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Structural differences in chlorosomes from Chloroflexus aurantiacus
grown under different conditions support the BChl c-binding function of
the 5.7 kDa polypeptide**
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Abstract

Structurally different chlorosomes were isolated from the green photosynthetic bacterium Chloroflexus aurantiacus grown under different condi-
tions. They were analysed with respect to variable pigment—protein stoichiometries in view of the presumed BChl ¢-binding function of the 5.7 kDa
chlorosome polypeptide. Under high-light conditions on substrate-limited growth medium the pigment—protein ratio of isolated chlorosomes was
several times lower than under low-light conditions on complex medium. Proteolytic degradation of the 5.7 kDa polypeptide in high-light chlorosomes
led to a 60% decrease of the absorbance at 740 nm. The CD spectrum of high-light chlorosomes exhibited a sixfold lower relative intensity at 740
nm (4A4/A,4) than low-light chlorosomes, but it showed a fivefold increase in intensity upon degradation of the 5.7 kDa polypeptide compared to
a twofold increase in low-light chlorosomes. It seems probable that BChl ¢ in the chlorosomes is present as oligomers bound to the 5.7 kDa
polypeptide. Our data suggest further that compared to low-light chlorosomes smaller oligomers or single BChl ¢ molecules are bound to the 5.7
kDa polypeptide in high-light chlorosomes resulting in lower rotational strength.
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1. Introduction

The light-harvesting system of the green photosyn-
thetic bacterium Chloroflexus aurantiacus is composed of
the chlorosomes, which contain BChl ¢ and BChl g as
light-harvesting pigments, and the B806-866 BChl a—
protein complex, which is integrated within the CM sur-
rounding the reaction centre [1]. The chlorosomes are
ellipsoid bodies of an average size of 110 x 30 x 12 nm?
attached to the inner side of the CM [2].

Controversy exists regarding the organization of BChl
¢ in the chlorosomes. Evidence based on biochemical
experiments suggested that the BChl ¢ molecules are
bound in BChl c-protein complexes [3,4]. Three major
polypeptides were found to be present in all chlorosome
preparations [5], namely the 18 and the 11 kDa polypep-
tide and the 5.7 kDa polypeptide, which was thought to
bind the BChl ¢ molecules [6]. Spectroscopic findings on
the other hand indicated that BChl ¢ in chiorosomes
could be organized as oligomers, where pigment—pig-
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Abbreviations: BChl, bacteriochlorophyll; CD, circular dichroism;
CM, cytoplasmic membrane.

ment interactions are responsible for the observed red
shift of the light-harvesting pigments [7-9].

Under certain growth conditions Chloroflexus auran-
tiacus cells increase the amount of BChl ¢ and seem to
incorporate newly synthesized BChl ¢ into preformed
chlorosomes [10]. It was demonstrated that chlorosomes
can increase in volume when cells produce more BChl ¢
and the idea of a variable degree of packing of BChl ¢ in
chlorosomes was put forward [11]. Interestingly, an in-
crease in BChl ¢ in the chlorosomes is not accompanied
by a proportional increase of the chlorosome polypeptides
indicating variable pigment—protein stoichiometries [12].

In order to explain the variable pigment-protein stoi-
chiometries observed in chlorosomes and to add strength
to the previous proposal of the pigment-binding function
of the 5.7 kDa polypeptide we used different growth
conditions for the cultivation of Chloroflexus aurantiacus
and obtained structurally different chlorosomes. We
have compared the different chlorosomes with respect to
their absorption and circular dichroistic properties as
well as their response to proteolytic treatment.

2. Materials and methods

2.1. Growth conditions
Chloroflexus aurantiacus J-10-fl was grown photoheterotrophically
in 1 litre batches at 57°C under two different growth conditions desig-
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nated as low-light and high-light conditions. For low-light conditions
incandescent light of about 150 W-m™ was used. The growth medium
contained per litre: 100 mg ethylenediaminetetraacetic acid, 60 mg
CaSO, x 2H,0, 100 mg MgSO,x 7H,0, 8 mg NaCl, 110 mg
Na,HPO, 130 mg KNO,, trace elements, the vitamin mixture described
in [13], 1.0 g yeast extract, 0.5 g glycyl-glycine, 2.5 g casamino acids.
The cells were grown for 72 h. For high-light conditions tungsten spot
lights of about 2000 W-m™2 were used. The growth medium contained
the above salts apart from 130 mg KNQO,, which was replaced by 130
mg potassium acetate; trace elements, 100 mg biotin, 0.25 g yeast
extract, 0.5 g glycyl-glycine, 0.3 g glutamic acid. The cells were grown
for 22 h to 48 h depending on the experiment.

