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Abstract 

Fluorescence lifetimes have been measured for bacteriochlorophyll (BChl) c isolated from Chlorobium 
limicola in different states of aggregation in non-polar solvents. Two different homologs of BChl c were 
used, one with an isobutyl group at the 4 position, the other with n-propyl. Species previously identified 
as dimers (Olson and Pedersen 1990, Photosynth Res, this issue) decayed with lifetimes of 0.64 ns for 
the isobutyl homolog, 0.71ns for n-propyl. Decay-associated spectra indicate that the absorption 
spectrum of the isobutyl dimer is slightly red-shifted from that of the n-propyl dimer. Aggregates 
absorbing maximally at 710nm fluoresced with a principal lifetime of 3.1ns, independent of the 
homolog used. In CC14, only the isobutyl homolog forms a 747-nm absorbing oligomer spectrally similar 
to BChl c in vivo. This oligomer shows non-exponential fluorescence decay with lifetimes of 67 and 
19 ps. Because the two components show different excitation spectra, the higher oligomer is probably a 
mixture of more than one species, both of which absorb at -747 nm. 

Abbreviations: BChl - bacteriochlorophyll; Chl - chlorophyll; X 2 -  chi-square; F W H M -  full-width at 
half-maximum 

Introduction 

Bacteriochlorophyll (BChl) c occurs in chloro- 
somes of green photosynthetic bacteria in the 
families Chlorobiaceae (green sulfur bacteria) 
and Chloroflexaceae (green filamentous 
bacteria). Chlorosomes are rather flattened, el- 
lipsoidal attenna structures that are unique to the 
green photosynthetic bacteria. They are approxi- 
mately 100nm long, 30nm wide, and 12nm 
thick in Chlorofexus aurantiacus and somewhat 
larger in Chlorobium species (Sprague and Varga 
1986) and are appressed against the inner surface 
of the cytoplasmic membrane, which also serves 

as the photosynthetic membrane (Olson 1980, 
Blankenship et al. 1988a). Each chlorosome con- 
tains about 10000 molecules of BChl c that 
cooperate in absorbing light and transferring the 
absorbed energy to the adjacent photosynthetic 
membrane (van Dorssen et al. 1988, Mimuro et 
al. 1989, Wang et al. 1990). 

The blue and red absorption maxima of BChl 
c in chlorosomes are at 455-460nm and 740- 
755 rim, respectively, positions considerably shif- 
ted from the 435-nm Soret peak and the 668-nm 
red peak of BChl c extracted into methanol or a 
similar organic solvent (Brune et al. 1988a, 
Olson and Pedersen 1990). Furthermore, there is 



an increase in extinction coefficient at the red 
absorption peak accompanied by a decrease in 
the blue peak of BChl c in chlorosomes com- 
pared to monomeric BChl c in solution. Various 
lines of evidence indicate that these spectral 
features are due to direct pigment-pigment in- 
teractions between adjacent BChl c molecules in 
chlorosomes. Nearly identical changes in the po- 
sitions and relative intensities of the BChl c 
absorption maxima occur when BChl c aggre- 
gates spontaneously in nonpolar solvents (Bys- 
trova et al. 1979, Smith et al. 1983, Olson et al. 
1985, Brune et al. 1987). Resonance Raman and 
infrared spectroscopy reveal similar interactions 
between BChl c molecules in the in vitro oligom- 
ers and in chlorosomes (Blankenship et al. 
1988b, Brune et al. 1988b, Lutz and van Brakel 
1988). Finally, circular dichroism measurements 
on both chlorosomes and in vitro BChl c oligom- 
ers provide evidence for similar strong pigment- 
pigment interactions in both (Olson et al. 1985, 
Blankenship et al. 1988b, Brune et al. 1990). 
Chlorosomes also contain low-molecular weight 
proteins that may bind to the BChl c oligomers 
and arrange them in an orderly configuration 
that leads to efficient excitation transfer within 
the chlorosome antenna (Feick and Fuller 1984, 
Wechsler et al. 1985, Fetisova et al. 1986, van 
Dorssen et al. 1986, Gerola et al. 1988, Wagner- 
Huber et al. 1988). 

