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We have applied absorbance-detected electron spin resonance in zero magnetic field to several pigment-pro- 
tein complexes that belong to the membrane-bound photosystem of the green sulfur bacterium Pros- 
thecochloris aestuarii. It was found that three triplet states can be discerned, that are formed in the 
light-harvesting bacteriochlorophyll a protein, the core complex and in the primary donor P-840, respectively. 
Triplet-minus-singlet absorbance difference spectra of the latter two states are presented. The spectrum of 
the core complex shows a bleaching at 837 nm and an absorbance increase at 808 nm. This suggests a strong 
electronic interaction between at least two of the constituent BChl a molecules of the complex. The 
triplet-minus-singlet spectrum of P-840 shows two negative bands at 826 and 837 nm, that, according to their 
linear dichroism, have almost parallel polarization. It is shown that no spectral evidence exists for the 
presence of two resolved dimer exciton bands of P-840. We conclude that P-840 either consists of two 
weakly coupled BChl a molecules or of a strongly coupled pair with one allowed exciton band at 837 nm, the 
other blue-shifted exciton component being very weak. Decay rates of pT-840 of 6790 ( +  500) S-I ,  3920 
( + 300) S - l and 1275 ( +_ I00) s - i were observed for the x, y and z triplet sublevels, respectively. 

Introduction 

The photosystem of the green sulfur bacterium 
Prosthecochloris aestuarii consists of a large BChl c 
containing antenna structure, the chlorosome, con- 
nected to the cytoplasmic membrane by a base- 
plate that contains the well-characterized light- 
harvesting BChl a protein (LH-BChl a protein) 
[1,2]. Excitation energy that is captured by the 
chlorosome is funnelled through this baseplate to 
the membrane-bound antenna complexes, and is 

Abbreviations: ADMR, absorbance-detected electron spin res- 
onance in zero magnetic field; BChl, bacteriochlorophyll; BPh, 
bacteriopheophytin; LD-ADMR, linear dichroism of ADMR; 
LH-BChl a protein, light-harvesting BChl a protein; P-840, 
primary electron donor; T - S  spectrum, triplet-minus-singlet 
absorbance difference spectrum. 
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finally transferred to the primary electron donor 
P-840. 

So far isolated, photochemically active, reaction 
centers have not been obtained from the Chlorobi- 
aceae. Information about the nature of the primary 
donor P-840 has been derived from absorbance 
difference spectroscopy and ESR measurements 
on relatively large pigment-protein complexes 
[3-6], and is still rather limited as compared to the 
extensive body of data on the reaction center of 
purple bacteria [7]. The oxidized-minus-reduced 
absorbance difference spectrum of P-840 [4,5] 
clearly deviates from that observed for the primary 
electron donor of purple bacteria and Chloro- 
flexaceae [7-9]. The main features are a bleaching 
at 830-840 nm, a blue absorbance shift around 
800 and a red shift around 670 nm. From ESR 



measurements ,  it was conc luded  that  the odd  elec- 
t ron  is shared by  two BChl a molecules  when 
P-840 is oxidized [6]. The  redox potent ia l  of  P-840 
is 200 mV lower than usual ly  found for o ther  
pho tosyn the t i c  bac te r ia  [3] and  the green sulfur 
bac te r ia  are capab le  of genera t ing  direct ly  a re- 
duc tan t  that  is s t rong enough to reduce N A D P  + 
[10]. 

W e  have app l ied  absorbance-de tec ted  e lect ron 
spin resonance  in zero magnet ic  field ( A D M R )  to 
pho tochemica l ly  active p igment -p ro te in  complexes  
of  P. aestuarii. These complexes,  des ignated  pho-  
tosys tem-p igment  complex  and react ion center  
p igment -p ro te in  complex,  respectively,  are capab le  
to form a s table  charge separa t ion  [4,5]. They 
consis t  of the so-cal led core complex,  that  is asso- 
c ia ted  with the react ion center  [11,12] and in addi -  
t ion they conta in  different  amounts  of the LH-  
BChl a protein.  

