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Photosynthetic A ntennae, Chloroflexus aurantiacus, C hlorosom es, 5.6-kD a Polypeptide
Chlorosom es containing BChl a 790 have been isolated from  Chloroflexus aurantiacus on 

sucrose density gradients using the detergents M iranol, D eriphat, N ,N -dim ethyldodecyl- 
amine-N-oxide, and dodecyl-ß-D-maltoside. All freshly prepared samples either lack the poly­
peptide o f approxim ately 5 kD a, which appears identical with the 5.6-kD a protein previously 
assigned the role o f BChl c-binding [R. G. Feick and R. C. Fuller, Biochem istry 23, 3693- 
3700 (1984)], or they contain only a m inor am ount thereof. This polypeptide accum ulates in 
the chlorosom es in vitro a t room  tem perature w ithin 24 h after isolation. The reaction cannot 
be prevented simply by addition o f the protease inhibitors benzam idine, £-caproic acid, and 
phenylm ethylsulfonyl fluoride. However, upon denatu ra tion , as required to r gel electrophore­
sis, o f the freshly isolated chlorosom e sample the form ation o f  the 5-kD a polypeptide is inhib it­
ed. We conclude that this species, viz. 5.6-kD a protein, is a degradation  product o f ano ther -  as 
yet unidentified -  protein present in the chlorosom e preparations. Despite the pronounced 
proteolytic activity which affords the 5-kD a fragm ent, the native absorp tion  and fluorescence 
properties o f BChl c and BChl a are essentially not changed in these chlorosom e preparations.

Introduction

The Chlorobiaceae and Chloroflexaceae both 
contain so-called chlorosomes as the main light- 
harvesting antenna system [1]. Chlorosomes are 
vesicles with the dimensions of approx. 12 x 30 * 
100 nm in Chloroflexus aurantiacus [2], They con­
tain bacteriochlorophyll (BChl) c as the main 
light-harvesting chromophore. BChl a is present in 
the chlorosomes in a small amount (about 4% of 
the total BChl [3]) when isolated by SDGC, but it 
is removed by GEF [4], and by treatment of the 
isolated chlorosomes with SDS [5, 6].

The organization of BChl c in chlorosomes is 
still a matter of debate. One of the models for the 
chlorosomes of C. aurantiacus [7] assumes binding 
of BChl c to a 5.6-kDa protein [3, 7, 8]. Six dimers 
of this protein, each with 10- 16 BChl c molecules

Abbreviations: BChl, bacteriochlorophyll; D D M , dode- 
cyl-ß-D-maltoside; G E F , gel-electrophoretic filtration; 
LDA O, N ,N -dim ethyldodecylam ine N-oxide; LDS, 
lithium dodecyl sulfate; M r, relative m olecular weight; 
PA G E, polyacrylam ide gel electrophoresis; PM SF, 
phenylm ethylsulfonyl fluoride; SD G C , sucrose density 
gradient centrifugation; SDS, sodium dodecyl sulfate; 
Tris, tris(hydroxym ethyl)am inom ethane.
R eprint requests to Dr. A. R. H olzw arth.

Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen
0341-0382/90/0700-0823 $ 01.30/0

attached, were proposed to constitute one unit of 
the rod elements which had been detected by elec­
tron microscopy [2], However, Schmidt et al. [9] 
did not report the 5.6-kDa polypeptide in the chlo­
rosomes of C. aurantiacus strain 0k-70-fl. They 
rather found proteins with M r values of 10, 15, 40, 
and 57 kDa only.

An alternative organizational model is based on 
the finding that isolated BChl c molecules in vitro 
form aggregates whose spectroscopic properties in 
appropriate solvents match those of BChl c in vivo 
[10-14], Interestingly, Olson and coworkers [6] 
note that 3 proteins in the 10-20-kDa region are 
missing in SDS-treated BChl a-free chlorosomes 
of C. aurantiacus. We have recently found that the 
G EF procedure [4] either eliminates all proteins in 
the chlorosomes, or it reduces them to concentra­
tions which exclude their role as BChl obinding 
proteins [15, 16] as proposed by Wechsler et al. [7]. 
Estimates of the 5.6-kDa protein-to-BChl e ratio 
in our BChl a-free GEF chlorosomes indicate at 
least a 25-40-fold excess of BChl c [15, 16]. This 
constitutes the first biochemical evidence against 
relevant antenna functions by this protein and -  
together with other data [4, 17, 18] -  provided evi­
dence in favour of chromophore-chromophore 
interactions as the main organizational principle in 
chlorosomes.

