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Pigment-lipid aggregates were formed in aqueous solution by diluting a chlorotorm /methanob extract of chlorosemes of the
green photosynthetic bucterium, Chlorobitm limicola. The aggregates showed absorption and fluorescence spectea very similar to
those of intact chlorosomes. No proteins were detected in the aggregates. Electron micrographs showed that the pigment-lipid
aggregates were cllipsoidal bodics with average size of 130 nm along the long axis and 86 nm along the short axis. The lincar
dichroism spectrum of bacteriochlorophyll ¢ in the pigment-lipid aggregates oriented in a stretehed polvacrylanmide gel was as
strong as that in chlorosomes. These results suggest that spontancous assembly of the protein-free pigments and lipids extracicd
from chlorosomes restores not only direct chromophaore-chromophore interactions of bacteriochlorophyll ¢ molecules but also

the chlorosome-like higher-order structures.

Chlorosomes are light-harvesting antenna bodies at-
tached to the inside of the cytoplasmic membrane in
green photosynthetic bacteria. They are approx. 100
nm long, 30 nm wide, 12 nm thick in Chloroflexus
aurantiacus and are somewhat larger in Chlorobiaccae
{1-3). A large amount of bacteriochlorophyll {BChI) ¢
(or d or e} is contained in the chlorosomes, together
with proteins, lipids and small amounts of BChl « and
carotenoids [4]. The function of the chlorosome is to
trap light energy and to transfer this encrgy to the
reaction centers in the cytoplasmic membrane.

The organization of BChl ¢ in chlorosomes has
recently been suggested to be based on chromophore -
chromophore interactions among BChl ¢ molecules
without any participation of proteins [5-10]. BChl ¢
oligomers obtained in some non-polar solvents possess
spectroscopic propertics similar to those of chloro-
somes, and are considered to be a good model for
BChl ¢ in chlorosomes [5-8). Gricbenow and
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Holtzwarth [9.10] reported that whole proteins can be
extracted from  Chioroflexus  chlorosomes with SDS
without changing the spectral properties of the BChi ¢.
The reversible conversion of the aggregated spectral
form of BChl ¢ to the monomeric form by hexanol
intact chlorosomes further supported the absence of
specific BChl-c-binding proteins {11 Protein localiza-
tion in chlorosomes also pave no evidence tor BChi
¢~protein interactions [12).

Reconstitution of chlorosomes from their compo-
nents has not yet been reported, but is obviously im-
portant for clucidation of the details of structure and
function of chlorosomes. In this paper we report the
spontancous formation of chlorosome-like aggregates
in aqueous solution frem protein-free  extracts of
chlorosomes from Chivrobium limicola. These aggre-
gates resemble intact chlorosomes in terms of micro-
scopic appearance, absorption and fiuorescence spec-
tra and well-ordered orientation of excitation transi-
tion moment of BChl ¢,

C. limicola was grown as described i Ref. 9.
Chlorosomes were prepared by using 2 M sodium
thiocyanate according to Gerola and Olson [13]. Lipids
and pigments of chiorosomes were extracted with chlo-
roform /methanol /water {1:1:2) and the chloroform
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Fig. 1. The electon micrograph of pigment-lipid aggregates stained negatively. The pigment-lipid aggregates formed as described in the text was

collected by ultracennifugation COH0X g, 20 min) and suspended in a small volume of buffer. The aggregate were negatively stained on the

collodion niembrane grid {150-B mesh, Ohken) with 4% phosphotungstic acid (ptl 7.00. A Hitachi -3t electron microscope was used. The bar
represents S0 am.

phitse alter centiifugation was dried and dissolved in a
small amount of methanol. This fraction contained all
of BCht ¢, BChl ¢ and carotenoids in chlorosomes
yudging from the absorption spectrom. It is also likely
that all of monogalactosyl diaeylglycerol molecules
which were reported to be present at 1847 of the dry
weight of chlorosomes of C linnicole [14] are contained
in this extract. 10 gl of the pigment-lipid mixture in
methanol was rapidly mixed in 3 ml of 10 mM potas-
sium phosphate buffer (pH 7.2) at room temperature.
The particles formed can be sedimented by ultracen-
tritugation 200000 > g, 20 min).

Fig. I oshows ane electron micrograph of - the
prgment-hpad aggregates negatively stained by phos-
photungstic acid. Round and clliptical particles of vari-
ous sizes ranging from ) nm to 400 nm vere observed.
Examination of 360 particles i several micrographs
revealed the particles to have average dimensions of
130 nm by 80 nme, Thewr shape and the size seem to
correspond  to those o intact chlorosomes, uespite
their rather globulay shape and wide size distribution.

The absorption spectrum of the aqueous aggregates
is remarkably similar ty that of intact chlorosomes (Fig.
7). The absorption taximame of BChl ¢ in intact
chiorosomes was 750 nn, and that of the pigment-lipid

agpregates was at 740 nm. The smal peak at 670 nm
may be due to monomeric’ form of BChl ¢ in the
agueous aggregates. The shoulder at 510 nm belongs to
carotenoid.
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Fig. 2. Absorption spectra of the pigment-lipid aggregates (dotted
line) and intact chlorosomes isolated from C. fimmicola (solid line).
The aggregates and chlorosomes were suspended in 10 mM potas-
sium phosphate batter (pH 7.2). The two speetra have been normal-
ized at the near infrared peaks.
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"ig. 3 Fluorescence emission spectsa of the pigment-lipid aggregates
{dotted line) and intact chlorosomes from C lincola {solid line).
The aggregates aad chlorosomes were suspended in 10 mM potas-
siumn phosplate (pH 7.2) supplemented with a small amount of
soddiuia dithionite, Fluorescence was excited in the bl wavelength
region (380 -54) nm) through o broad hand path tilter (Corming
4--96). The two spectra have been normilized at the peaks.