2.2. Chlorosome isolation

Chloroflexus aurantiacus cells were washed with 10 mM Tris-HCI,
pH 8.0 and disrupted by ultrasonication. Whole cells and large cell
debris were sedimented by centrifugation at 27,000 X g for 15 min. The
membrane with the chlorosomes (whole-membrane fraction) was pre-
pared by centrifugation at 100,000 x g for 1 h. The whole-membrane
fraction was resuspended in buffer with a Potter-Elvehjem homogenizer
and adjusted to an absorbance of 10 at 865 nm. For solubilization 5%
w/v Miranol S2M-SF was added and the suspension was stirred at room
temperature in the dark for 30 min. The solubilized chlorosomes were
separated on a sucrose density gradient and subsequently washed two
times with 10 mM Tris-HCI, pH 8.0 by centrifugation at 100,000 x g.

2.3. Pigment determination
BChl ¢ and BChl a were quantitatively determined as described in [5].

2.4. Proteolytic treatment

A suspension of chlorosomes in buffer was adjusted to an absorbance
of 2 at 740 nm. 1 ug of proteinase K or trypsin per 1 ml of chlorosome
suspension was added (in 45 min intervals) for proteolytic treatment at
30°C for 2 h. The digestion was stopped by adding a serine protease
inhibitor (5 mM Pefabloc SC, Pentapharm AG, Basel, Switzerland) and
the absorption and CD spectra were recorded immediately afterwards.
Aliquots for analysis on SDS-PAGE were taken out of the samples and
denatured immediately after the spectral measurements.

2.5. Spectroscopy

Absorption spectra from 250 nm to 900 nm were recorded on a
Perkin Elmer Lambda 5 UV/VIS spectrophotometer with a 1 cm quartz
cuvette at room temperature. The slit width was 1 nm and the scan
speed 60 nm/min. The response time was set to 0.5 s. Circular dichroism
spectra from 300 nm to 800 nm were recorded on a Jasco J-710 spectro-
polarimeter with a cuvette of 1 mm pathlength at 22°C. The slit width
was 2 nm and the scan speed 20 nm/min. The response time was set to
2 s. The spectra were accumulated three times and smoothed using the
noise reduction option of the J-700 system software.

2.6. Electrophoresis

Polyacrylamide gel electrophoresis was performed using the Mini-
Protean II dual slab cell system (Bio-Rad Laboratories) according to
[14] with a total acrylamide content of 16.5% and 3% of crosslinking
reagent in the separating gel. The electrophoresis buffer contained 0.1
M Tris base, 0.1 M Tricine (N-trisfhydroxymethyl]-methylglycine) and
0.1% SDS. Chlorosome samples were precipitated with 10% trichlo-
roacetic acid and extracted two times with cold acetone. The samples
were dried and dissolved in buffer composed of 62.5 mM Tris-HCI, pH

Table 1
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6.8, 10% glycerol, 4% SDS, 0.05% Bromophenol blue, 5% 2-mercap-
toethanol and incubated for 2 min at 100°C.

3. Results

Chloroflexus aurantiacus was grown under low-light
and high-light conditions. The high-light cultures were
additionally grown for different periods of time. The
effect of low-light and high light conditions on the pig-
ment composition of the whole-membrane fraction and
the isolated chlorosomes as well as the influence of the
length of growth on the high-light cultures can be seen
in the absorption spectra (Fig. 1A,B) and is summarized
in Table 1. Under low-light conditions the ratios of BChl
¢ to BChl a of the whole-membrane fraction and of the
isolated chlorosomes were ten times higher compared to
the respective fractions from cells grown under high-light
conditions for 22 h. Prolonged growth under high-light
conditions led to an increase of the BChl ¢ to BChl a
ratios. Based on the absorption intensity at 268 nm the
absorbance at 740 nm was about S times higher in low-
light chlorosomes. Analysis on SDS-PAGE revealed
that, based on the same amounts of BChl ¢, the high-light
chlorosomes contained several times more of the 3 major
chlorosome polypeptides (11, 18 and 5.7 kDa) and addi-
tional bands in the higher molecular weight range
(Fig. 2).

The CD spectra of chlorosomes isolated from cells
grown under low light and high-light conditions showed
different intensities of the near infra-red signal. A typical
CD spectrum for low-light chlorosomes as shown in Fig.
3A had a strong, S-shaped signal centred at 740 nm.
Based on the absorbance of the 740 nm band (44/4-40nm)
the high-light chlorosomes exhibited a sixfold weaker
CD effect in the 740 nm region (Fig. 3A) than low-light
chlorosomes. The relative intensities of the CD signals
at 740 nm of chlorosomes isolated from high-light cul-
tures increased by a factor of two upon prolonged
growth. The near infra-red CD signals of the different
chlorosome preparations were about the same with re-
spect to the position of the zero-crossing (740 nm), the
positive maximum (755 nm) and the negative maximum
(725 nm). Hence, it seems unlikely that different growth