The distinctive ability of BChl c to form aggre- 
gates in vitro that are similar to those in the 
chlorosome antenna makes studying the in vitro 
aggregates a convenient way to investigate BChl 
c organization in chlorosomes. In the previous 
paper in this series, Olson and Pedersen (1990) 
examined self-association of BChl c isolated 
from Chlorobium limicola f. thiosulfatophilum in 
CH2C12, CHCI 3 and CCI 4. They found that the 
extent of aggregation was controlled by the sol- 
vent, the concentration of BChl c, and by the 
BChl c homolog used (BChl c is a mixture of 
chemically homologous Mg-chlorin pigments dif- 
fering slightly in the substituents at positions 4 
and 5 on the chlorin ring). Specifically, their 
experiments showed that BChl c containing a 
n-propyl substitution at the 4-position (PEF- 
BChl c) formed 2 distinct aggregates, designated 
IIp (which they characterized as a dimer) and 
IIIp, while BChl c with an isobutyl substituent at 
the 4-position ( iBM/EF-BChl c) formed at least 

3 aggregates, designated IIb, III b and IV b. They 
concluded that species II b is probably a dimer 
while IVb, which formed only in CC14, is a higher 
oligomer. It is species IV b that has spectral prop- 
erties similar to those of BChl c in Chlorobium 
chlorosomes. 

Because several aggregated forms of BChl c as 
well as monomeric BChl c occurred together in 
the solvents tested, it was not always easy to 
determine which absorption bands corresponded 
to which aggregated BChl c species. Olson and 
Pedersen (1990) approached this problem by 
deconvoluting the absorption spectra into differ- 
ent Gaussian components. They then assigned 
these components to particular pigment aggrega- 
tion states on the basis of changes in their rela- 
tive amplitudes with increasing pigment concen- 
tration (and thus increasing extent of aggrega- 
tion). They also measured excitation spectra (at 
wavelengths below 600nm) for emissions at 
wavelengths where emission from the different 
aggregated species was maximal, but for techni- 
cal reasons, these measurements were not ex- 
tended above 600 nm. Previous experiments by 
Brune et al. (1987) showed that 4-ethyl-5-methyl 
BChl c stearyl ester isolated from Cf. aurantiacus 
formed aggregates similar to those observed by 
Olson and Pedersen (1988, 1990), and that the 
different aggregated forms had different fluores- 
cence lifetimes. In the experiments reported 
here, we have measured the fluorescence 
lifetimes of the different aggregated forms of the 
BChl c homologs from Cb. limocola studied by 
Olson and Pedersen. We have also determined 
the excitation spectrum for each component 
identified on the basis of its fluorescence 
lifetime, as well as the emission spectrum for 
three of the species. The excitation spectra, 
which provide a direct measurement of the red 
absorption spectra of the aggregated species, are 
compared here with the results from deconvolu- 
tion into Gaussian curves obtained by Olson and 
Pedersen (1990). 

Materials and methods 

The 4-n-propyl and 4-isobutyl homologs of far- 
nesyl BChl c were isolated from Chlorobium 
limicola f. thiosulfatophilum and purified as de- 
scribed by Olson and Pedersen (1990). The 



purified pigments were dried under a stream of 
N 2 and stored under N 2 at -20°C in vials sealed 
with teflon-lined rubber septa until used. 
Anhydrous grades of CH2C12 and CC14 were 
obtained from Aldrich Chemical Company and 
stored under Nz to maintain anhydrous and 
anaerobic conditions. Heptane (Baker Analysed 
Reagent) was added to an equal volume of CC14 
containing dissolved BChl c to form the solvent 
in some experiments. 

Samples were prepared immediately before 
use by injecting the solvent with a 2.5 ml syringe 
into a septum-sealed vial containing the dried 
pigment. The dissolved pigment was drawn back 
into the syringe, which was then attached to a 
home-built pump. During fluorescence measure- 
ments, the sample was pumped through a Hel- 
lma quartz flow cell (0.15cm path length) at 
5-10/xl/min to a sealed collecting vial. Pumping 
was halted between measurements to conserve 
sample. The pigment concentration was adjusted 
to give an absorbance between 0.1 and 0.3 at the 
red absorption maximum of the sample, unless 
otherwise indicated. 