In the present  paper ,  we repor t  a s tudy of the 
proper t ies  of  the t r iplet  states that  are formed in 
the core complex  and in the react ion center  and  
present  their  t r ip le t -minus-s ingle t  ( T -  S) ab-  
sorbance  difference spectra.  We  have also mea-  
sured the l inear  d ichro i sm of  the T -  S spec t rum 
of  P-840, and  impl ica t ions  for the possible  struc- 
ture of  the p r ima ry  electron donor  will be consid-  
ered. The tr iplet  s tate of  the LH-BChl  a p ro te in  
will be the subject  of  a subsequent  publ icat ion.  

Materials and Methods 

Prosthecochloris aestuarii, strain 2K, was grown 
anaerob ica l ly  in a mixed cul ture  or iginal ly  known 
as Chloropseudomonas ethylica [13], as descr ibed  
by  Hol t  et al. [14]. Pho tosys tem-p igment  and reac- 
t ion center  p igment -p ro te in  complexes  were pre-  
pa red  according  to Ref. 4, the core complex  as 
descr ibed  in Ref. 11, and  the LH-BChl  a p ro te in  
accord ing  to Ref. 15. 

The A D M R  exper iments  were pe r fo rmed  at 1.2 
K as descr ibed  in Refs. 16 and 17. The  techniques 
used to ob ta in  the polar ized  A D M R  spect ra  
( L D - A D M R )  have been descr ibed in Ref. 18. 
Kinet ics  of  the abso rbance  changes were measured  
with the pulse me thod  [19,20]. 

Samples  were suspended  in 10 m M  phospha te -  
ascorba te  buffer  (pH 7.4) conta in ing  0.05% ( v / v )  
Tr i ton  X-100 and di lu ted  to abou t  65% ( v / v )  with 
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e thylene glycol;  the absorbance  was adjus ted  to 
approx.  0.5 at 1.2 K at 810 nm; jus t  before  the 
exper iment ,  sod ium di th ioni te  to a final concentra-  
t ion of  10 m M  was a d d e d  to keep the secondary  
electron acceptors  (FeS I and  F e S u )  in the reduced 
form. 

Results 

Absorbance-detected ESR spectra and kinetic 
parameters 

Fig. 1A and B show the absorbance-de tec ted  
ESR spectra  at  1.2 K of  the react ion center  pig- 
ment -p ro te in  complex,  mon i to red  at 836.5 nm 
within the singlet absorbance  b a n d  of P-840. Two 
s t rong t ransi t ions  were observed at 515 and 735 
M H z  which gave rise to ident ical  T -  S spect ra  
(see below). The same t ransi t ions  were observed in 
the pho tosys tem-p igment  complex.  The zero field 
spl i t t ing pa rame te r s  IDI and IEI of  this t r iplet  s tate 
are 208.3 ( + 0 . 7 ) . 1 0  4 and 36.7 ( + 0 . 7 ) . 1 0  4 

c m - 1 ,  respectively,  which is in excellent  agreement  
with those previously  repor ted  by  Swar thoff  et al. 
[6] for the sp in-polar ized  l ight - induced ESR spec- 
t rum of the pho tosys t em-p igmen t  complex  (207 
( + 2).  10 -4  and 37 ( + 1). 10 -4  c m -  1, respectively).  

IDI*tEI/~ PROSTHECOCHLORIS AESTUARI8365 RCPP ] 

A ,, J I i ~ 6  5 nrtl C j ~  _ am 
700 750 800 /,00 450 500 

,\_W . 
500 550 /.50 500 

MICROWAVE FREQUENCY (MHz] 
Fig. 1. Zero field triplet ESR spectrum at 1.2 K in the reaction 
center pigment-protein (RCPP) complex from P. aestuarii. The 
detection monochromator (optical resolution 3.2 nm) was set at 
various wavelengths as indicated. The spectra are single scans 
of 100 s duration obtained with lock-in detection and ampli- 
tude modulation of the microwave radiation at 313 Hz; time 
constant 1 s. (Note that in C and D, the reaction center 
microwave transition at 515 MHz is also detected.) 
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We therefore assume that  these microwave transi-  
t ions belong to the react ion center  tr iplet  which 
results from radical  pai r  recombina t ion .  The high 
quan tum yield of this t r iplet  s tate [5] is in accor-  
dance  with the high intensi ty  of  its microwave 
t ransi t ions  relat ive to the other  microwave transi-  