Effect of light intensity and duration of growth on the pigment composition of the whole-membrane fraction and the isolated chlorosomes

Growth conditions Whole-membrane fraction

Isolated chlorosomes

A Ases BChl ¢/BChl a Aq4e/ A7e6 Ao/ s BChl ¢/BChl a
(mol/mol) (mol/mol)
Low-light 25 11 34 18
High-light 22 h 2.5 0.9 23 0.65 1.8
High-light 30 h 33 1.4 4.5 1.2 3.0
High-light 48 h 3.4 1.6 5.7 14 37
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Fig. 1. Absorption spectra of isolated chlorosomes in 10 mM Tris-HCI, pH 8.0. (A) Chlorosomes isolated from low-light grown Chloroflexus
aurantiacus. {B) Solid line, isolated from 22 h high-light grown cells; dashed line, isolated from 48 h high-light grown cells.

conditions were the origin of the reversed signals pub-
lished earlier [15-17].

Low light and high-light chlorosomes were affected to
different extents by proteolytic treatment. As can be seen
in Table 2 low light chlorosomes hardly responded to
proteolytic treatment. The degradation of the 11 and 18
kDa polypeptides with trypsin did not change the ab-
sorption intensity of the 740 nm band at all. Treatment
with proteinase K, which partly degraded the 5.7 kDa
polypeptide in addition to the 11 and 18 kDa polypep-
tide, led only to a very slight decrease of the 740 nm
band. In high-light chlorosomes, however, trypsin
brought about a 9% decrease of the absorption intensity
at 740 nm and proteinase K caused a 60% decrease (sec
Fig. 4 for the time course). At the same time a 3 nm blue
shift of the 740 nm band could be observed and the 668
nm absorption band of liberated BChl ¢ came up in the
spectrum. Analysis on SDS-PAGE revealed that the 5.7
kDa polypeptide was completely degraded by proteinase
K in high-light chlorosomes (not shown).

The relative CD intensity (44/A40nm) Of the low-light
chlorosomes doubled upon digestion with proteinase K
but it did not change after treatment with trypsin [18].
In the case of the 48 h high light chlorosomes the relative
intensity increased fivefold after the degradation of the

5.7 kDa polypeptide with proteinase K and remained
constant with trypsin (Fig. 3B).

4. Discussion

The composition of the photosynthetic apparatus of
Chloroflexus aurantiacus, especially the BChl ¢ to BChl
a ratio, depends on the growth rate [19] and on other

Fig, 2. SDS-PAGE showing the polypeptide patterns and the difference
in the pigment-protein stoichiometries of low-light and high-light chio-
rosomes. Lane 1, low molecular weight standard (Sigma); lane 2, low-
light chlorosomes; lane 3, high-light chlorosomes. Both chlorosome
samples contained the same amount of BChl c.
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Fig. 3. (A) CD spectra of native chlorosomes adjusted to an absorbance
of 2.7 at 740 nm: dashed line, low-light chlorosomes; solid line, 48 h
high-light chlorosomes. (B) CD spectra showing the proteolytic treat-
ment of 48 h high-light chlorosomes: solid line, 48 h high-light chloro-
somes with an absorbance of 3.7 at 740 nm; dashed line, sample treated
with trypsin for 2 h at 30°C; dotted line, sample treated with proteinase
K for 2 h at 30°C. The pathlength of the cuvette was 1 mm.

factors such as light intensity [20], oxygen [21] and nutri-
tional factors [22]. As we used glutamate as the major
carbon source for high-light grown cells, it is possible
that BChl ¢ synthesis was impaired because protein and
BChl synthesis competed for the same substrate [21,23].
Therefore, in our experiments, it is not possible to decide
whether nutritional or light induced effects (indirectly
the growth rate) contributed to the structural differences
observed in the different chlorosome preparations.

The structural differences of chlorosomes isolated
from cells grown under low-light and high-light condi-
tions are reflected in the different stoichiometries be-
tween pigments and proteins. Low light chlorosomes
have a molar ratio of BChl ¢ molecules to the 5.7 kDa
polypeptide of 15-21:1 ([24]; Lehmann, unpublished
data). The exact value for high-light chlorosomes could
not be determined, but judging from the staining intensi-
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ties on SDS-PAGE the ratio is about five times lower for
the 22 h high-light chlorosomes compared to the low-
light sample. The absorbance ratio of A, t0 Aresum
(there was no absorbance maximum at 280 nm) also
differed by a factor of five between the low and the 22 h
high-light chlorosomes.

