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Chlorosomes were prepared from Chlorobium limicola f. thiosulfatophilum by sucrose density gradient 
centrifugation. Cells broken in the presence of 2 M NaSCN yielded three chlorosome fractions in the 
gradient: low density (no sucrose), medium density (approx. 18% sucrose), and high density (approx. 26% 
sucrose). All fractions were stable at any chlorosome concentration. Cells broken in the absence of 2 M 
NaSCN also yielded three fractions, but only the high-density fraction contained stable chlorosomes. The 
medium-density chlorosomes were stable only when highly concentrated. Upon dilution, bacteriochlorophyll 
(BChl) c was degraded to bacteriopheophytin c and concomitantly a band at 794 nm (BChl a )  was revealed. 
Two 794-nm fractions were observed with the same densities as low- and medium-density chlorosomes. The 
protein composition of the 794-nm fractions was similar to that of the stable chlorosome fractions. All 
showed a 4 - 5  kDa (Mr) protein as a major component, but no trace of the 40-kDa protein characteristic of 
the water-soluble BChl a-protein of green sulfur bacteria. BChl a was present in all types of chlorosomes, in 
stable chlorosomes the BChl c / B C h l  a ratio was approx. 90. A special BChl a-protein (794 nm) inside the 
chlorosome is postulated to mediate energy transfer from BChl c to the water-soluble BChl a-protein in the 
baseplate. 

Introduction 

Photosynthetic green bacteria are classified in 
two groups, the Chlorobiaceae and the Chloro- 
flexaceae, which are quite far apart from an evolu- 
tionary point of view [1]. They also are physiologi- 
cally quite different. The Chlorobiaceae are strictly 
anaerobic photoautotrophic bacteria, while the 
Chloroflexaceae can grow either photo-organo- 
trophically or chemo-organotrophically in the dark 
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depending on the oxygen tension and the light 
intensity. The two reaction centers are also very 
different. The Chlorofiexaceae are characterized 
by a PS-II-like reaction center, physiologically sim- 
ilar to that present in the purple bacteria, while the 
Chlorobiaceae contain a PS-I-like reaction center 
able to reduce ferredoxin directly from a low 
potential Fe-S protein in the reaction center [2]. In 
spite of these fundamental differences, both Chlo- 
roflexaceae and Chlorobiaceae contain BChl c or 
a similar pigment as the main light-harvesting 
pigment. BChl c is localized inside oblong bodies 
called chlorosomes, which are appressed to the 
inner surface of the cytoplasmic membrane where 
the reaction centers are localized [3]. Much effort 
has been spent in the last few years to investigate 
the composition and organization of chlorosomes 
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and also to study energy transfer between the 
BChl c and the reaction centers [4-12]. Electron 
microscope studies have revealed that inside the 
chlorosomes of both Chloroflexaceae and Chloro- 
biaceae there are rod elements extending the full 
length of the chlorosomes [5,7]. In the Chlorobi- 
aceae the 10-nm diameter rod elements appear to 
contain 15-kDa proteinacious subunits, each of 
which is associated with 12-14 BChl c molecules 
[3,4]. In the Chloroflexaceae the 5.2-nm diameter 
rod elements appear to consist of 5.6-kDa protein 
subunits, each associated with seven BChl c mole- 
cules [12]. In both Chloroflexaceae and Chlorobi- 
aceae the chlorosomes appear to be bounded by a 
monolayer of lipid [5,7], mainly monogalactosyl- 
diacylglycerols [4,6]. 

The chlorosomes of Chloroflexaceae contain a 
special form of BChl a (Qy-band at 792 nm) 
possibly associated with a 5.8-kDa (Mr) protein 
[6,12]. From energy-transfer studies [10] it ap- 
peared that the BChl a-protein facilitates the 
transfer of excitation energy from BChl c inside 
the chlorosome to BChl a-protein complexes and 
reaction centers in the cytoplasmic membrane. Al- 
though Schmidt [6] detected some BChl a in puri- 
fied chlorosome fractions from Chlorobium, it 
might have been due to contamination by the 
water-soluble BChl a-baseplate protein. In this 
paper we demonstrate that inside the Chlorobi- 
acean chlorosome there is a BChl a-protein with 
Qy-band at 794 nm, and that the Chlorobiacea 
chlorosome is organized more like the Chloro- 
flexacea chlorosome than was previously realized. 

