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When isolated chlorosomes from Chlorobium limicola or Chloroflexus aurantiacus are suspended in a solution saturated 
with l-hexanol, the far-red absorption band of bacteriochlorophyil c at 750 or 740 nm is converted completely to a band 
peaking at 670 nm. The cooperation of 9 to 15 hexanol molecules is required to effect this change. This conversion 
corresponds to a change of the pigment molecules from the aggregated form to the monomeric form in vitro and 
suggests that hexanol destroys the strong interaction between the chlorosome pigments by the ligation of the hydroxyl 
oxygen of hexanol to the magnesium atom of the chlorophyll. However, fluorescence from the monomer in the treated 
chlorosomes is very small in comparison to that from monomer in organic solvent or detergent treated chlorosomes and 
efficient energy transfer from bacteriochlorophyll c to bacteriochlorophyll a in the hexanol-treated chlorosomes is still 
observed. When the treated chiorosomes are diluted slowly with buffer by a factor of two or more, the hexanol effect is 
reversed completely. These results suggest that the red-shifted far-red bands of bacteriochlorophyll c at 740 or 750 nm 
are largely due to strong pigment-pigment interactions rather than pigment-protein interactions and that the far-red 
bands are not necessary for energy transfer to the bacteriochlorophyll a in chlorosomes. 

Introduction 

Organization of pigment molecules in the photo- 
synthetic apparatus is essential for efficient energy 
transfer of absorbed light energy to the photochemical 
reaction center. In green photosynthetic bacteria the 
major light-harvesting pigment, BChl c (in some case d 
or e) is present in the chlorosome, an elongated bag-like 
structure appressed to the cytoplasmic side of the plasma 
membrane [1,2]. In addition to BChl c and carotenoid 
molecules a small amount of BChl a is present in 
chlorosomes of the green sulfur bacterium, Chlorobium 
[3], and the green filamentous bacterium, Chloroflexus 
[4]. Although the two green bacteria are widely sep- 
arated phylogenetically [5] and their photochemical re- 
action centers are quite different from each other [6], 
the characteristics of the chlorosomes are very similar in 
the two groups [1,2]. 

Abbreviation: BChl, bacteriochlorophyll. 
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The far-red absorption spectrum of BChl c in the 
chlorosome is red-shifted some 70-80 nm with respect 
to that of the monomeric form in organic solvents. BChl 
c in non-polar solvents can form aggregates whose 
spectra resemble that of the chlorosome [7-10]. BChl c 
has the possibility to form oligomers through the liga- 
tion of an oxygen atom in one molecule to the central 
magnesium atom in another molecule [8,9]. Linear di- 
chroism and fluorescence polarization studies are con- 
sistent with such a structure in the chlorosome [11-13]. 
The direct binding of BChl c molecules to protein has 
also been suggested as a possible cause of the in vivo 
red-shift of the absorption band [14] but this explana- 
tion has been severely weakened by Griebenow and 
Holzwarth [15,16] because the proteins of Chloroflexus 
apparently can be extracted by detergent without affect- 
ing the spectral properties of the BChl c. Olson et al. 
[17] also pointed out that the proposedbinding sites for 
BChl c are not conserved in 6.3 kDa proteins from 
chlorosomes of various green sulfur bacteria. 

Brune et al. [9] reported that the 740-nm absorbing 
form of BChl c in the Chloroflexus chlorosome can be 
converted to the 670-nm absorbing form by the ad- 
dition of 1% 1-hexanol to the chlorosome suspension. 
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This effect was partially reversible. After dilution of the 
chlorosomes and several washes by ultracentrifugation 
the pigment band shifted to 733 nm. In this paper we 
report the complete reversibility of the hexanol effect in 
chlorosomes from Chlorobium and Chloroflexus based 
on both absorption and fluorescence spectra. We also 
demonstrate that energy transfer from BChl c to BChl 
a is maintained even when BChl c is converted to the 
670-nm form by hexanol. 