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



824 K. G riebenow  et al. ■ The 5.6-kD a Protein  in the C hlorosom es o f C. aurantiacus

This paper demonstrates that also in conven­
tional chlorosome preparations -  isolated by 
SDGC -  which are generally accepted as “nor­
mal” intact chlorosomes [3, 7, 8], the 5.6-kDa 
polypeptide initially is not present in any apprecia­
ble amount. Rather, this polypeptide is shown to 
be a post-isolation degradation product and thus 
cannot function as a BChl c-binding protein 
in vivo.

Materials and Methods

The growing of the cells (C. aurantiacus strain 
0k-70-fl, Deutsche Sammlung von M ikroorganis­
men No. 636) and isolation of membranes and 
chlorosomes have been described [4, 15], Often two 
sucrose density gradient steps (T  = 4 °C) were per­
formed using the conditions reported in [15]. The 
pigment content and the stationary absorption 
and fluorescence spectra were measured according 
to [4]. The Pharmacia PhastSystem (8 -25%  SDS 
gradient gels) was used for PAGE, and silver stain­
ing was performed according to Heukeshoven 
et al. [19]. It was verified to have a minimal sensi­
tivity of 1 ng/band (often below 0.5 ng/band) 
[15, 16].

Protein analyses of the chlorosomes as a func­
tion of time after isolation were carried out from 
stock solutions prepared by diluting samples of 
different Miranol-isolated chlorosomes with 
20 mM Tris-HCl buffer (pH 8.0) to an absorbance 
of 2 .3-2 .4  at 740 nm (which corresponds to about 
2 3 -24  nmol BChl c/ml). The whole procedure was 
carried out at room temperature. Degradation was 
stopped by 1:1 dilution with incubation buffer 
(containing 5% SDS, 1% mercaptoethanol, and a 
trace of bromophenolic blue [15]) and heating for 
10 min to 100 °C. The samples were then stored at 
room temperature until PAGE was performed.

For the absorbance and fluorescence measure­
ments the isolated chlorosomes were diluted with 
Tris-HCl buffer (pH 8.0) to a concentration of ap­
proximately 2.3 nmol BChl c/ml, and the first 
measurement was started within 15 min after iso­
lation.

In the inhibition experiments, the protease in­
hibitors were applied at concentrations of 1 mg/ml 
for PMSF and benzamidine, and 0.33 mg/ml for 
e-caproic acid. PMSF was added in powder form 
(alcohols such as, e.g., ethanol used as a solvent in

[8], may reduce the absorbance A1ao by destroying 
the aggregates in the chlorosomes [13]).

In order to estimate the relative concentrations 
of the proteins on silver-stained gels [19] and 
also of those of different gels, the gels were photo­
graphed under identical conditions, and the result­
ing negatives were scanned with a Sigma FTR 20 
scanner. The absolute protein concentration is dif­
ficult to determine from silver staining [15], Cali­
bration with the 5.6-kDa polypeptide reference 
sample established a minimal sensitivity of 1 ng 
per band.

Gel scans as in Fig. 2 are from the same gel and 
can be compared directly.

The following molecular weight markers were 
used: Phosphorylase (92.5 kDa), bovine serum 
albumin (68 kDa), ovalbumin (45 kDa), carbonic 
anhydrase (29 kDa), trypsin inhibitor from soy 
bean (21 kDa), cytochrome c (12.5 kDa), and tryp­
sin inhibitor from lung (6.5 kDa). All marker pro­
teins were obtained from Serva. The M r values 
were calculated according to Weber et al. [20]. In 
most analyses an additional set of marker proteins 
was used as well as described previously [15, 21].

