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Picosecond excitation at 850 nm of isolated membranes of the photosynthetic green sulfur bacterium 
Prosthecochloris aestuarii, when the primary electron donor P-840 was in the oxidized state, caused the 
formation of excited states of bacteriochlorophyll (BChl) a in the antenna, but not those of other pigment 
molecules, as had been observed upon excitation at shorter wavelengths. When, however, P-840 was initially 
in the reduced state, the flashes produced in addition absorption changes that could be attributed to reaction 
center components. These changes included bleachings of the absorption bands of P-840 and of BChl c. The 
latter bleaching, caused by BChl c reduction, decayed in 700 + 70 ps, due to electron transfer to the next 
electron acceptor, whereas the bleaching of the bands of P-840 did not reverse in the time region studied (up 
to 3 ns). Analysis of the absorbance changes appeared to indicate a 1 : 1 stoichiometry for P-840 oxidation 
and BChl c reduction. The primary charge separation occurred in less than I0 ps. 

Introduction 

Experiments in various laboratories have dem- 
onstrated that the organization of the photosyn- 
thetic membrane and the primary and secondary 
electron transport reactions in green sulfur bacteria 
are in many respects different from those in the 
much more extensively studied purple photosyn- 
thetic bacteria and also from those in the green 
filamentous bacterium Chloro f i exus  auran t iacus  

[1-3]. 
Attempts to prepare isolated reaction center 

complexes from green sulfur bacteria have been 
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unsuccessful to far [4], which suggests that part of 
the antenna pigments is bound to the same intrin- 
sic protein that binds the components of the reac- 
tion center. For this reason, studies of primary 
and secondary electron transport in the reaction 
center of green sulfur bacteria have been per- 
formed either with isolated membranes or with 
pigment-protein complexes that contained the re- 
action center together with part of the antenna 
pigments. 

The primary electron donor of green sulfur 
bacteria, P-840, is probably a BChl a dimer [1,2]. 
From measurements of the absorbance changes in 
the pica- and nanosecond region [3,5] it has been 
concluded tlaat a pigment absorbing near 670 nm 
functions as an early electron acceptor. At first it 
was tentatively assumed that this pigment would 
be bacteriopheophytin c, but recent studies dem- 
onstrated the virtual absence of this pigment in 
purified photochemically active pigment-protein 
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complexes derived from membranes of Pros- 
thecochloris aestuariL and it was concluded that 
the pigment involved in electron transport can 
only be BChl c, a lipophilic form of which was 
found to be present in fairly large amounts in 
these preparations [6]. 

The picosecond absorbance-difference mea- 
surements mentioned above have been performed 
with excitation flashes at 532 nm. A disadvantage 
of this method is that, in addition to absorbance 
changes that can be ascribed to electron transport, 
these flashes produce relatively large amounts of 
excited carotenoid, BChl c and BChl a in the 
antenna. 

In the present communication we report the 
results of picosecond experiments in which mem- 
branes of P. aestuarii were illuminated with 850- 
nm pulses. This wavelength was chosen in order to 
excite the primary electron donor P-840 selec- 
tively, together with the long-wave absorbing BChl 
a molecules in the so-called core complex [4] that 
may be assumed to transfer their energy directly 
to the reaction center. Our results confirm the 
notion that the primary electron acceptor in P. 
aestuarii in BChl c. Analysis of the absorbance 
changes indicates a 1:1  stoichiometry for P-840 
oxidation and BChl c reduction. The primary 
charge separation was found to occur in less than 
about 10 ps. 

Material and Methods 

Prosthecochloris aestuarii, strain 2K, was grown 
anaerobically in a mixed culture as described by 
Holt et al. [7]. A membrane vesicle preparation 
( 'Complex I') was prepared according to Ref. 8. 
The final preparation was dissolved in 10 mM 
sodium phospha te /10  mM sodium ascorbate 
buffer (pH = 7.4) and had an absorbance of 1.2 or 
0.6 (as indicated in the figure legends) in a 2-mm 
cuvette. 

The dual-beam spectrometer with 33-ps mea- 
suring and excitation pulses and equipped with an 
optical multichannel analyzer to register absorp- 
tion difference spectra has been described in Ref. 
9. Excitation at 850 nm was obtained by means of 
a parametric light generator pumped by 532-nm 
frequency-doubled Nd-YAG laser pulses. The in- 
tensity was about 0.2 mJ, the repetition rate 0.5 

Hz. The excitation pulses were polarized; the probe 
pulses were not. All experiments were done at 
room temperature. 