t ions detected (see below). 
Sublevel decay rates of the react ion center  tri- 

plet  state were measured  as a funct ion of the flux 
of incident  exci t ing light after a br ief  i r rad ia t ion  
with microwaves swept rap id ly  (1 MHz/ t~s  ) 

through the I D I -  IE[ or  IDI + IEI t ransi t ion.  The  
true molecular  decay  rates k x, k v and k z were 
measured  at low light in tensi ty  and are given in 
Table  I. The k x and k v values differ  apprec iab ly  
f rom those de te rmined  by  convent ional  ESR tech- 
niques. Conven t iona l  ESR necessitates ex t rapola-  
t ion of the decay rates to low microwave power  
[21], whereas with the A D M R  technique,  the only 
requi rement  for the correct  de te rmina t ion  of sub- 
level decay rates is that  they be independen t  of  the 
incident  light flux. The microwaves  are only used 
to per turb  the system from equi l ibr ium and not  to 
moni to r  popu la t ion  differences.  Hence,  we assume 

that  the decay rates presented  here are more  relia- 
ble. The fact that  opt ica l ly  a quas i -monophas ic  
decay  rate at 5 K was repor ted  for the tr iplet  state 
[6] is expla ined by the use of a t ime resolut ion that  
was too low to resolve the fastest  componen t  (k  x). 

Ano the r  dis t inct  tr iplet  state with a microwave 
t ransi t ion centered at 450 M H z  was observed upon  
de tec t ion  at 836.5 nm (Fig. 1C). Its low intensi ty  is 
indicat ive of an internal  convers ion mechanism for 
the fo rmat ion  of this triplet.  The  cor respond ing  
T - S spec t rum differed from that  of P-840 and  in 
the fol lowing section we will present  evidence that  
this tr iplet  s tate or iginates  in the core complex.  We 
a t t r ibu te  the 450 M H z  ESR line to the ] D I -  IE[ 

t ransi t ion.  The IDI + IEI t ransi t ion was located at 
785 M H z  in isola ted core complex,  from which 

IDI = 205.8 • 10 4 and IEI = 55.8 • 10 -4 cm 1 were 
ca lcula ted  (see Table  II). 

U p o n  de tec t ion  at 826 nm, a third tr iplet  state 
appeared ,  with a microwave t ransi t ion centered at 
464 M H z  (Fig.  1D). The  same microwave transi-  
t ion, with a similar  T -  S spec t rum was observed 
in isolated LH-BChl  a protein,  where also a sec- 
ond  t ransi t ion at 795 M H z  was detected.  Thus,  
this tr iplet  state is formed in the LH-BChl  a 
protein.  Its microwave t ransi t ions  and the associ- 
a ted  T - S  spect ra  will be discussed in a subse- 
quent  publ icat ion.  

Table  II summarises  the microwave t ransi t ion 
frequencies and the zero field spl i t t ing pa ramete r s  
ob ta ined  for the react ion center  p igment -p ro te in  
complex  of P. aestuarii for the three tr iplet  species 
that  were detected.  No te  that the IDI + bEI transi-  
t ions of the core complex  and of the LH-BChl  a 
p ro te in  were not  resolved in the react ion center  
p igment -p ro te in  complex.  

Triplet-minus-singlet absorbance difference spectra 
Reaction center triplet states. The A D M R - m o n i -  

tored T - S  spectra  of the react ion center  t r iplet  
ob ta ined  when the IDI + IEI t ransi t ion was i r radia-  
ted at  735 M H z  is shown in Fig. 2 for the react ion 
center  p igment -p ro te in  complex.  The sign of the 
microwave t rans i t ion  moni to red  at 836.5 nm corre- 
sponds  to an increase in the ground  state popula-  
t ion under  resonant  condi t ions ,  as was also found 
for the react ion center  tr iplets of BChl a and BChl 
b conta in ing  purp le  bac ter ia  [17]. The spec t rum 
shows sharp negative bands  at 837 and 826 nm, an 
absorbance  increase at 814 nm and weak bands  in 
the Qx and Soret region of BChl a. Especial ly in 
the region 360-650 nm, the shape of the spec t rum 