Materials and Methods 

Chlorosome preparation 
Chlorobium limicola f. thiosulfatophilum 6230 

(Tassajara) was grown in batch culture as de- 
scribed previously [13]. The bacteria were harvested 
and resuspended in 10 mM Pi /10  mM ascorbate, 
p H  7.4 buffer (4 m l / g  wet weight of bacteria) with 
a Potter homogenizer. They were then passed 3 x 
through an ice-cold French pressure cell at 110 

According to our usage, the word 'baseplate '  refers only to the 
2-dimensional crystals of water-soluble BChl a-protein found 
in Chlorobiaceae. Baseplates thus defined are not present in 
Chloroflexaceae. 

MPa. After the first passage they were incubated 
at room temperature for 30 min in the presence of 
DNAase. The broken cells were centrifuged at 
18 000 x g for 20 min to remove unbroken cells 
and large debris. The supernatant was then 
centrifuged again at 48 000 x g for 90 min, and the 
pellet was resuspended in buffer. The 48 000 X g 
supernatant, although still containing considerable 
amounts of chlorosome material, was enriched in 
membrane fragments, whereas the pellet was en- 
riched in chlorosomes. Both supernatant and re- 
suspended precipitate were loaded onto 20-50% 
(w/w)  sucrose gradients (all sucrose gradients were 
prepared in buffer). These gradients, named 'su- 
pernatant '  and 'pellet '  preparative gradients, re- 
spectively, were centrifuged approx. 18 h at 5°C in 
a SB283 swinging bucket rotor (B-60 International 
ultracentrifuge) at 240000 X g. The main chloro- 
some band was present in the higher part  of the 
gradient, while membrane fragments banded at 
about 40% sucrose. Two bands characterized by 
the presence of a 794-nm peak were observed, one 
at the top of the buffer, the other one between 
buffer and the sucrose gradient (see Results). When 
2 M NaSCN was present during chlorosome pre- 
paration, the centrifugation at 48000 x g was 
omitted. After the centrifugation at 18 000 x g two 
pellets were present, one at the bot tom of the tube 
(unbroken cells, large debris) and one at the top 
(low-density material). The supernatant and the 
pellet on the top were collected together and loaded 
onto the preparative gradient (10-50% w / w  
sucrose in buffer + 2 M NaSCN). The gradient 
was centrifuged as in the absence of NaSCN. Two 
main chlorosome bands were observed, one at the 
top of the 2 M NaSCN alone and the other one in 
the higher part  of the sucrose gradient. 

Chlorosome and 794-nm fraction purification 
Sucrose (20% w / w )  was added to increase the 

density of the enriched fractions. They were then 
loaded onto a small two-step (40%, 50% w/w)  
sucrose gradient, and a continuous sucrose gradi- 
ent was loaded over the sample. Finally, a small 
amount of buffer was added at the top. The range 
of the continuous sucrose gradient varied accord- 
ing to the density of the sample which was to be 
purified. These purification gradients were run 
under the same conditions as the preparative 



gradients. When necessary, another gradient was 
run either for purification or concentration of the 
sample. 

Polyacrylamide gel electrophoresis 
This procedure was carried out according to 

Laemmli [14] with a few modifications. 1-mm thick 
gels were used. Stacking gel was 6% acrylamide; 
running gel, 16% acrylamide or 12-20% acryla- 
mide gradient. Samples were heated at 60°C for 30 
min in 0.5% SDS/10% mercaptoethanol/10% 
glycerol/62.5 mM Tris (pH 6.8) in the presence of 
Bromophenol blue. Gels were run at a fixed cur- 
rent, starting at a voltage of 90 V for 6-8  h until 
the Bromophenol blue reached the bottom of the 
gel. Gels were fixed overnight in 45% methanol /  
9.5% acetic a c i d / 5 %  fo rma ldehyde /0 .05% 
Coomassie blue. After destaining they were re- 
stained with silver according to Merril et al. [15] 
with slight modifications. Gels were incubated for 
5 min in 5.7 mM K2Cr207/2  mM HNO 3 (150 ml 
per gel) and washed three times with water (250 ml 
per gel, 5 min each washing). They were then 
incubated for 30 min in 0.98 mM AgNO 3 (150 
ml /g l )  and washed for 30 s with 250 ml 75 mM 
Na2CO3/0.67 mM formaldehyde and developed 
with 275 ml 0.75 M Na2CO3/6.7 mM formalde- 
hyde. After the color was developed the gels were 
placed in 5% acetic acid. 