Fluorescence lifetimes of BChl c samples were 
measured by the time-correlated single photon 
counting method. The frequency-doubled, 532- 
nm output of a Coherent Antares 76s Nd:YAG 
laser was routed through a variable beamsplitter 
to pump either a cavity-damped Spectra-Physics 
3500 dye laser operating with DCM as the laser 
dye or a cavity-dumped Coherent 701-3 dye laser 
operating with Pyridine 1. The output of the 
Coherent laser was tunable from 670nm to 
760 nm at 3.8-MHz repetition rate, while DCM 
was used in the range 650 nm to 700 nm; real- 
time autocorrelation traces indicated pulse 
widths of <10ps. The dye laser output passed 
through a vertically oriented Glan-Thompson 
prism polarizer into the flow cell, and emission 
was collected at a right angle to the excitation 
through a polarizer oriented at 54.7 ° from verti- 
cal by a Pentax 35 mm camera lens. The emis- 
sion was then focussed on the entrance slit of a 
Jobin-Yvon DH-10 double monochromator op- 
erated with 0.5-ram slits (4-nm bandpass). The 
monochromator output impinged on a cooled 
Hamamatsu R2809-01 $20 response microchan- 
nel plate photomultiplier. The resulting photo- 
current pulses were amplified by a Phillips 
6954B-10 amplifier and fed through a Tennelec 

TC455 quad constant fraction discriminator 
(CFD) to the START input of a Tennelec TC864 
time-to-amplitude converter (TAC). A fraction 
of the dye laser output was diverted to a fast 
photodiode, which triggered a Tennelec TC453 
CFD; its output was sent to the STOP input of 
the TAC. The TAC output was analyzed by 
pulse height using a Nucleus PCA-II multichan- 
nel analyzer, and raw data were then transferred 
to a Digital Equipment Corp. VAXstation 3200 
for deconvolution analysis. Goodness of fit to a 
sum of exponentials was judged from X 2 and 
inspection of weighted residuals. The instrument 
response function was measured by replacing the 
sample cuvette with an identical sealed cuvette 
filled with Ludox AS-40 and adjusting the emis- 
sion monochromator to the laser wavelength, 
resulting in a FWHM of about 40 ps. For excita- 
tion spectra, the instrument response was meas- 
ured after each change in laser wavelength. Data 
files contained 2048 channels each at either 5 or 
10 ps/channel (depending on the overall rate of 
decay), and were collected to 10 000 counts in 
the peak channel. Laser intensites incident upon 
the sample varied from 0.01 to 0.4 mW and were 
generally -0.05 roW. Absorption spectra of sam- 
ples were taken at the beginning and end of each 
day's laser experiments to test for degradation of 
the pigments or aggregates. All experiments 
were performed at room temperature. 

For each sample, a series of fluorescence de- 
cays were collected varying the excitation wave- 
length with the emission wavelength fixed near 
the expected fluorescence maximum of the 
dominant species. The set of decays were then 
deconvoluted using a global analysis program 
(Knutson et al. 1983, Holzwarth et al. 1987) in 
which a series of decays are fit simultaneously to 
a sum of exponentials. The lifetimes are held 
independent of wavelength, but the amplitudes 
are unrestricted, resulting in a set of lifetimes ~i 
and amplitudes Ai(A ) where i is the number of 
exponentials. The amplitudes may then be nor- 
malized to generate an excitation spectrum for 
each lifetime component ~i, or "decay-associated 
spectrum", as 

Si(h) : Ai(A)I(A)/~/Ai(h)~" i 

where I(h) is the wavelength-dependent emis- 
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sion intensity (count rate divided by excitation 
power). The normalized amplitudes S~(A) are 
plotted vs. wavelength as a set of curves, each 
curve corresponding to a decay component h. 
The normalization procedure is identical for 
decay-associated emission spectra. 

Results 

The fluorescence decay was analyzed for five 
different samples, each promoting the formation 
of one of the five major species characterized by 
Olson and Pedersen (1990). We shall report here 
the results for species I Ib ,  IIp and IVb; the 
spectroscopic properties of species III b and IIIp 
will be discussed in a separate publication. Table 
i lists for each of three samples the homolog 
used, the solvent, and the approximate BChl c 
concentration. Also listed is the dominant aggre- 
gated species; however, absorption spectra (Fig. 
1) and their second derivatives (not shown) indi- 
cate that each sample contained monomeric 
BChl c as well as a variety of oligomers. Also 
shown in Fig. 1 is the absorption spectrum of 
monomeric BChl c, which was generated by 
adding a small amount of methanol to sample 
#3. 