TABLE I 

TRIPLET SUBLEVEL DECAY RATES 

Species k, 
(s l) 

k~ k. Average Method 
(s l) (s l) (s l) 

pT-840, P. aestuarii 

Monomeric BChl a in methyltetrahydrofuran 

6 790 _+ 500 
3000+400 

11 950 _+ 700 

3 920 + 300 1 275 _+ 100 3 995 +_ 300 
3000_+ 400 1300_+150 2430+300 

- 2475 _+ 300 

15900_+1300 1635+ 50 9830_+700 

ADMR (this work) 
ESR [6] 
absorbancc [6] 

ADMR [201 
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TABLE II 

MICROWAVE TRANSITION FREQUENCIES AND ZERO FIELD SPLITTING PARAMETERS 

Triplet state vl u2 IDI IEI Ref. 
(MHz) (MHz) (x 10-4 cm 1) (X 10-4 cm 1) 

Reaction center 515 735 208.3 + 0,7 36.7 _+ 0.7 this work 
Reaction center - 207.0 _+ 2.0 37.0 + 2.0 6 
Core complex 450 785 205.8 + 0,7 55.8 + 0.7 this work 
LH-BChl a protein 464 795 209.8 _+ 0.7 55.2 + 0.7 this work 
Monomeric BChl a in methyltetrahydrofuran 516 864 230 + 2 58 + 2 20 

is similar to the absorbance difference spectra 

obta ined  by Swarthoff et al. [5], which supports  
the ass ignment  of these spectra to a BChl a triplet 

state. The spectrum in the region 600-700 n m  is 
shown in 10-fold enlargement  in the insert of Fig. 

2. In addi t ion to a bleaching of the Qx band  of 
BChl a, three distinct bands  are present a round 
670 n m  with min ima  and maxima at 665, 670 and 

5 

o 1"" I I~  
450 500 550 

PROSTHECOCHLORIS AESTUARII 
RCPP 735 MHz 

I I I L I I 

s T 
0~ 

z 

,-5 m 

-15 
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WAVELENGTH (nrn} 

Fig. 2. The ADMR-monitored reaction center T - S  spectrum 
at 1.2 K in the reaction center pigment-protein (RCPP) com- 
plex, recorded with the resonant microwaves set at 735 MHz 
(ID[+ ]El transition). Spectral resolution is 3.2 nm for the 
whole range, except for the insert 600-700 nm, where it is 1.6 
nm: the spectrum was constructed from single scans at differ- 
ent sensitivities for the various wavelength regions: time con- 
stant 1 s. 

672 nm, respectively. These bands  may be ascribed 
to BPh c or related pigments (Braumann,  Th. and 

Vasmel, H., unpubl i shed  data) that exhibit ab- 

sorbance bands  at 4 K at 665, 670 and 675 nm, 

respectively [22]. Recent evidence from nanose-  

cond-resolved spectroscopy suggests that a pig- 

ment  absorbing at 670 nm (probably BPh c) acts 
as an intermediary electron acceptor in the elec- 

t ron- t ranspor t  chain [23]. The absorbance  changes 
in the T - S spectrum in this region agree with the 

no t ion  that this p igment  is situated in close vicin- 
ity to the pr imary donor.  

The bleaching in the Soret region and  in the Qx 
region of the spectrum is remarkably small com- 

pared to the absorbance decrease in the Qy region 
of BChl a, as was also found for the reaction 
center triplets of all purple bacteria studied so far 
[17,27,34]. This is probably  due to a strong BChl 

a T absorbance,  as the triplet-triplet absorbance 

spectrum of BChl a in vitro shows an oscillator 
strength in these regions that is comparable  to that 

of the singlet-singlet absorbance [24]. 

The T -  S spectrum of the reaction center pig- 

ment-prote in  and photosystem-pigment  complexes 
in the region 790-850 nm is shown in more detail 
and  at higher resolution in Fig. 3. The two spectra 
are similar, though not  identical, and when they 
are normalized at their maxima at 836.8 nm, it 

becomes clear that the shoulder at 833.7 nm and 
the max imum at 830.8 n m  can be at t r ibuted to a 
band  shift which is more p rominent  in the photo- 
system-pigment  than in the reaction center pig- 
ment-prote in  complex (Fig. 3C). A band  at 834 
n m  is indeed resolved in the 4 K absorbance 
spectrum of both preparat ions  [22] and we suggest 
that this band  shifts to slightly shorter wavelength 
upon  triplet format ion of P-840. 
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Fig. 3. Comparison of the ADMR-monitored reaction center 
T - S  spectra of reaction center pigment-protein (RCPP) and 
photosystem-pigment (PP) complexes between 790 and 850 nm. 
Spectral resolution 1.6 nm; other conditions as for Fig. 2. The 
spectra are single scans of 3 s per 0.2 nm step, time constant 1 
s. (A) reaction center pigment-protein complex: (B) photosys- 
tern-pigment complex; (C) the two spectra normalized at their 
maxima at 836.8 nm. 