Absorption spectra were recorded with a Per- 
kin-Elmer Spectrophotometer Model 330, and cir- 
cular dichroism spectra were recorded with an ISA 
Jobin Yvon Dichrograph (1975). 

Results 

Chlorosome preparation 
When chlorosomes were prepared in the ab- 

sence of SCN-  (see Materials and Methods) a new 
component with a far-red absorption peak at 794 
nm was observed. In Fig. 1 the profiles of the 
794-nm band and the chlorosomes in the super- 
natant preparative gradient are shown. The 794-nm 
band appeared in two fractions, one at the top of 
the buffer and the other between buffer and 20% 
sucrose. The presence of chlorosome material in 
the various fractions of the gradient was moni- 
tored at the Q~-peak of aggregated BChl c. Usu- 
ally no chlorosomes were present at the top of the 
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Fig. 1. Profile of the 794-nm band and of the chlorosomes 
( x 1/10) in the supernatant preparative gradient. Chlorosomes 
were prepared in buffer (see Materials and Methods). A, zx, 
chlorosomes, detected as absorbance at the Qy-peak of BChl c. 
Closed symbols indicate the presence of a BChl c Qy peak, 
while open symbols indicate the absorbance measured at 745 
nm, no BChl c Qy peak being detectable. L O, 794-nm 
component. Closed symbols indicate the presence of a peak at 
794 nm, while open symbols indicate the presence of only a 
shoulder at 794 nm on the BChl c Qy peak. 

buffer; the main chlorosome fraction was found at 
about 26% sucrose. As can be seen from Fig. 1, the 
chlorosome profile showed a shoulder between 
buffer and 20% sucrose. The chlorosomes banding 
at about 26% sucrose and those responsible for the 
shoulder in the preparative gradient profile will be 
called 'high density' chlorosomes and 'medium 
density' chlorosomes, respectively. Interestingly, 
the Qy-peak of BChl c in medium-density chloro- 
somes was shifted farther to the red (747-750 nm) 
than in high-density chlorosomes (730-745 nm). 

A component with an absorption band at about 
673 nm was associated with all the fractions (794- 
nm band, chlorosomes, and membrane fragments) 
of the gradient. Treatment with 10-mM sodium 
dithionite bleached this peak. From the absorption 
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spectrum and the changes in the absorption spec- 
tra of the different fractions after dithionite treat- 
ment, the component giving rise to the 673-nm 
band (Fig. 4) was identified as BPh c. The differ- 
ent components found in the supernatant-prepara- 
tive gradient were also observed in the pellet-pre- 
parative gradient. 

When the chlorosome stability upon storage 
was checked, it appeared that, while both con- 
centrated and dilute high-density chlorosomes were 
quite stable, medium-density chlorosomes were 
stable only at high concentration (A750 > 200) .  

Upon dilution both the Q,-peak and the 456-nm 
peak bleached; there was a slight increase in the 
673-nm band, and a band at 794 nm became 
visible (see Fig. 2). The rate of this degradation 
process was increased by treatment of the diluted 
medium density chlorosomes with 0.05% (v/v)  
Miranol. A similar chlorosome instability was re- 
ported by Cruden and Stanier [4]. Different condi- 
tions of osmolarity, pH, redox environment, 
[MgCI2], [PMFS], and [NaSCN] were tested to 
increase the stability of medium-density chloro- 
somes, but the only effective one was treatment 
with 2 M NaSCN. The chlorosomes were then 
prepared in the presence of 2 M NaSCN (see 
Materials and Methods), and the amount of BPh c 
in the preparation appeared greatly reduced. 