Results

The protein patterns of different chlorosome 
preparations, isolated by SDGC using the deter­
gents Miranol [3, 22], Deriphat [22], LDAO [21], 
and DDM  [21], have been analyzed. In addition to 
PAGE analysis all samples were further character­
ized by absorption spectra, by fluorescence spectra 
and relative fluorescence intensities, and by the pig­
ment content.

Densitometrie scans for several PAGE samples 
are presented in Fig. 1 for the critical region up to 
20 kDa. The ratios of six clearly detectable poly­
peptides depend strongly on both the detergent 
used and on the details of the preparation. The 
molecular weights of the polypeptides correspond­
ing to peaks 2 -5 , which were determined with 
low-molecular weight markers (Serva markers; see 
Materials and Methods), ranged approximately 
from 5 to 14 kDa. The small polypeptide of ca.
5 kDa was identified by PAGE with the 5.6-kDa 
reference protein [7], Peak 1 in Fig. 1 appeared 
only occasionally in minor amounts and may rep­
resent small protein fragments in the isolated chlo­
rosomes. In addition to the proteins of peaks 2 -5
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Fig. 1. PA G E densitogram s (8 -2 5 %  acrylamide, silver 
staining [15]) o f the M T range up to 22 kD a, showing 
protein  peaks 1 —6  o f  different isolated chlorosom e prep­
arations. (a) P reparation  with LDA O, (b) with M iranol, 
(c) w ith D eriphat (preparations a - c  represent pure chio­
rosom es o f SD G  band  2); (d) M iranol preparation o f 
SD G  band-3 chiorosom es which are contam inated with 
residual m em brane proteins [15]. All gels were adjusted 
to equal BChl c concentrations. M olecular weights o f ca. 
5 kD a were determ ined for peak 2 (corresponding to the 
5.6-kD a protein o f  W echsler et al. [7]; see text), o f 7 kD a 
for peak 3 ,10  kD a for 4, and 14 kD a for 5.

contaminations by other proteins with higher mo­
lecular weights could regularly be detected by the 
very sensitive silver staining. It should be noted 
here that silver staining -  when performed as de­
scribed in Materials and Methods -  may be more 
sensitive for proteins of higher molecular weights 
than for low-molecular weight proteins by a factor 
of up to 10.

The present M r values for the main proteins dif­
fer slightly from the Mr values which we have re­
ported previously [15, 16]. This difference is due to 
an M r calculation based on different marker pro­
teins, particularly in the low-molecular weight 
region where the determination of absolute M r 
values is more difficult.

A striking and very important observation in 
our PAGE analysis of pure chiorosomes is that in 
most preparations the ca. 5-kDa polypeptide (i.e., 
peak 2 in Fig. 1 a —c) is missing. In contrast, chlo­
rosome fractions contaminated with cytoplasmic 
membrane (as detected by absorption and flu­
orescence) often contain small polypeptides (in­
cluding, e.g., peak 2 in Fig. Id) in relatively high 
concentrations (see also [15]).

The gel scans o f Fig. 2, run at time intervals aft­
er the chlorosome isolation show that the peak of

the smallest polypeptide (number 2 as in Figs. 1 and 
3) accumulates strongly during the first 24 h at 
room temperature (cf. Figs. 2 a and 2 b). There ap­
pears no significant further accumulation during 
the subsequent 24-h period (Fig. 2c). Concomitant 
with the increase of peak 2, peaks 3 (7 kDa) and 5 
(14 kDa) decrease, while often 4 (10 kDa) remains 
practically unchanged. Additionally, the proteins 
with M r values higher than approx. 20 kDa also 
show strong reductions. After 48 h their concen­
tration has become quite small. It is important to 
note in this regard that the staining sensitivity for 
these proteins is much higher than for the smaller 
fragments; this is evident from a comparison with

Mr (kDa)
Fig. 2. PA G E densitogram s (8 -2 5  % acrylam ide, silver 
staining) o f chiorosom es 0 h (a), 24 h (b) and 48 h (c) aft­
er isolation with M iranol, in the absence o f any added 
proteolytic inhibitor. The shaded peak 2 corresponds to 
the 5.6-kD a protein. The transm ission am plitudes o f all 
three densitogram s (a~ c) can be directly com pared.
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the results obtained with 1-mm gels in [15]. The 
only protein with a higher M x value which seems to 
be stable is one of about 40 kDa. It is possibly 
identical with the 40-kDa protein reported by 
Schmidt et al. [9].