Results and Discussion 

Fig. 1 shows absorption difference spectra of 
isolated membranes ( 'Complex I') obtained upon 
excitation at 850 nm with 33-ps flashes. The reac- 
tion centers were kept inoperative with P-840 in 
the oxidized state by continuous background il- 
lumination in the presnece of ferricyanide. The 
solid curves show the spectra measured at 0 ps 
(with coincident excitation and probe pulses); the 
dashed curves were measured at 350 ps after the 
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Fig. 1. Absorpt ion difference spectra of isolated membranes  
( 'Complex  I ') of Prosthecochloris aestuarii (A830 = 0.6) mea- 
sured at 0 ps ( ), 350 ps ( . . . . . .  ) and 2 ns ( . . . . . .  ) 
after the 33-ps excitation flash at 850 nm. P-840 was kept in 
the oxidized state by cont inuous background illumination in 
the presence of 20 m M  ferricyanide. 



flash. In the near-infrared region the spectrum 

measured after 2 ns is also shown (dotted line). In 
the visible region the spectra are characterized by 
a bleaching at 600 nm and an absorbance increase 
in the 570-690 nm region that can be ascribed to 
excitation of antenna BChl a. No absorbance 
decrease is observed near 670 nm. This shows that 
excited BCh c was not produced under these 
conditions, in contrast to what was observed upon 
excitation at 532 nm [3]. The formation of excited 
BChl a is also reflected by a bleaching in the 
region 800-840 nm. The maximum bleaching is 
observed near 820 nm at 0 ps, and shifts to 810 
nm after 350 ps. A similar, but smaller blue shift 
was observed by Nuijs et al. [3] upon excitation at 
532 nm. It can be seen (Fig. 1B) that around 830 
nm about 80% of the bleaching had disappeared 
after 350 ps. 

Difference spectra obtained in the presence of 
open reaction centers are shown in Fig. 2. The 
spectra measured at 2 or 3 ns (dashed curves) 
represent the formation of P-840 ÷ in agreeement 
with earlier measurements [3] and show a bleach- 
ing of the absorption bands of P-840 at 610 nm 
and at 830-840 nm, together with red shifts of 
BChl a and BChl c near 800 and 675 nm, respec- 
tively. The amplitude of the absorbance changes 
indicated that the flashes were about 70% saturat- 
ing. 

The spectrum measured at 350 ps shows an 
additional bleaching at 800-825 nm that can be 
ascribed to excited antenna BChl a. In the visible 
region the spectrum shows the characteristics that 
have been attributed to the formation of P ÷ I -  
(where I is the primary electron acceptor) with 
negative bands at 615 and 670-675 nm, a positive 
band near 650 nm, and a broad absorbance in- 
crease above 680 nm [3,5]. In contrast to absorp- 
tion difference spectra measured upon excitation 
at 532 nm under similar conditions [3] the spec- 
trum is not distorted by excited BChl c; a small 
correction for the presence of excited BChl a may 
be obtained by subtracting the spectrum measured 
with closed reaction centers (Fig. 1); such a cor- 
rection would shift the spectrum in the region 
640-710 nm downward by about 0 .8 .10 -2 ab- 
sorbance units, but would not change its shape. 
The shape of the difference spectrum in the region 
640-710 nm is clearly different from the spectrum 
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Fig. 2. Absorp t ion  difference spectra  of membranes  of P. 

aestuarii measured  in the presence of ascorbate  (10 mM)  and 

N-me thy lphenazon iummethosu l f a t e  (10 # M )  upon exci ta t ion  

at  850 nm. (A) Spectra  in the visible region measured  at  350 ps  

( ) and  at  3 ns ( . . . . . .  ). A830 = 1.2. (B) Spectra in the 
near- infrared region measured  at 350 ps  ( ) and  at  2 s 

( . . . . . .  ). A830 = 0.6. 

measured for BChl c reduction in vitro [10]. This 
suggests that it contains a contribution both from 
the reduction of BChl c and from a red shift of 
some other BChl c molecule(s), presumably caused 
by the oxidation of P-840. 