No 794-nm fraction was observed in the pre- 
parative gradient in the presence of 2 M NaSCN, 

i w i 

673 750 

uJ 1.5 ~~51 o I z 
< 1.0 
ev 6 
0 

ul \ , ~ \ 5 5 6  
< 0.5 \ ~ ,  61/~? 

0 I 

450 550 650 750 850 
(nm) 

Fig. 2. Medium-density chlorosome instability. Chlorosomes 
were prepared in buffer (see Materials and Methods). Continu- 
ous line, absorbance spectrum after five months  of storing the 
chlorosomes frozen at high concentration (A 750 = 340). Dashed 
line, absorbance spectrum after 24 h of storing diluted (A75o, 
1.56) chlorosomes at room temperature. 

and the chlorosomes were concentrated in two 
main fractions: the major one in the upper part of 
the sucrose gradient and the other one at the top 
of the 2 M NaSCN in P, buffer (density about that 
of 23% sucrose) (see Fig. 3A). This second frac- 
tion, with lower density, was characterized by a 
Q,.-peak (747-749 nm) more shifted to the far-red 
than was the one (740-745 nm) at higher density. 
Chlorosomes were also present at a very low con- 
centration in the higher-density regions of the 
gradient (see Fig. 3A). 

When the two main chlorosome fractions were 
further purified on sucrose gradients (see Materi- 
als and Methods), the higher density fraction gave 
rise to a chlorosome band at about 25% sucrose 
(high-density chlorosomes) (data not shown), while 
the lower density fraction gave rise to two differ- 
ent chlorosome bands: a major one at about 18% 
sucrose (medium-density chlorosomes) and a minor 
one on the top of the buffer (low-density chloro- 
somes) (see Fig. 3B). Both medium- and low-den- 
sity chlorosomes showed the same Q.,.-peak at 
747-749 nm. Since each chlorosome fraction 
reached the same final position in both 'prepara- 
tive' and 'purification' gradients, in which the 
migration was in opposite directions (see Materials 
and Methods), it was clear that the final position 
was based on the density rather than on the migra- 
tion rate. 

794-nm fraction characterization 
The 794-nm fraction was further purified as 

described in Materials and Methods. The absorp- 
tion spectrum is shown in Fig. 4. The peaks at 672, 
613, 552 and 416 nm were probably due to BPh c, 
while carotenoids were probably responsible for 
those at 473 and 506 rim. The absorption spectrum 
of the 90% methanol extract (Fig. 4) indicated that 
the 794-nm peak was due to BChl a. The CD 
spectrum of the purified fraction is shown in Fig. 
5. A very small negative signal was associated with 
the 673-nm absorption peak due to monomeric 
BPh c (data not shown), while a larger conserva- 
tive CD signal ( A A 7 9 2 - A A 8 1 2  = 7.9.10 -4) was as- 
sociated with the 794-nm absorbance peak (A = 
1.0). Gel electrophoresis of the sample (Fig. 6A) 
showed only one band at about 4-5 kDa (Mr) 
after Coomassie brilliant blue staining. Silver 
staining revealed the presence of three other minor 
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Fig. 3. (A) Profile of the chlorosome preparative gradient. Chlorosomes were prepared in the presence of 2 M NaSCN (see Materials 
and Methods). (B) Profile of the purification gradient of the lower-density chlorosome fraction (see Materials and Methods). 
Chlorosomes were detected by their absorbance at the BChl c Q v peak (748 nm). 

bands with relative molecular weights (Mr) of 
about 26, 36 and 43 kDa. 