Im portant observations were also made in a 
time-dependent PAGE study in the presence of 
proteolytic inhibitors. For example, Fig. 3 shows 
that, in the presence of benzamidine, the two ma­
jor proteins of 7 and 14 kDa (bands 3 and 5) still 
decrease in concentration, and that the ca. 5-kDa 
polypeptide still increases throughout the 48-h pe­
riod after isolation. These changes with time, evi­
dently a protein degradation process despite the 
presence of benzamidine, could be stopped by in­
cubation at 100 °C in buffer containing SDS and 
mercaptoethanol. PAGE comparison of such sam­
ples showed the same pattern 0 h and 48 h after in­
cubation. Surprisingly, however, common pro­
tease inhibitors such as, e.g., PMSF, benzamidine, 
and e-caproic acid are not capable of suppressing 
the reaction.

Absorption and fluorescence properties such as 
those compiled in Table I are sensitive to the integ­
rity of the BChl c-organization and have been used 
in the past to define the quality of chlorosomes. 
We now find that neither the absorption nor the 
fluorescence spectra and the relative fluorescence 
intensities (A,exc = 460 nm, A.em = 750 nm) reveal 
any significant difference between fresh and 24-h 
old samples of chlorosomes, irrespective of the 
absence or presence of proteolytic inhibitors.

Oh 24h £8h

I I I« ■ I  H  X  -----29 kO

J2 L  mi “  — 21 ko
I z z  j k  — 12.5 kD 

2  S S L .----- 6.5 kO

2 ^
Fig. 3. PA G E (8 -2 5 %  acrylam ide, silver staining) o f 
chlorosom es, 0, 24 and 48 h after isolation with M iranol. 
The samples were kept in the dark a t room  tem perature 
in the presence o f benzam idine. N um bers 2 —5 o f the 
lowest m olecular bands correspond to those o f the peaks 
in the densitogram s o f Fig. I .

Table I. A bsorption o f chlorosom es isolated w ith M ira­
nol in the absence and presence o f benzam idine.

Time Absorbance*
after isolation at 740 nm at 790 nm

Oh 0.255 0.015
24 h 0.250 0.015
48 h 0.245 0.015

* The error in the absorbance is 0.005 units. W ithin this 
error, the values were the same for runs with and w ith­
out added benzamidine. A nalogous results were ob­
tained also with PM SF and s-caproic acid.

Discussion

The time course of the appearance of band 2 
and its absence in freshly isolated chlorosomes 
illustrates unequivocally that the corresponding 
polypeptide, which in PAGE proved indistinguish­
able from the 5.6-kDa protein [7], cannot function 
as a BChl c-binding protein. Rather, the protein 
appears to be formed in a proteolytic cleavage 
reaction occurring after isolation. Consequently, 
the proposal [7, 8] that the BChl c molecules are 
complexed to the 5.6-kDa protein does not apply 
to the chlorosomes of the C. aurantiacus strain 
0k-70-fl. Of course, the 5-kDa fragment of band 2 
could fortuitously coincide only in M r with the 
known 5.6-kDa entity. Although a coincidence of 
this sort is unlikely, it would not invalidate our 
conclusions in any way. Such a coincidence would 
simply mean that the 5.6-kDa protein is neither 
contained nor formed in these chlorosomes. We 
should like to note here that our identification of 
the 5.6-kDa protein on the gels is straightforward 
and does not simply rely on the comparison with 
the pure 5.6-kDa reference sample. In fact two fur­
ther criteria can be used for identification: i) the
5.6-kDa protein is the lowest molecular weight 
protein on the gels of Feick et al. [8] and also on 
our gels, and ii) this polypeptide is the only domi­
nant one in that M x region which at longer times 
(48 h) proves stable against proteolytic cleavage.

One pitfall which might have led to erroneous 
conclusions in previous studies is that Feick et al. 
[8] had not been aware of the fact that PMSF 
could not have acted as an inhibitor in their pro­
teolytic digestion experiments.