The two most prominent features in the near- 
infrared region of the T - S spectrum are negative 
bands at 826.6 and 836.8 nm. If these are due to 
simultaneous bleachings of two absorbance bands 
of the primary donor, they would be expected to 
be exciton-coupled. Alternatively, the 836.8 nm 
band could be the only band that signifies a 
bleaching of the primary donor, the other bands, 
including the positive band at 813.6 nm, being due 
to absorbance shifts and absorbance changes that 
occur in neighboring pigments. To discriminate 
between these possibilities, we have measured the 
polarization of the triplet-minus-singlet ab- 
sorbance changes with the recently developed 
method of L D - A D M R  spectroscopy [18]. The 
method is analogous to that used for photoselec- 
tion, except for the fact that the selection of a 
particular distribution of molecules in the isotropic 
sample is achieved by excitation with polarized 
microwaves instead of polarized light. The transi- 
tion moment of a microwave transition is polarized 
normal to the plane formed by the dipolar axes of 

the two triplet levels between which the transition 
takes place, which usually coincide with molecular 
symmetry axes [25]. The difference of the T - S  
spectra for light polarized parallel and perpendicu- 
lar to the direction of microwave polarization is 
detected. 

By excitation in the IDI - IEI and IDI + IEI tran- 
sitions, orientations corresponding to two mutu- 
ally perpendicular axes of the reaction center are 
selected and the orientation of the optical transi- 
tions in the unpolarized T - S spectrum relative to 

T 
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L 

15 

I I pIRO STHECOrC H LORIS I / 
A AESTUARII I 

512 MHz / 

I I 

~ ~ 7 3 5  MHZ 1 

.ee .  T 
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Fig. 4. Linear dichroic T -  S spectra of P-840 recorded in the 
reaction center pigment-protein complex. The spectra are the 
hand-average of two scans, with a time constant of 3 s and 
spectral resolution of 3.2 nm. The microwave frequency corre- 
sponds to the I DI - I E I  transition (A) and the IDI+ IEI transi- 
tion (B), respectively. 



these axes can be derived. The two L D - A D M R  
spectra of the reaction center pigment-protein 
complex thus obtained are shown in Fig. 4. In 
both spectra, the two principal long-wavelength 
bands (826.6 and 836.8 nm) are seen to have the 
same sign of polarization with respect to the 
selected axes. Moreover, the ratio of their intensity 
is practically the same as in the unpolarized T -  S 
spectrum. This is strong evidence that the two 
bands are approximately parallel. This means that 
they cannot be due to an exciton pair, because the 
transition moments of the members of an exciton 
pair are mutually perpendicular. 

Comparison of the two L D - A D M R  spectra also 
suggests that the band at 814 nm does not form 
part of a band shift but represents a real ab- 
sorbance increase, because its polarization relative 

10! 

T 5 

,< 
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< 

"~-5 

-10 

I 

A 
1 I I I I ] 

808 

RCPP /.50 MHz 

837 

8365 

I I I I I I I 
800 82.0 8/,0 8 6 0  

WAVELENGTH Into) ~- 

Fig. 5. ADMR-monitored difference spectra of the reaction 
center pigment-protein (RCPP) complex (A) and the isolated 
core complex (B). Microwave frequencies as indicated. The 
spectra are single scans of 600 s, time constant 3 s. Other 
conditions as for Fig. 2. 

205 

to the two triplet axes is clearly different from that 
of the band(s) in the region 820-825 nm. The 
shoulder at 833.7 nm was not resolved in these 
spectra. 

We will return to the interpretation of the reac- 
tion center triplet absorbance difference spectrum 
in the Discussion and Conclusions. 