Secondly, the pronounced differences in the suscepti-
bility of the 740 nm absorption band to proteases is
apparently due to the fact that in low-light chlorosomes
the 5.7 kDa polypeptide is much less accessible to pro-
teases. Supporting these findings, proteolytic treatment
using thermolysin [4] showed that low-light chlorosomes
were not affected by the enzyme below 40°C and equally,
thermolysin treatment produced a stronger decrease of
the 740 nm band in medium light chlorosomes.

Thirdly, there must be a considerable difference in the
aggregation state of BChl ¢ between the low-light and the
high-light chlorosomes, which is reflected in the different
relative intensities of either CD signals. We observed that
the CD intensity of low-light chlorosomes only doubled
upon treatment with proteinase K compared to a fivefold
increase in the high-light chlorosomes. There is some
evidence that BChl ¢ in the chlorosome is organized as
oligomers [8,9], which may be bound to protein in order
to maintain parallel transition moments between clusters
of BChl ¢ [25,26]. There are several reports that BChl ¢
aggregates in hexane [27,28], in aqueous suspension, or
after LDS treatment [4], and after proteolytic treatment
[4,18] exhibited higher rotational strength than BChl ¢ in
chlorosomes of Chloroflexus aurantiacus. Similarly,
GEF-chlorosomes [29] showed stronger CD bands than
chlorosomes isolated with detergents and density gradi-
ent centrifugation, according to a comparative study
[28]. In an aqueous aggregate of a chloroform/methanol
extract from Chloroflexus aurantiacus chlorosomes,
however, the rotational strength was lower than in the
chlorosomes [30). Moreover, chlorosomes from Chloro-
bium limicola were reported to have a stronger CD signal
than oligomers in methylene chloride/hexane (1 : 200) [7].

We conclude that, if the intensity of the CD signal
around 740 nm in the chlorosomes of Chloroflexus au-
rantiacus is depending on the aggregate size of BChl ¢

Table 2
Remaining absorption intensity and blue shift of the 740 nm absorption
band after proteolytic treatment with trypsin or proteinase K at 30°C
for 2 h

Low-light chlorosomes High-light chlorosomes®

Remaining Blue shift =~ Remaining Blue shift

intensity (nm) intensity (nm)
(%) (%)
Control 97 0 92 0
Trypsin 97 0 84 1
Proteinase K 95 0 37 3

2 Chlorosomes isolated from cells after 22 h growth under high-light
conditions.
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Fig. 4. Time course of the proteolytic treatment of 22 h high-light
chlorosomes at 30°C using trypsin and proteinase K. Enzyme was
added in 45 min intervals.

[4,18], the BChl ¢ oligomers in high-light chlorosomes
are smaller than in low-light chlorosomes. In that sense,
the degradation of the 5.7 kDa polypeptide in high-light
chlorosomes would produce a stronger increase in rota-
tional strength, because only then the liberated pigments
form larger oligomers. Therefore, we assume that the 5.7
kDa polypeptide is associated with BChl ¢ in the chloro-
somes. We propose that a certain number of BChlc mol-
ecules may be bound to the 5.7 kDa polypeptide, e.g. to
the imidazole nitrogen of one histidine, which is also a
conserved residue in the sequences of the 6.3 kDa pol-
ypeptides of the chlorosomes from Chlorobiaceae [31],
and possibly to the carbonyl oxygens of the amide
groups of glutamine and asparagine residues [6]. Addi-
tional BChl ¢ molecules could be bound as oligomers to
the polypeptide-bound BChl ¢ molecules, which would
result in higher pigment-protein ratios. In this way, the
chlorosomes could respond to different growth condi-
tions by increasing the number of pigments per polypep-
tide.

The energy collected by the BChl c-antenna (B740) is
further transferred onto a BChl a based antenna complex
(B790) within the chlorosome, the so-called base-plate.
In contrast to our observations, a constant ratio of BChl
¢ to BChl a of 25: 1, which was independent of growth
conditions, was reported earlier [5]. BChl a as part of the
chlorosomes is thought to be associated with a polypep-
tide in the pigment-—protein complex of the base-plate [3].
The polypeptide pattern of high-light chlorosomes with
a strong B790 absorption band, i.e. a low BChl ¢ to BChl
a ratio, comprises the three major chlorosome proteins
(18, 11 and 5.7 kDa), but there is no valuable candidate
for the base-plate protein in the 6-8 kDa range (Fig. 2).
The two bands which are located between the 11 and the
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5.7 kDa band were identified as the B806-866-8 (lower
band) and an unknown amino acid sequence (upper
band). The N-terminus of the unknown sequence was
determined, namely SVKESGGIFGMMFREVGFFW-
EQV-NWAEE, and it remains unclear, whether this rep-
resents the base-plate protein or whether the base-plate
protein is located among the higher molecular weights,
which were not resolved in our SDS-PAGE system.
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