Chlorosome characterization 
Low-,  m e d i u m -  and  h igh -dens i t y  c h l o r o s o m e s  
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Fig. 4. Absorbance spectrum of the purified 794-nm fraction 
(continuous line) and of its 90% methanol extract (dashed line). 

were  fu r the r  pu r i f i ed  as de sc r ibed  in M a t e r i a l s  and  

M e t h o d s .  In  Fig.  7 are  s h o w n  the  a b s o r p t i o n  spec-  

t ra  of  h igh -dens i t y  c h l o r o s o m e s  and  the i r  a ce tone -  

m e t h a n o l  ext rac t .  T h e  456- and  7 4 4 - n m  peaks  are  

due  to B C h l  c, the  6 7 2 - n m  p e a k  is p r o b a b l y  d u e  to 

BPh  c, and  the  s h o u l d e r  at 510 n m  is d u e  to 

ca ro t eno ids .  B C h l  c ( and  poss ib ly  B P h  c) con t r ib -  

u te  to the 334- and  the  4 2 8 - n m  peaks .  

T a b l e  I s u m m a r i z e s  the B C h l  c / C h l  a m o l a r  

TABLE I 

BChl c/BChl a MOLAR RATIOS IN DIFFERENT PRE- 
PARATIONS OF PURIFIED CHLOROSOMES 

BChl c/BChl a molar ratios were estimated both in 90% 
methanol extracts and in H 20/acetone/methanol (1 : 19.4 : 5.6) 
extracts. A ratio of 0.927 between the extinction coefficients for 
BChl a and for BChl c was used, according to Ref. 11. 

Preparation Low Medium High 

i )  82 87 104 
2 M NaSCN 46 86 89 

- 46 56 
4 buffer - - 87 
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Fig. 7. Absorbance spectra of purified high-density chloro- 
somes prepared in the presence of 2 M SCN (continuous line) 
and of their extract (dashed line) in H20/acetone/methanol 
(1:19.4:5.6). 
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Fig. 6. Polyacrylamide gel electrophoresis of 794-nm fraction, 
high density chlorosomes, membrane fragments and water solu- 
ble BChl a-protein (808 nm). (A) Lane 1, solubilization buffer; 
lane 2, standards; lane 3, 794-nm fraction (A794(loaded)= 
0.01); lane 4, high-density chlorosomes (A744(loaded)=l). 
Running gel, 16% acrylamide. (B) Lane 1, chlorosomes (A744 
(loaded) = 1) plus water soluble BChl a protein (As08 (loaded) 
=0.0063); lane 2, membrane fragments (A8] 0 (loaded)= 
0.0018); lane 3, high-density chlorosomes (A744 (loaded)= 
0.53); lane 4, high-density chlorosomes (A744 (loaded)el); 
lane 5, standards. Running gel, 12-20% acrylamide gradient. 
The following standards were used: bovine serum albumin (68 
kDa, 0.4/zg), ovalbumin (43 kDa, 0.4/.tg), carbonic anhydrase 
(29 kDa, 0.4/.tg), myoglobin (17.2 kDa, 0.4/~g), cytochrome c 
(11.7 kDa, 0.4 /.tg), aprotinin (6.2 kDa, 0.4 ~g) and insulin (3 
kDa, 0.68 btg). Running, fixing and staining conditions, see 
Materials and Methods. 

ratios measured in low-, medium- and high-density 
chlorosomes from four different preparations. 
From the comparison of the different chlorosomes 
obtained from the same preparations it appears 
that the medium- and high-density chlorosomes 
had similar BChl c /BChl  a ratios, while lower 
values could sometimes be observed in the low- 
density chlorosomes, probably due to their partial 
degradation. A certain variability was observed in 
low-, medium- or high-density chlorosomes ob- 
tained from different preparations, but a ratio of 
about 90 BChl c /BChl  a molecules was usually 
found. 

Polyacrylamide gel electrophoresis indicated 



that all three kinds of chlorosomes have the same 
protein composition (data not shown). A major 
band was present at approx. 4-5 kDa (Mr), and it 
was the only one observed after Coomassie bril- 
liant blue staining. Silver staining revealed the 
presence of six other bands at about 9, 20, 26, 27, 
32 and 38 kDa ( M )  (Fig. 6A and B). There was 
some variability in the degree of staining of these 
six minor bands. In Fig. 6B the gel pattern for 
chlorosomes is compared to that for pure water- 
soluble BChl a-protein (808 nm) and that for 
membrane fragments. 

