo- 
system derived from a green photosynthetic 
bacterium. Excitation with a 35 ps flash at 532 nm 
of Complex I of P. aestuarii causes absorption 
changes due to formation of singlet and triplet 
excited states of BChl a and carotenoid, and in 
open reaction centers also those due to the primary 
charge separation and subsequent electron trans- 
fer. 

At 532 nm most of the incident light is ab- 
sorbed by carotenoids, which are thus directly 
excited by the flash. Car* probably has a lifetime 
of a few ps (see below). At 4 K, less than 10% of 
the carotenoid singlet excitations is transferred to 
the BChl a of the core complex, as is indicated by 
the low-temperature fluorescence excitation spec- 
tra (Kramer H.J.M. et al., unpublished data). Some 
BChl a* is also formed by direct excitation in the 
BChl a protein and in the core complex, but from 
the excitation spectrum mentioned above it can be 
deduced that the amount will be relatively low. 

The absorption of Complex I around 815 nm is 
made up of contributions from both the core 
complex and the BChl a protein, whereas that at 
840 nm is due to the core complex alone [2]. Since 
for Complex I (Fig. 2) the maximum bleaching in 
the near-infrared region, due to BChl a* forma- 
tion, is at longer wavelength than for the isolated 
BChl a protein (Fig. 6), we conclude that an 
appreciable part of the singlet excitations in Com- 
plex I is, at least initially, localized on the core 
complex. The decay kinetics of the absorbance 
changes at 840 nm (Fig. 3B) show that the lifetime 
of BChl a* in the core complex is 70 + 10 ps. This 
decay time differs significantly from the 280 ps 
decay of singlet excitations in the isolated BChl a 
protein (Fig. 6, inset). The 250 + 50 ps decay 
component in Complex I, observed at 815 nm 
(Fig. 3A), and the shift of the maximum bleaching 
from 820 nm during the flash (Fig. 2) to 817 nm at 
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130 ps (Fig. 5) suggest that some longer-lived 
singlet excitations remain on the BChl a protein. 
Part of this BChl a* may be formed by direct 
excitation of BChl a at 532 nm, part by energy 
transfer from BChl a* in the core complex. 

Using a somewhat similar preparation from 
Chlorobium limicola, Borisov et al. [21] measured 
fluorescence lifetimes and yields by means of a 
phase fluorimeter. At high intensity of excitation 
they observed an increase in yield and a decrease 
in average lifetime from 2.4 to 1.6 ns. These results 
were interpreted in terms of two fluorescence com- 
ponents: a 'background' with a constant intensity 
and a lifetime of 2.7 ns and one with a variable 
intensity and lifetime (40 + 20 to 400 + 200 ps). 
The first number would apply to a system with 
open traps. Our results provide little evidence for a 
significant 'background' component in BChl a* 
deexcitation, but it should be kept in mind that 
such a component may be more prominent in 
phase fluorimetric measurements. Our 70 ps decay 
phase, which is observed both in the absence and 
in the presence of ferricyanide does not appear to 
be affected by the rate of trapping by the reaction 
center. In this connection it should be remarked 
that even without ferricyanide at least an apprecia- 
ble fraction of the reaction centers already be- 
comes closed during the flash. Therefore, our ex- 
periments do not exclude the possibility of a con- 
siderably faster component that would reflect the 
rate of trapping by the reaction center. Govindjee 
et al. [22] measured fluorescence lifetimes of intact 
cells of green sulfur bacteria using a phase fluo- 
rimeter. The decay time increased from about 600 
ps to 1 ns upon increasing the excitation intensity. 
However, since broad band detection was used in 
these experiments, the measured fluorescence pre- 
sumably originated mainly from the chlorosomes 
[23]. 

The absence of a bleaching at 840 nm in the 4 
ns absorbance difference spectrum of Fig. 5 sug- 
gests that BChl a T formed in complex I is local- 
ized on the BChl a protein. This triplet is prob- 
ably formed by intersystem crossing from the ex- 
cited singlet state, similarly as for the isolated 
BChl a protein (Fig. 6). 

As stated, the absorbance changes at 560 nm, 
remaining after the decay of Car* (Figs. 3C and 
8B) might be attributed to carotenoid triplet states. 

Formation of these triplets could take place via the 
mechanism of singlet fission of Car*, as has been 
proposed for purple bacteria [24,25]. Recently, it 
has been shown that in Rhodospirillum rubrum 
antenna carotenoid triplets are formed within 100 
ps after direct carotenoid excitation [16]. 