Materials and Methods 

Cells of Chlorobium limicola f. thiosulfatophilum and 
Chloroflexus aurantiacus were grown as described previ- 
ously [18]. Chlorosomes were prepared in 2 M NaSCN, 
10 mM potassium phosphate (pH 7.4) and 10 mM 
sodium ascorbate by the method of Gerola and Olson 
[3]. The light fraction, which came at the top of the 
sucrose gradient after ultracentrifugation, was used 
without further purification. No membranes or water- 
soluble BChl a proteins were detected in this fraction. 

For the absorbance and fluorescence measurements, 
10 #1 of concentrated chlorosomes (A750 or ,,1740 = 400) 
were suspended in 10 mM potassium phosphate (pH 
7,4) or in the same buffer saturated with 1-hexanol. To 
make a saturated solution of 1-hexanol, it was added to 
10 mM potassium phosphate (pH 7.4) to a final ratio of 
0.8% (v/v)  and shaken vigorously. The mixture then 
stood at least 30 min at room temperature (20-25 ° C). 
Small drops of 1-hexanol appeared at the surface, but 
the clear aqueous solution was separated and mixed 
with chlorosomes immediately. The concentration of 
1-hexanol in the saturated solution was assumed to be 
59 mM [19]. Dilution of the chlorosomes in fresh buffer 
was performed gradually and slowly (over about 30 s) 
unless otherwise stated. Diluted samples stood at least 
10 rain at room temperature in the dark before any 
measurements. Sodium dithionite was added before the 
fluorescence measurements were made. 

Extraction of BChls into 1-hexanol was performed 
by adding 3 ml of 1-hexanol to 3 ml of aqueous chloro- 
some suspension and shaking vigorously for a few 
minutes. After 1 h in the dark the separated hexanol 
phase contained all the pigments. 

Absorbance spectra were measured with a Perkin 
Elmer 330 spectrophotometer, and fluorescence spectra 
were taken with a Spex Fluorolog 111A fluorometer. 

Results 

Absorption spectra of Chlorobium chlorosomes be- 
fore and after the hexanol treatment are shown in Fig. 
1. When chlorosomes were suspended in 10 mM phos- 
phate buffer (solid line), absorption peaks of BChl c 
were apparent at 750 nm and 459 nm. After dilution 
into 59 mM hexanol, the 750-nm band completely dis- 
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Fig. 1. Absorption spectra of Chlorobium chlorosomes in 10 mM 
potassium phosphate (pH 7.4) (solid line), in 59 mM hexanol in buffer 
(dashed line) and in 29.5 mM hexanol in buffer after the 59 mM 

hexanol treatment (dotted line). 

appeared and a new band appeared at 670 nm. The 
peak heights of the two bands were similar, but the 
bandwidth of the 670-nm band was only about half that 
of the 750-nm band. In the blue region the peak wave- 
length changed from 459 nm to 438 nm and the peak 
height was more than doubled. The chlorosome spec- 
trum in 59 mM hexanol was similar to that of the 
pigments extracted into hexanol (data not shown) ex- 
cept for a slight broadening in the long wavelength tail 
of the 670-nm band in the chlorosomes. A small shoulder 
around 800 nm was observed in the spectrum of chloro- 
somes in 59 mM hexanol, and from the second deriva- 
tive of the spectrum the peak wavelength was identified 
as 795 nm, the same as for BChl a in Chlorobium 
chlorosomes reported by Gerola and Olson [3]. This 
indicates that the BChl a absorption band was not 
affected by 59 mM hexanol. This BChl a peak shifted 
to 770 nm after extraction by hexanol. 

In order to exclude the possibility that the observed 
hexanol effect on whole chlorosomes was the result of 
hexanol extracting the BChl c from the chlorosomes 
and then the BChl c aggregating outside the chloro- 
somes, the density of untreated and hexanol-treated 
chlorosomes was compared by sucrose-gradient centrif- 
ugation. Both had exactly the same density, whereas an 
aggregate prepared from extracted BChl c had a lower 
density (P. Gerola and M. Miller, unpublished). 