Membrane fragments 
Membrane fragments obtained in the prepara- 

tive gradient in the absence of SCN-  were differ- 
ent from those obtained in its presence, because 
SCN -  causes the release of the water soluble BChl 
a-protein (808 nm) located on the surface of the 
cytoplasmic membrane (data not shown). De- 
naturation of this BChl a-protein was also ob- 
served, the extent varying in the different prepara- 
tions. 

Discussion 

When chlorosomes are prepared in the presence 
of 2 M NaSCN, they appear in three different 
density fractions, low, medium and high density. It 
is not clear how SCN-  stabilizes these chloro- 
somes during preparation, but they remain fairly 
stable in the absence of SCN following their pre- 
paration in its presence. The action of SCN-  
might be to inactivate some lipase or proteolytic 
enzyme present in the cell extract. Without an 
electron microscopic study it is difficult to explain 
the different densities of the three chlorosome 
fractions, since they appear to have the same pro- 
tein composition. Schmidt [6] also observed two 
different density fractions which might correspond 
to our medium and high-density chlorosomes. By 
electron microscopy she observed a contamination 
of the lighter fraction by a network of threads, 
probably originating from the capsule of the outer 
cell layers. The same situation might apply to our 
medium-density chlorosomes. However, there 
seems to be an intrinsic difference between low- 
and medium-density chlorosomes on the one hand 
and high density chlorosomes on the other. The 
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absorp t ion  max imum of the Qy-band is 
blue-shifted in high-density chlorosomes; and the 
rotational strengths are higher than in low- and 
medium-density chlorosomes (Olson, J.M. and 
Gerola, P.D., unpublished results). 

The 794-nm component is a form of BChl a 
thought to be associated with one of the chloro- 
some proteins. We have demonstrated that in in- 
tact chlorosomes about 1% of the total chlorophyll 
is BChl a and that this BChl a cannot be attri- 
buted to contamination by the water soluble BChl 
a-protein (808 nm) or membrane fragments. We 
have further shown that at room temperature the 
794-nm form of BChl a can be observed spectro- 
photometrically only in unstable chlorosomes in 
the absence of 2 M NaSCN. Under these condi- 
tions the peak of aggregated BChl c near 750 nm 
disappears, and the 794-nm band of BChl a is 
revealed. The conservative CD spectrum associ- 
ated with the 794-nm band is distinctly different 
from that associated with the 808-nm band of the 
baseplate BChl a-protein and indicates a strong 
interaction between two or more BChl a mole- 
cules. The BChl a- 'protein'  (794 nm) appears to 
be a structural part of the chlorosome in C. limicola 
in analogy to the BChl a-protein (792 nm) in the 

Fig. 8. Model of a chlorosome and associated cytoplasmic 
membrane (CM) in C. limicola f. thiosulfatophilum. A, BChl 
a-chlorosome protein; B, BChl a-baseplate protein; E, chloro- 
some envelope; P, pigment complex; R, rod element; RC, 
reaction center complex; S, 15-kDa subunit is BChl c-antenna 
proteir~ 
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ch lorosome of Chloroflexus aurantiacus [6]. In  our  
mode l  for C. limicola (Fig.  8) the ch lorosome is 
bounded  comple te ly  by  a mono laye r  of  l ipid with 
the BChl a - ' p r o t e i n '  (794 nm) localized in the 
mono laye r  in a way  similar  to that  p roposed  for 
Chloroflexus [12]. The ch lorosome makes  contac t  
with the water -so luble  BChl a -p ro te in  (809 nm)  in 
the baseplate ,  and  the exci ta t ion energy f rom the 
BChl c is t ransfer red  to the react ion centers  in the 
cy top lasmic  m e m b r a n e  via the BChl a - ' p r o t e i n '  
(794 nm) in the ch lorosome mono laye r  and  the 
water-soluble  BChl a -p ro te in  (808 nm) in the 
baseplate .  Fu r the r  evidence suppor t ing  this model  
comes f rom a s tudy of  energy t ransfer  between 
BChl c and  BChl a - ' p r o t e i n '  (794 nm) in pur i f ied 

ch lorosomes  [16]. 
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