The lifetime of Car* is probably much shorter 
than the duration of the flash, and, unlike that of 
BChl a*, cannot be measured directly. However, 
our data allow an indirect estimate from the am- 
plitude of the absorbance changes in the carotenoid 
region during the flash. Since the carotenoids are 
directly excited at 532 nm, and no energy transfer 
is assumed to occur between them, the ground 
state transition moments of the excited molecules 
will be more or less parallel to the vertical polari- 
zation direction of the excitation pulse. In view of 
the long chain-like structure of the carotenoids, it 
is likely that the transition moment of Car*, corre- 
sponding to the absorption band around 590 nm 
in Fig. 2, is also vertically polarized. Since the 
measuring pulse is polarized parallel to the exci- 
tation pulse, it is necessary to correct for photodi- 
chroism when specific extinction coefficients are 
used which normally refer to randomized transi- 
tion moments. If no depolarization occurs, the 
optical density measured parallel to the polariza- 
tion direction is three times that measured per- 
pendicular to this direction [26]. From this it fol- 
lows that a correction for photodichroism is ob- 
tained by dividing the measured absorbance 
changes in the carotenoid region by a factor of 
9/5.  This correction should not be applied to the 
BChl a bands. Due to the transfer of excitation 
energy from carotenoid to BChl a and among 
BChl a molecules, the bleaching at 820 nm is 
probably only weakly polarized, as is also indi- 
cated by measurements of fluorescence polariza- 
tion (Kramer, H.J.M. and Westerhuis, W.H.J., un- 
published results). We assume that the extinction 
coefficient of Car* at 590 nm is 150 mM -1 • cm - l ,  
i.e., roughly equal to that of the ground-state 
absorption at 460-475 nm [27]. Then, the amount 
of Car* observed can be compared with that ex- 
cited during a flash, as the intensity of the flash 
and thus the number of absorbed quanta are 
known. Simulation of the absorbance changes at 
590 nm by convolution of a monoexponential de- 
cay with 35 ps Gaussian excitation and probe 



pulses indicated an average lifetime for Car* of 
approx. 1 ps. Comparison of the amplitude of the 
absorbance changes due to formation of BChl a* 
at 820 nm with that of Car*, by applying a similar 
convolution procedure for BChl a* (using a life- 
time of 70 ps), yielded a lifetime of less than 3 ps 
for Car*. An efficiency of transfer from carotenoid 
to BChl a* of less than 10%, like that at 4 K, was 
assumed in this calculation. A decay time of 1 ps is 
in reasonable agreement with the value calculated 
for the excited singlet state of spirilloxanthin in 
solution (Nuijs, A.M. et al., unpublished results), 
and agrees well with the upper limit of 1 ps of the 
lifetime of singlet excited B-carotene, which was 
estimated from the absence of any detectable Ra- 
man peak [28]. 

Comparison of the difference spectra for sam- 
ples with closed and open reaction centers indi- 
cates that the absorbance changes due to excited 
states in the antenna are approximately the same 
in both preparations. Thus, when these are sub- 
tracted from the absorbance changes obtained with 
open reaction centers, only changes caused by the 
charge separation and electron transport should 
remain. The result of such a subtraction for the 
spectral region 600-750 nm is shown in Fig. 10. 

T T 

The spectrum obtained at 130 ps clearly resembles 
the P-840+I - spectrum as measured by Van 
Bochove et al. [13]. On the other hand, apart from 
a shift of about 3 nm, the 4 ns spectrum is in good 
agreement with the spectrum recorded by 
Swarthoff and Amesz [9] upon continuous il- 
lumination, which spectrum was attributed to P- 
840+X -, where X is an iron-sulfur center [11]. It 
should be noted that our data do not provide 
evidence for the involvement of the BChl a mono- 
mer, the reduction of which was observed previ- 
ously in continuous light at low ambient redox 
potential and high pH. This monomer was pro- 
posed to be an electron acceptor intermediate be- 
tween I and an iron-sulfur center [12]. Reduction 
of this BChl a was accompanied by the bleaching 
of its Qy band at 814 nm. As shown by Fig. 8A no 
such bleaching concomitant with the 550 ps decay 
of the absorbance changes of I -  is seen. Thus the 
function of BChl a 814 in the electron chain 
remains unclear. Reduction of the BChl a 814 
could either be a side reaction taking place under 
the non-physiological conditions applied, or alter- 
natively, its redox reactions might be too fast to be 
observed under our conditions. 

Our data thus can be summarized by the fol- 
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Fig. 10 (A) O, Absorbance changes of Complex I, 130 ps after a flash obtained by subtracting the spectrum of an oxidized sample 
from that of a reduced one (see text). × ,  Absorbance difference spectrum of the reaction center pigment-protein complex, 7 ns after a 
flash [13]. The two spectra are normalized at 6~55 nm. (B) O, Absorbance changes of Complex I, 4 ns after a flash obtained by 
subtracting the spectrum of an oxidized sample from that of a reduced one (see text). A, Absorbance difference spectrum of Complex I 
obtained after 1 s of saturating continuous illumination [9]. The two spectra are normalized at 680 nm. 
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lowing scheme: 

h~, < 35 ps 550 ps 
P-840IX~P840*IX ~ P-840 ÷ I - X  ~ P-840 ÷ I X -  

in which I is probably BPh c and X is an iron-sulfur 
center. 

It has been previously argued that the reaction 
center of green sulfur bacteria, in contrast to that 
of purple bacteria and Chloroflexaceae, resembles 
that of Photosystem I of green plant photo- 
synthesis [12]. However, the present results indi- 
cate that its electron-acceptor chain combines fea- 
tures of both plant photosystems, especially if one 
takes into account that the porphyrin system of 
BPh c is chemically more closely related to that of 
pheophytin a than to that of BPh a: the primary 
electron acceptor is similar to that of Photosystem 
II, whereas the secondary acceptor system consists 
of iron-sulfur centers, as in Photosystem I. This 
may suggest a fairly complicated evolutionary rela- 
tionship among the various groups of photosyn- 
thetic organisms. 
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