As a consequence of the mixture of species in 
solution, in nearly all cases the fluorescence 
decay required a sum of several (3 or 4) ex- 
ponentials to fit the data. A typical fluorescence 
decay is shown in Fig. 2, in which sample #2 was 
excited at 660 nm with fluorescence detected at 
706 rim. The data are best fit by a sum of three 
exponentials with lifetimes of 6.20 ns, 697 ps and 
124 ps. The long component may be assigned to 
the monomer (Ip) on the basis of its known 
fluorescence lifetime (Brune et al. 1988a). As- 
signment of other lifetimes to individual species 
is aided by decay-associated excitation spectra 
resulting from global analyses. The results of one 
such analysis performed on sample #1 are de- 
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Fig. 1. Red absorption spectra of samples # ]  ( )~ #2 
(---) and #3 ( - . - )  used for fluorescence lifetime experi- 
ments and of monomeric BChl c ( . . -) .  The spectra of 
samples #1, #2 and #3 were recorded in the fluorescence 
cuvette immediately before lifetime measurements were 
taken. Peak absorbances of samples used for fluorescence 
measurements were 0.21 (#1), 0.40 (#2) and 0.15 (#3). 

picted in Fig. 3, which plots normalized am- 
plitudes (Si(A) as described above) vs. excitation 
wavelength; a sum of five exponentials was used 
to fit 10 fluorescence decays. The longest compo- 
nent of 6.08ns is peaked at - 6 6 5 n m  and is 
clearly due to the monomer, I b. The major decay 
of 660 ps shows a definite peak at 680 nm, and 
may therefore be assigned to II b. The 250-ps 
component shows a peak at - 6 8 5 n m  and is 
likely due to III b. The amplitudes of the 28 ps 
component show a considerable amount of scat- 
ter, but may also peak at 680-690nm and be 
associated with III b. In a four-component analy- 
sis, these two shortest lifetimes merge to form a 

2 123-ps component with an increase in overall A" 
from 1.069 to 1.092. The final component of 
1.57 ns shows little or no definite spectrum; com- 
ponents similar to this in lifetime (1-2 ns) and in 
the lack of defined excitation peaks were ob- 
served to a much more pronounced degree in 
samples which were not flowed. In Fig. 3, this 

Table 1. Samples used for fluorescence lifetime measurements and dominant aggregated species 

Sample Homolog Solvent Conc. (/zM) Species 

l iBM/EF-BChl  c CH2C1 z 20 IIb 
2 PEF-BChl  c CH2C12 30 II v 
3 iBM/EF-BChl  c CC1JHeptane (50/50) 16 IV~ 



Excitation : 660+0 nm Emission : 706.0 nm 
Subst . :P-BChlc  X 2 : 1 . 0 8 6  T ime /chonne l : 0 .0103ns  
T(1): 6.201 T(2): 0.697 T(3): 0.124 
A(1): 1.486 A(2): 9.455 A(.3): 2.212 
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Fig. 2. Fluorescence decay of 30/~M PEF-BChl  c in CH2CI 2 (sample #2)  with excitation at 660 nm and emission at 706 nm using 
1.0 ps/channel. Lower data curve is the instrument response function, upper is the fluorescence decay; solid line through the decay 
is the best fit with a sum of three exponentials. Upper panel is the residuals between data and fitted curves weighted according to 
the square root of counts in the data channel. Lifetimes are given by T(1) through T(3) in ns and unnormalized amplitudes by 
A(1) through A(3). 
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Fig. 3. Decay-associated excitation spectrum of 20 p~M iBM/EF-BChl  c in CH2CI 2 (sample #1)  using five-component global 
analysis. Amplitudes were normalized as described in the text; emission wavelength was held fixed at 706 nm, 



component  reaches a maximum of approximately 
10% of the total decay; without the flow system, 
its ampli tude reached 40-50% of the total decay 
and generally increased with longer laser expo- 
sure. It is therefore likely that this intermediate 
lifetime component  is due to BChl c breakdown 
product(s). 

A similar experiment  was performed on the 
same sample varying the emission wavelength 
from 690 nm to 720 nm with the excitation held 
fixed at 680 nm. The lifetimes resulting from a 
global analysis of these data are quite consistent 

with those from the excitation analysis; both sets 
of  results are listed in Table 2. The decay- 
associated emission spectrum exhibits very little 
structure for the majori ty of the components ,  
although IIb emission (637 ps) may show a shoul- 
der at 705 nm (data not shown). 