When the Chlorobium chlorosomes in 59 mM hexanol 
were diluted slowly by a factor of two with 10 mM 
potassium phosphate buffer almost complete recovery 
of the chlorosome absorbance spectrum was observed 
(Fig. 1). A small difference of the final spectrum from 
the original spectrum is a small red shift of the peak 
wavelength (750 nm to 752 nm). When the dilution was 
performed rapidly, the recovery was less complete with 
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Fig. 2. Dependence of the spectral conversion on 1-hexanol concentration in Chlorobium chlorosomes. Chlorosomes were suspended in various 
concentrations of 1-hexanol in 10 mM potassium phosphate (pH 7.4) before (circles) and after (triangles) the 59 mM hexanol treatment. (A) 
Absorbance of B750 was plotted against the hexanol concentration of a linear scale. (B) The same set of data was replotted as log A670 versus 

log[1-hexanol]. 

the peak wavelength around 742 nm; additional dilution 
did not affect this peak wavelength (data not shown). 
This dependence on the speed of the dilution may be 
related to the process of reorganization of BChl c 
molecules in the chlorosome. 

Fig. 2A shows the dependence of the peak height of 
the 750-nm band on the hexanol concentration in Chlo- 
robium chlorosomes. The values at each hexanol con- 
centration (circles, solid line) and after dilution follow- 
ing 59 mM hexanol treatment (triangles, dashed line) 
were plotted. The conversion curve rose steeply above 
45 mM hexanol, and the reversibility was almost com- 
plete after dilution. The data were replotted as log A670 
versus log[1-hexanol] in Fig. 2B. The data points for 
hexanol concentrations between 45 and 59 mM could 
be fitted by a straight line with a slope of about 11 
(limits are 9 to 15). This indicates that 9-15 hexanol 
molecules must cooperate to convert the 750-nm form 
to the 670-nm form. 

In Fig. 3 fluorescence emission spectra of chloro- 
somes without hexanol (Fig. 3A), in 59 mM hexanol 
(Fig. 3B) and in 29.5 mM hexanol after 59 m M  hexanol 
treatment (Fig. 3C) are shown. As has been reported 
previously [20-22] treatment of aerated chlorosomes 
with dithionite resulted in a large increase of fluores- 
cence from BChl c; in addition a shoulder around 800 
nm became significant in the emission spectrum. By 
subtracting the emission spectrum before the addition 
of dithionite multiplied by a factor of ten (this number  
was chosen to minimize the contribution of the 777-nm 
band on the subtracted spectrum) from that after the 
addition, the emission spectrum from BChl a in the 
chlorosomes was obtained with a peak at 805 nm (Fig. 
3A, dotted line). 

In chlorosomes suspended in 59 mM hexanol (Fig. 

3B) the major emission band peaked at 795 nm, possi- 
bly due to BChl a or a special form of BChl c in the 
chlorosome; the peak wavelength was blue-shifted with 
respect to the normal emission of BChl a about 10 nm. 
(The special form of BChl c might be an aggregate that 
absorbs at about  780-785 nm and that it is not con- 
verted to the 670-nm form by hexanol.) The fluores- 
cence enhancement effect of the dithionite was approx. 
a factor of three. The emission from the BChl c band 
absorbing at 670 nm was very weak even though the 
BChl c was excited at 440 nm. This weak emission from 
BChl c was very different from the case of BChl c 
extracted in hexanol or chlorosomes treated with 1% 
Triton X-100 (data not shown). In both of these cases 
the BChl c showed a similar 670-nm absorption peak 
but an emission band at 680 nm, which is more than 
40-times larger than the emission band of hexanol- 
treated chlorosomes. Fluorescence excitation spectra 
(data not shown) for the 680-nm emission and 795-nm 
emission in hexanol-treated chlorosomes both showed 
peaks at 435 nm, suggesting an efficient energy transfer 
from BChl c to BChl a or the special form of BChl c 
even after the destruction of the strong interaction 
between most of the BChl c molecules. Similar results 
were obtained for Chloroflexus chlorosomes (M. Miller, 
unpublished). 

Fluorescence emission spectra of Chlorobium chloro- 
somes in 29.5 mM hexanol after the 59 mM hexanol 
treatment (Fig. 3C) were almost identical to those be- 
fore the hexanol treatment (Fig. 3A). This indicates that 
the reversibility of the hexanol effect is complete also in 
terms of the full restoration of energy transfer. 