Since the protein degradation rapidly progresses 
already within the first 5-h period (results not
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shown), it is in place here to stress the necessity that 
in digestion experiments the degradation is sup­
pressed before exogenic proteolytic enzymes are 
added. Otherwise, the ca. 5-kDa fragment accumu­
lates noticeably during the experiment independent 
of exogenic proteases.

Another observation deserves mention here. 
Mechanical stress, e.g. slight stirring, seems to 
damage the chlorosome samples as indicated by a 
decrease in absorption at 740 nm. We therefore 
avoided stirring for any prolonged periods. Fur­
thermore, pelleting (60 min at 45,000 rpm; Ti70 
rotor) did not remove the ca. 5-kDa polypeptide 
from the chlorosomes, which suggests that this 
fragment is located either in the chlorosome inte­
rior or in the chlorosome envelope.

The high proteolytic activity leading to the post­
isolation formation of the 5.6-kDa protein does 
not change the optical properties of these chloro­
somes. In their proteolytic digestion experiments 
Feick et al. [3, 8] excluded as potential BChl c- 
binding proteins all other proteins except for the
5.6-kDa protein. Owing to the much higher sensi­
tivity of our PAGE system, we are observing an 
appreciably larger number of proteins being asso­
ciated with BChl a-containing chlorosomes than 
other authors. Since only a few of these proteins 
are among those checked by Feick et al. [3, 8], the 
remaining might a priori still function as BChl c- 
binding proteins. However, this is excluded from 
our previous report [16] which demonstrated that 
further purification of these samples by GEF ulti­
mately affords essentially protein-(and BChl a-) 
free species with intact chlorosome absorption and 
fluorescence properties. This conforms, of course, 
with other evidence, including the similarity of the 
spectroscopic properties of artificial BChl c aggre­
gates in organic solvents and of BChl c in vivo [4, 
10-15], and it strengthens the concept of direct 
chromophore-chromophore binding [16] as op­
posed to the proposed involvement of structural 
protein-BChl c complexes. It is appropriate to re­
call here that attempts of isolating such complexes 
from chlorosomes of any origin have failed so far.

In view of the strong evidence in favour of the 
direct BChl c chromophore-chromophore model 
the question which proteins do occur in native 
chlorosomes, and which function such proteins 
perform (e.g., binding of BChl a in the presumed 
BChl a190 complex), remains unanswered.

Finally, one should not ignore the (perhaps far­
fetched) possibility that the 5.6-kDa protein, char­
acterized by Wechsler et al. [7] as a component of 
strain J-10-fl, neither occurs nor is formed at all in 
the chlorosomes of strain 0k-70-fl. However, in 
view of the far-reaching analogies in the properties 
of the chlorosomes from both strains (absorption 
and fluorescence spectra [18, 23], BChl c distribu­
tion pattern in reverse-phase high-performance 
liquid chromatography [13, 24]), an essentially 
identical organization of the BChl-c antennae in 
both strains is more likely.

Comments on the problem of Mr determinations
A reliable M r determination of small proteins is 

notoriously difficult. For example, we have ob­
tained values ranging from about 4 to 11 kDa for 
the 5.6-kDa fragment depending on the marker 
proteins employed. It is therefore quite possible 
that the small proteins (peaks 1 and 2) found 
in highly contaminated fractions arise from the 
B806-866 antenna complex. The two proteins attrib­
uted to this complex have M T values of 4.9 and 
6.3 kDa [25, 26], which could have rendered their 
distinction from a 5.6-kDa protein difficult.

Our M r determinations for the low-molecular 
weight region now gave values of 7, 10 and 14 kDa 
(bands 3, 4, and 5, Fig. 1) for the dominant com­
ponents in the M iranol preparations. These values 
differ somewhat from those reported previously 
[15, 16] for technical reasons. If we allow for the 
possibility that the 7- and 10-kDa proteins were 
not resolved in the past, our results are in agree­
ment with the values of 10 and 15 kDa of Schmidt 
et al. [9] but differ from those reported by the 
group of Feick [3, 8], One may consequently argue 
now that the ca. 5-kDa polypeptide must have also 
been missing on the gels of Schmidt et al. [9],
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