The excitation spectrum of sample #2,  P E F -  
BChl c in CH2C1 ~ (Fig. 4) is in many respects simi- 
lar to that of Fig. 3, again requiring 5 
exponentials; the lifetimes are listed in Table 2. 
The dimeric species (IIp) shows a maximum at 
680 nm, with a lifetime of 713 ps. The contribu- 

Table 2. Fluorescence lifetimes (in ns) resulting from global analyses of excitation- and emission-wavelength dependent decays of 
samples listed in Table 1 

S a m p l e  Wavelength Fixed ~1 ~'2 ~3 r4 ~'5 
scanned wavelength 

1 Excitation 706 nm 0.028 0.250 0.660 1.57 6.08 
1 Emission 680 nm 0.016 0.253 0.637 1.26 5.79 
2 Excitation 706 nm 0.038 0.326 0.713 2.43 6.18 
2 Emission 680 nm 0.024 0.375 0.719 2.06 5.83 
3 Excitation 765 nm 0.019 0.067 0.379 2.98 - 
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Fig. 4. Decay-associated excitation spectrum of sample #2, also using five-component analysis and 706 nm emission. Amplitudes 
w e r e  n o r m a l i z e d  as desc r ibed  in the  text. 



tion of monomer  is much smaller in this sample, 
which is consistent with the observed shift in the 
absorption maximum from 671 nm in sample #1 
to 680nm in sample #2  as well as a larger 
dimerization constant for the n-propyl homolog 
(Olsen and Pedersen 1990). The intermediate 
lifetime of 2.4 ns is extremely small in amplitude, 
indicating a greater resistance to the formation 
of breakdown products in sample #2. As above, 
two short lifetimes are resolved and are assigned 
to IIIp; fitting the same data with four exponen- 
tials increases the overall X 2 from 1.076 to 1.166. 
Each of the lifetimes were well-matched in a separ- 
ate experiment varying the emission wavelength 
with excitation held at 680 nm (Table 2). The de- 
cay-associated emission spectrum again shows 
little structure although IIp emission appears 
to peak at - 6 9 5  nm with a shoulder at 705 rim. 

The fluorescence decay of sample #3  is domi- 
nated by very short lifetime components corre- 

sponding to the higher oligomer IV b. Lifetimes 
resulting from global analysis of 10 fluorescence 
decay files with excitation from 670 nm to 760 nm 
are listed in Table 2. The data could also be fit 
with five exponentials, but the shortest compo- 
nent (8 ps) was near the limit of resolution of the 
instrument and showed very erratic amplitudes. 
Therefore,  the four-component  analysis was 
judged most appropriate. The decay-associated 
excitation spectrum from the four-component 
analysis is shown in Fig. 5; the longest compo- 
nent of 2.98 ns shows a definite peak at 710 nm 
and is assigned to III b. The two shortest compo- 
nents, 67ps and 19ps, both peaked at - 7 4 0 -  
750 nm and are therefore associated with IVb, 
with the 67-ps component  much broader and 
more asymmetric. The remaining component of 
379 ps is very small in amplitude and shows little 
wavelength structure, precluding its assignment 
to a particular BChl c species. 
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Fig. 5. Decay-associated excitation spectrum of 16/zM iBM/EF-BChl c in 50% CC1J50% heptane (sample #3) resulting from 
four-component global analysis; the emission wavelength was 765 nm. The amplitudes were normalized as before, except that the 
normalized amplitudes of the 2.98 ns and 379 ps components have been multiplied by a factor of 10 to show structure. 



Discussion 

In the first paper in this series, Olson and 
Pedersen (1990) examined the absorption and 
steady-state fluorescence spectra of the n-propyl 
and isobutyl homologs of BChl c in CH2C12 and 
CC14. In the present work, we have measured 
the decay-associated excitation spectra of the 
higher oligomer IV b and the dimers li b and IIp. 
Careful examination of the IIb and II v excitation 
peaks in Figs. 3 and 4 (660 ps and 713 ps, respec- 
tively) reveals that the IIb excitation peak is 
broader than that of IIp (27nm vs. 21nm 
FWHM), and that the high-wavelength edge of 
the IIb spectrum is red-shifted - 5 - 6 n m  from 
that of the IIp spectrum. The red-shift of IIb from 
lip is also evident from the individual spectral 
points; in the IIb spectrum they are nearly sym- 
metric about the 680 nm point, while for IIp the 
points are approximately centered about 677- 
678 nm. Because the FWHM of decay-associated 
spectra are subject to error due to the low 
density of points and the dependence on correct 
normalization at the maximum, the difference in 
width of IIb and IIp excitation peaks may not be 
significant. 