Absorption spectra of Chloroflexus chlorosomes had 
peaks at 740 nm and 460 nm, which were changed 
completely to 670 and 438 nm by suspending in 
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hexano l - sa tu ra t ed  solut ion.  Af t e r  d i lu t ion  of  the 
hexanol - t rea ted  ch lorosomes  by  a fac tor  of two the 
original  abso rp t ion  spec t rum was comple te ly  recovered 
(da t a  not  shown, but  very similar  to Fig. 1 except  for a 
small  dif ference of  the peak  posi t ion) .  

F luorescence  emiss ion spec t ra  f rom Chloroflexus 
chlorosomes  (Fig.  4) are somewhat  di f ferent  f rom those 
f rom Chlorobium chlorosomes  (Fig. 3). The  emiss ion 
f rom BChl a with the f luorescence peak  at  804-805 nm 
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Fig. 3. Fluorescence emission spectra of Chlorobiurn chlorosomes in 
10 mM potassium phosphate (pH 7.4) (A), in 59 mM 1-hexanol in 
buffer (B) and in 29.5 mM hexanol in buffer after the 59 mM hexanol 
treatment (C). Dashed line, aerobic suspension; solid line, after the 
addition of dithionite; dotted line in A and C, (solid line)- (dashed 
line)x 10. Excitation wavelengths were at 460 nm for A and C and at 

440 nm for B. 
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Fig. 4. Fluorescence emission spectra of Chlorofiexus chlorosomes in 
10 mM potassium phosphate (pH 7.4) (solid line), in 59 mM hexanol 
in buffer (dashed line) and in 29.5 mM hexanol in buffer after the 59 
mM hexanol treatment (dotted line). Sodium dithionite was added 
before the measurements. Excitation wavelength was at 460 nm (solid 

line and dotted line) or 440 nm (dashed line). 

is p ronounced .  W h e n  suspended  in the hexanol  sa tu ra ted  
solut ion,  the emiss ion f rom BChl a shif ted to shor ter  
wavelength  by  6 n m  and  decreased  sl ightly in ampl i -  
tude.  The  emiss ion band  at  750 n m  d i s appea red  upon  
hexanol  t rea tment ,  and  new emiss ion b a n d s  a p p e a r e d  at 
678 nm and  a r o u n d  720 nm. The  emiss ion spect ra  after  
the two- t imes  d i lu t ion  of  the hexanol - t rea ted  chloro-  
somes was a l i t t le  d i f ferent  f rom the or iginal  spectra,  
but  the p r inc ipa l  character is t ics  of  the f luorescence 
emiss ion  were recovered.  The  effects of  hexanol  t reat-  
men t  on Chloroflexus ch lorosomes  were thus found  to 
be  very s imilar  to those on Chlorobium chlorosomes.  

Discussion 

As repor t ed  prev ious ly  by  Brune et al. [9] for Chloro- 
flexus chlorosomes ,  1-hexanol  dissolved in aqueous  
so lu t ion  can change  the spectral  p roper t i e s  of  BChl c in 
ch lo rosomes  dras t ica l ly .  W e  have shown in this pape r  
that  the hexanol  effect  is comple te ly  reversible  bo th  in 
Chlorobium ch lorosomes  and  Chloroflexus chlorosomes.  
In  the expe r imen t  by  Brune et al. the recovery was 
incomple te ,  i.e., the  far - red  peak  of  BChl c af ter  the 
remova l  of  hexanol  was 733 nm ins tead  of  the or iginal  
740 nm. A poss ib le  reason for the incomple te  recovery 
was the use of  1% hexanol  (0.6% is sa tura t ing)  and  the 
speed of  d i lu t ion  with fresh medium.  F r o m  our  experi-  
ence hexanol  concen t ra t ions  above  0.6% result  in a 
hexanol  phase  at  the surface of  the aqueous  phase  and  
the ex t rac t ion  of  some BChl  c in to  the hexanol  phase  
with shaking.  