In order to obtain a correction for the effects 
due to P-840 oxidation and to gain more informa- 
tion about the spectral features of the primary 
electron acceptor, we plotted the difference be- 
tween the spectrum measured at 3 ns [P+-P] and 
those measured at earlier times (Fig. 3). The lowest 
spectrum of Fig. 3 shows the difference between 
the spectra measured at 250 ps and 3 ns. It shows 
a broad absorbance increase in the region of 
600-700 nm together with a bleaching centered at 
673 nm. This spectrum still contains a contribu- 
tion by excited BChl a (see above), but otherwise 
it is similar to that obtained upon reduction of 
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Fig. 3. Difference spectra obtained by subtraction of the 
difference spectrum obtained at 3 ns from the spectra mea- 
sured at 1 ns (upper curve), 670 ps (middle curve) and 250 ps 
(bottom curve) after excitation at 850 nm. Conditions as for 
Fig. 2A. 

BChl c in vitro [10]. Corresponding difference 
spectra obtained at 670 ps (middle spectrum) and 
at 1 ns (upper spectrum) show the same features 
but with smaller amplitudes. Thus we conclude, as 
suggested earlier (see Refs. 3, 5 and 6), that the 
pr imary electron acceptor in P. aestuarii is prob- 
ably BChl c. 

To measure the kinetics of the 670-nm bleach- 
ing the amplitude of the trough near 670 nm 
(shown by an arrow in Fig. 3, bot tom) was plotted 
as a function of time (Fig. 4). The kinetics are 
approximated by an exponential curve with a life- 
time of  700 _+ 70 ps, which is close to that mea- 
sured earlier [3] and has been interpreted as the 
electron-transfer time from BChl -  c to the next 
electron acceptor. Extrapolation of the kinetics 
shown in Fig. 4 to zero time shows that for equal 
concentrat ion of reaction centers AA670 ap- 
proaches a value which is 45% of the absorbance 
decrease at 830 nm due to P-840 oxidation (as 
measured at 2 ns after the flash; see Fig. 2B). If 
the extinction difference coefficient at 830 nm for 
P-840 is taken to be approx. 120 m M -  1. c m -  ~ [6], 
that for AA670 would be about  50-55 m M  ].  
cm-~,  which is close to the value observed in vitro 
(55 mM ] • cm ] [10]). Thus our results appear  to 
indicate that P-840 and BChl c react in a 1 : 1  
stoichiometry. 

F rom earlier experiments it was concluded that 
the primary electron transfer reaction in P. 
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Fig. 4. The kinetics of AA673 measured as shown by the 
dashed vertical line in Fig. 3, bottom. The dashed curve shows 
exponential kinetics with a lifetime of 700 ps. 

aestuarii occurs in less than 35 ps [3]. Experiments 
where the center of the probing pulse preceded 
that of  the excitation pulse indicated that the 
charge separation occurred significantly faster. 
Compar ison of the bleaching at 670 nm with that 
at 615 nm indicated a low initial value and an 
increase of the ratio AA67o/AA615 during the early 
phases of the excitation flashes. Although the sig- 
nal-to-noise ratio did not allow an accurate de- 
termination, the results of  these measurements,  by 
use of  the method described earlier [9,11] in- 
dicated a time constant  for the pr imary charge 
separation of  less than about 10 ps. If one takes 
into account  that this number  includes the time 
needed for energy transfer to the reaction center, 
this means that the rate of pr imary electron trans- 
fer in P. aestuarii is probably of the same order of 
magnitude as in purple bacteria [9]. However, 
these experiments do not rule out the participation 
of  an early electron acceptor preceding BChl c in 
electron transport  of green sulfur bacteria. 

Although the evidence is still controversial 
[12,13], there are indications that in purple bacteria 
[9] and in the green filamentous bacterium Chloro- 
flexus aurantiacus [11] BChl a serves as a pr imary 
electron acceptor. The midpoint  potentials of BChi 
a and BChl c in solution are - 0 . 8 6  V and - 1 . 0 3  
V, respectively [10,14]. Taking into account  the 
midpointpotentials  of P-840 (0.25 V [1]) and of 
P-870 in purple bacteria (0.45V [1,15]), this sug- 
gests that the energies of charge separation are 
close to 1.3 eV, both in purple and in green sulfur 
bacteria. Thus the low redox potential of BChl c 
results in a small difference between the energies 
of  P* (about 1.45 eV) and of P + B C h l - c ,  which is 
a necessary condition for fast electron transfer 



between these states [16]. On the other hand, the 
relatively slow electron transfer from BChl- c to 
iron-sulfur centers [17] is accompanied by a large 
energy drop (> 0.6 eV) which decreases the rate of 
the back electron transfer by several orders of 
magnitude. 
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