Core complex triplet state. A triplet was also 
detected in the core complex. This complex lacks 
the LH-BChl a protein and is closely associated 
with the reaction center [11,12]. 

Fig. 5 shows that the 450 MHz microwave 
transition observed in the reaction center 
pigment-protein complex (Fig. 1) can be ascribed 
to the core complex. Its T -  S spectrum is shown 
in Fig. 5A. In the isolated core complex, a similar 
spectrum was obtained at 450 MHz ( I D I - I E I  
transition). The corresponding IDI + IEI transition 
was located at 785 MHz in the isolated core com- 
plex (Table II) and yielded the spectrum shown in 
Fig. 5B. Except for small differences in the region 
815-830 nm, possibly due to additional pigment 
shifts in the spectrum of the isolated core complex, 
the two spectra agree quite well. This supports the 
conclusion [11] that the structure of the core com- 
plex is left virtually unchanged upon isolation. 

Discuss ion and Conclusions 

Three different complexes derived from the 
membrane-bound photosystem of P. aestuarii have 
been investigated by ADMR: the photosystem- 
pigment, reaction center pigment-protein and core 
complex. The reaction center pigment-protein 
complex contains only the membrane-bound com- 
plexes of the photosystem (subunits of LH-BChl 
a, core complex and reaction center), while the 
photosystem-pigment complex comprises in addi- 
tion two more loosely bound molecules of the 
LH-BChl a protein [26]. In agreement with this 
proposed organization, we detect by A D M R  three 
well-defined triplet states in the reaction center 
pigment-protein and photosystem-pigment com- 
plexes. Two of these triplet states will be consid- 
ered below; the triplet state of the LH-BChl a will 
be discussed in a subsequent paper. As expected, 
this triplet state was present in both photosystem- 
pigment and reaction center pigment-protein com- 
plexes but not in the isolated core complex. 
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The triplet state with microwave transitions at 
450 and 785 MHz is formed in all three com- 
plexes. This indicates that it originates from the 
core complex. The main features of its T - S spec- 
trum (Fig. 5) are a negative band at 837 and a 
positive band at 808 nm. These can be interpreted 
by the assumption that a strong electronic interac- 
tion, at least on the level of a dimer, is responsible 
for the band at 836 nm in the absorbance spec- 
trum of the core complex. Apparently, the triplet 
state is localized on one of the constituent BChl a 
molecules of the dimer. Because of the ensuing 
strong decrease in the electronic interaction be- 
tween the members of the dimer upon triplet for- 
mation, the absorbance band of the dimer (837 
nm) is bleached and a monomer BChl a ab- 
sorbance band appears around 808 nm. A similar 
interpretation has been applied to the T -  S spec- 
tra of isolated reaction centers of purple bacteria 
[17]. Although recently a fraction similar to the 
core complex has been isolated that retained pho- 
tochemical activity [12], our preparation showed 
none [11], and no triplet state of the primary 
donor was detected in the isolated complex. 

The triplet state with microwave transitions at 
515 and 735 MHz can be identified as being the 
triplet state of the reaction center. It was only 
formed in photosystem-pigment and reaction 
center pigment-protein complexes and its [D I and 
]El values are identical to those of the spin- 
polarized triplet found earlier in the photosystem- 
pigment complex by Swarthoff et al. [6]. The T - S 
spectrum of this state should therefore contain the 
bleaching of the absorbance band(s) of P-840. In 
addition, triplet-triplet absorbance of P-840 and 
singlet-singlet absorbance bands of the new elec- 
tronic configuration (including band-shifts of 
neighboring pigment molecules) can be expected 
to contribute to the difference spectrum. 

The unpolarized T - S spectrum shown in Fig. 
2 and in more detail in Fig. 3 contains two nega- 
tive bands, located at 826.6 and 836.8 nm. If the 
corresponding bands in the singlet absorbance 
spectrum form an exciton pair, then the two 
bleachings should possess a perpendicular polari- 
zation. The polarized T - S spectra measured for 
two mutually perpendicular orientation axes (Fig. 
4) show that for the 826 and 837 nm bands: 
(1) the ratio and sign of the intensities in the 

polarized spectra is practically identical to that in 
the unpolarized T - S spectrum (Figs. 2 and 3); 
(2) in the region of these bands, the two polarized 
spectra have opposite sign. 
These requirements can be separately satisfied by 
two perpendicular transitions, but not simulta- 
neously. The only configuration that is compatible 
with both observations is that in which the two 
transitions are approximately parallel (Hoff, A.J., 
Den Blanken, H.J., Vasmel, H. and Meiburg, R.F., 
unpublished data). 