The  speed of  the d i lu t ion  after  the  hexanol  t r ea tment  
seems to be  ano the r  i m p o r t a n t  factor  affect ing the 
reversibi l i ty .  If  the d i lu t ion  is made  rapidly ,  the pos i t ion  



of the far-red peak is blue-shifted up to several nanome- 
ters. Once this blue shifted form has appeared, no 
further change in the peak position can be effected by 
further dilution. This dependence on the speed of dilu- 
tion for the restoration of the original configuration of 
BChl c may be related to the degree of order or the 
number  of molecules in an aggregate of BChl c in 
chlorosomes. 

To explain the conversion of the 740-750 nm absorb- 
ing band to 670 nm, we assume that hexanol dissolves 
in the lipid phase of the chlorosomes and the hydroxyl 
oxygen ligates to the magnesium atom in BChl c. 
Monomeric BChl c in organic solvents has a peak 
around 670 nm, and aggregates of BChl c whose spectra 
resemble the spectrum of the chlorosome have been 
shown in vitro [7-10]. Methanol and higher alcohols 
have been shown to convert the aggregates to the mono- 
meric form in hexane solution [9]. Our demonstration of 
the complete reversibility of the hexanol effect on BChl 
c in chlorosomes supports the idea of a strong direct 
interaction between BChl c molecules rather than the 
interaction of BChl c with protein to explain the in vivo 
spectroscopic properties. 

Since the interior of the chlorosomes is thought to be 
lipophilic, hexanol is thought to partition into the chlo- 
rosomes in proportion to its concentration in the aque- 
ous phase. However, the concentration dependence on 
hexanol for the conversion from the 750-nm form to the 
670-nm form is not linear with the concentration of 
hexanol; the conversion takes place abruptly above 45 
mM hexanol in the aqueous phase. In their model 
system in hexane, Brune et al. [9] reported an almost 
linear dependence on methanol concentration for the 
conversion of the 740-nm form to the 670-nm form. We 
find that in Chlorobium chlorosome cooperativity among 
9-15 hexanol molecules is required for this conversion. 
This cooperativity suggest that hexanol must bind to 
9-15 BChl c molecules before the conversion to the 
670-nm form can take place. 

Although the absorption spectrum of BChl c in 
chlorosomes in 59 mM hexanol is similar to that of 
monomeric BChl c in hexanol or other organic solvents, 
the fluorescence characteristics are different. Fluores- 
cence emission from the 'monomer ic '  BChl c in the 
chlorosome was much  less than that from BChl c in 
organic solvents or in Triton X-100 treated chloro- 
somes. At the same time, an efficient energy transfer to 
BChl a or specialized BChl c in chlorosomes was 
observed in the fluorescence emission spectra. Although 
the peak position of the 'BChl a '  emission was blue- 
shifted in 59 mM hexanol solution, it seems reasonable 
to assign the emission to BChl a at least in the case of 
Chloroflexus (Fig. 4). It  is not entirely clear how to 
assign this emission in Chlorobium chlorosomes. The 
efficient energy transfer in the hexanol-treated chloro- 
somes indicates that the presence of the 740- or 750-nm 
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absorbing band (probably due to strong chromophore 
interactions of BChl c) is not essential for the energy 
transfer. The absorption spectrum of 'monomer ic '  BChl 
c in the chlorosome has a pronounced tail around 700 
nm compared to the BChl c spectrum in organic 
solvents. This may represent a small fraction of BChl c 
having absorption bands around 700 nm, which contrib- 
utes to the energy transfer in the hexanol-treated chlo- 
rosomes. 

If  the strong chromophore interactions in chloro- 
somes are not essential for energy transfer, the primary 
role of the strong interaction may be to enhance photon 
capture. Since, without any ordered structure, it would 
seem impossible to retain the efficient energy transfer 
from the 'monomer ic '  BChl c molecule to BChl a in 
the chlorosome, some kind of ordered structure of BChl 
c in the chlorosomes must exist even after the original 
strong chromophore interactions have been destroyed 
by hexanol. In vitro studies of the hexanol-induced 
reversible monomerizat ion of BChl c in large aggregates 
and in vivo studies of linear dichroism and fluorescence 
polarization studies of hexanol-treated chlorosomes are 
now in progress to clarify these issues. 
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