Comparison of the fluorescence lifetimes of IIb 
and IIp (Table 2) shows that on the average, 
fluorescence lifetimes for the species IIb were 
- 1 0 %  higher than those for lip (716ps vs. 
648ps, respectively). This difference is larger 
than standard errors calculated in the global 
analyses (<10ps) and larger than the standard 
deviation in lifetimes resulting from fitting single 
decays (-35ps) .  Because global analysis has 
been shown to determine lifetimes with higher 
accuracy than single analyses (Knutson et al. 
1983), the difference in lifetime between IIb and 
IIp appears to be significant, possibly indicating 
some difference in dimer geometries. It is also 
noteworthy that the fluorescence lifetimes ob- 
served here for BChl c dimers are quite different 
from the lifetime of a Chl a dimer, which has 
been measured as 3.Tns (Alfano et al. 1985). 
This Chl a dimer has been shown to contain 
bridging water molecules, while proposed struc- 
tures of BChl d dimers (Smith et al. 1986) are in 
direct contact via liganding of Mg by a hydroxy- 
ethyl group not present in Chl a. 

The fluorescence lifetime of a higher oligomer 
of a slightly different homolog of BChI c similar 
to IV b has already been found to be very short by 
Brune et al. (1987), who reported lifetimes in 
the range of 55-135 ps. This compares favorably 
with the 67 ps lifetime observed here; the fastest 
component, 19 ps, is below the limit of resolu- 
tion of the equipment used in those experiments. 
The fact that both fast components exhibit max- 
ima at -740-750 nm indicates that the IV b ab- 
sorption peak probably results from multiple 
oligomeric forms. Olson and Pedersen (1990) 
also suggested that IV b may represent more than 
one aggregated species. The data of Fig. 5 sug- 
gest that two components with different excita- 
tion spectra exist; presumably, the 19-ps compo- 
nent corresponds to a larger oligomer with a 
greater red shift than the 67-ps component. 
Species IIIp and III b exhibit fluorescence 
lifetimes of 30-40 ps, 250-300 ps, and 3 ns; fur- 
ther discussion of this aggregate will be pre- 
sented elsewhere. 

It has been suggested (Mimuro et al. 1989) 
that oligomers of BChl c may be described as 
J-aggregates, in which the lifetime of an 
oligomer containing N molecules is "rrn/Neff  , 

where % is the monomer lifetime and N~ff is the 
effective number of molecules in the oligomer 
(N~ff ~< N). The Chl a dimer lifetime mentioned 
above, for example, is about half that of the 
monomer and was explained in terms of a similar 
aggregate theory. The lifetimes of both dimers of 
BChl c reported here, however, are much shor- 
ter than predictions of J-aggregate theory, in- 
dicating that quenching is induced upon aggrega- 
tion. Similar behavior has been observed in dye 
aggregates, particularly dimers (Lutz et al. 1981, 
Sundstrom and Gillbro 1985). 

The lifetimes of the higher oligomer are dif- 
ficult to reconcile with those observed in whole 
cells and intact chlorosomes. Under anaerobic 
conditions, whole cells of Cb. vibrioforme show 
a lifetime of 68ps at 760nm with near 100% 
energy transfer efficiency to BChl a (Blanken- 
ship et al. 1990). If the transfer efficiency is 
taken as 90%, then the intrinsic lifetime of BChl 
d oligomers in vivo is calculated as 680 ps, much 
longer than the observed lifetime of IVo, clearly 
indicating that the oligomers are highly quen- 



ched. It has been noted that when BChl a is 
removed from isolated chlorosomes, the 
fluroescence yield from BChl c is very low 
(Griebenow and Holzwarth 1989) and is the 
same before and after the removal of the base- 
plate BChl a (Brune et al. 1990). This suggests 
that the procedure to remove BChl a induces 
quenchers which may be similar to those ob- 
served here; however, direct comparisons cannot 
be made because those experiments used chloro- 
somes from Chloroflexus, which has a much 
different lifetime in vivo than Chlorobium (Mi- 
muro et al. 1989, Blankenship et al. 1990). Pos- 
sible decay routes for higher oligomers discussed 
by Brune et al. (1987) included energy transfer 
to nonfluorescent impurities in the aggregate 
chain and an increased rate of internal conver- 
sion as compared to the monomer. For the 
dimer, however, quenching by impurities would 
not be expected to represent a major decay 
process. Scherz and Parson (1984) invoked inter- 
nal conversion to explain the low fluorescence 
yield of bacteriopheophytin oligomers, and data 
suggested a metastable state with altered nuclear 
geometries; a similar mechanism may be oper- 
able in the BChl c systems. Further experiments, 
including a temperature-dependent fluorescence 
study, are required to determine whether this is 
the correct mechanism for quenching of in vivo 
BChI c aggregates. 
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