The linewidth of the ESR signal of P+-840 
(9.0 +_ 0.2 G compared to 13.5 G for monomeric 
BChl a + in vitro; Ref. 6) argues against a mono- 
meric primary donor (but note that an alternative 
interpretation has been proposed recently [27]). 
The narrowing of the ESR line has been ascribed 
to delocalization of the positive charge over the 
two BChl molecules, but the interaction between 
the two molecules that is responsible for this delo- 
calization may be weak, as a hopping rate larger 
than about 20 MHz would suffice, corresponding 
to about 1 .10  3 cm ~, i.e., a splitting of only 
1 . 1 0  4 nm. Thus, the 826 and 837 nm bands 
might be weakly coupled bands of a dimeric 
primary donor. In that case, the different locations 
of the absorbance bands of the BChl a molecules 
could be explained by different red shifts with 
respect to the monomer transitions due to electro- 
static effects that result from pigment-protein in- 
teractions [28]. One would then expect the triplet 
to be localized on the pigment with the lowest 
lying excited state. The bleaching at 837 nm then 
would conceivably be caused by triplet formation 
on one of the component BChl a molecules, 
whereas a redistribution of oscillator strengths be- 
tween a pigment absorbing at 814 nm and the 
other component of P-840 may explain the ab- 
sorbance changes at shorter wavelengths. The 
former pigment may be the BChl a molecule that 
can be photoreduced at low redox potential [29]. 
The alternative explanation is that only one of the 
bands (presumably the 837 nm band) is due to the 
primary donor; it might then be the allowed exci- 
ton component of a strongly coupled dimer or be 
composed of two nonresolved absorbance bands 
of weakly coupled BChl a molecules. In the latter 
case, the exciton coupling can only be weak, since 
the bleaching at 837 nm has a uniform polariza- 



t ion across the band (Fig. 4). Also, if the 826 nm is 

not  due to P-840, a redistr ibut ion of  oscil lator 

strength between the pigments  absorbing at 826 

and 814 nm must be assumed to occur. Then, both  

bands  must be ascribed to pigments  in close prox- 

imity to the pr imary  donor  that are not resolved in 

the absorbance spectrum. 

The presence of another  porphyr in  molecule 

close to the react ion center  is indicated by the 

absorbance  changes around 670 nm (Fig. 2). These 

absorbance  difference bands are much weaker than 

those observed in the same wavelength region when 

P-840 is photooxid ized  [5]. They may be due to a 

slightly altered exciton interact ion between a pig- 

ment  absorbing in this region (probably BPh c) 

and the pr imary  electron donor  upon triplet for- 

mat ion.  By means of nanosecond flash spectros- 

copy, BPh c has been tentat ively identif ied as the 

pr imary  electron acceptor  [23]. 

In conclusion, we remark that the appl icat ion 

of  A D M R  to the photosys tem of the green sulfur 

bac ter ium P. aestuarii has al lowed us to gain 

insight in the spectroscopy of its pr imary  donor  

P-840. In the course of the last years, several 

explanat ions  have been presented to account  for 

the spectral propert ies  of the pr imary  donor  of  

bacter ial  photosynthesis ,  These include the charge 

transfer model  [30,31], the impl icat ion of local 

p igment -pro te in  interact ions [28] and exciton the- 

ory (discussed in Ref. 32). We conclude from our 

data, that there is no spectral evidence for the 

existence of  two resolved exciton bands due to the 

pr imary  donor  of  P. aestuarii. The same conclu- 

sion has been drawn for the pr imary  donor  of the 

gliding green bacter ium Chloroflexus aurantiacus 

[33] and of  several species of  purple bacteria  [17]. 

Whe the r  the pr imary  donor  of P. aestuarii consists 

of  two relatively weakly coupled BChl a molecules 

(absorbing either both  at 837 nm or at 826 and 

837 nm) or of  a strongly coupled BChl a pair  with 

one al lowed exci ton band at 837 nm has to be 

decided f rom future experiments.  
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