Fluorescence emission spectra (Fig. 3) were mea-
sured in the presence of sodium dithicnite. Dithionite
increased the flnorescence intensity by about 20-fold in
intact chlorosomes {15] and also by about 10-fold in the
pigraent-lipid aggregates. The emission spectrum in the
aggregates (solid line) was similar to that of the intact
chlorosomes (dashed line) except for the BChl a shoul-
der around 809 nm. This shoulder was not ubserved in
the pigment-lipid aggregates, probably because the
baseplate BChl ¢ wus nol reconstituted, and BChl «
which was present in a small amount in the agyregate
suspension is not encrgetically coupled to the aggre-
gated BChl ¢. The difference in emission maxima was
only 3 nm, 776 nm in chlorosomes and 773 nm in the
pigment-lipid aggregates, in spite of the 10 nm differ-
ence in the absorption maxima of BChi ¢. This similar-
ity in fluorescence suggests that the main component
responsible for the emission in the aggregates is almost
identical to that in chlorosomes, although there seem
to be more shorter-wavelength components in the ag-
gregates than in chlorosomes judging from the 10 nm
difference in the absorption spectra (Fig. 2). This means
that the excitation energy is transferred cfficiently from
the shorter-wavelength components to the longer-wave-
length component in the pigment-lipid aggregates.

The pigment lipid aggregates did not contain any
proteins as indicated by analysis after SDS polyacryl-
amide gel electrophoresis. No protein bands wers de-
tected in the pigment-lipid aggregates at the same
BChl ¢ content as that in the intact chlorosomes which
gave a densely stained band at 6.3 kDa and more than
five minor bands (data not shown). The absence of
proteins in the agueous aggregates suggests that BChi
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coand epids can make chllorosome-fihe particles iy
sell-agpregaiion without protems. This s consistont
with the Tinding by Gricbenow and Boltzwarth [9.10]
that all proteins cin be extracted from chlorosomes
with DS without affecting the fundamental properties
of chlorosomes,

I has been reported that BChE ¢ alone forms aggro-
gates in non-polar (solvents which resemble chloro-
somes in their absoiption and fluorescence spectra
[5-8L in our preliminary experiments, agqueous aggre-
gates trom purified BChl ¢ instead of the crude ox-
tricts did not give a chloroseme-like absorption band
around 740750 nm. When phospholipids were added
to purificd BCHI ¢, however, the 740 nm absorption
band appeared in aqueous  aggregates (studies in
progress). We suggest, therefore. that amphipathic
lipids are indispensable for the chiorosome-like aggre-
gation in aqueous solution. Since the absorption speg-
trum of BChl ¢ aggregates in nonpoliar solvents s
almost the same as that of the agutous aggregates
shown in this study. the porphyrin rings of BChl ¢ in
the aqueous aggrepgates may be locat:d in the hy-
drophobic environment formed by the amphipathw
lipids.

In intact chlorosomes, it has been shown that BChi
¢ molecules are highly ordered. ic., the O transition
of BChl ¢ is almost parallel to the long axis of chloro-
somes [16-19). Since the pigment-lipid aggregates have
also cllipsoidal shar. a intact chlorosames (Fig. 1),
lincar dichroism v measared in oriented aggregates.
The pigment-lipia . cepates embedded in a nolyacryl-
amide gel were unidirectionally oriented by compres-
ston of the gel [16- 1x]. Absorption spectra were mea
surcd with tincarly polariz=d lighi beams parallel and
perpendicular to the stretched direction of the wel (Fiy
4). The absorbance at 740 nm with the parallel beam
was about S-times larger than that with the perpendic
ular beam, This observation indieaces that the O tran
sition moment ol BChl ¢ s almont paraliel 1o the lony
axis of the prgment-lipid aggregates, as 1os nointact
chlorosomes,

Miller and Olson (unpublished data) have observed
that pigment-lipid aggregates can abso be formed by
diluting extracts of whole cells of tie green fitamentous
bacterium, Chloroflexus curanaacus. The propertics of
the aggregates from Chloroflexus are very similar
those from Chlorobinm described in this paper.

From vhese results, we conclude that the sponta-
neous aggregates in agueous solution from the crude
pigment-lipid extracts of chlorosomes restored not only
the direct chromophore—chromophore interaction of
BChl ¢ molecules but also higher-order structure i
the cllipsoidal bodies, A possible model for the stru.-
ture ol an aggregate 1o explian the presented observi-
tions s a bundle of eylindricat nvicelles [ 20§ of BCWE
surrounded by a4 monolayer ot ipids. in wheh Q)
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Fig. 4. Absorptien spectia o the pigment hpid aggrep Jdos emdiree-
tnally omiented i stretched pohacrviamide gel with hincarly
polarized peams parailel (41 end perpendicular €4 ) to the
stretched direction. 1277 aor tamiade was polvmernized g torm of o
cube (1< 1 - 1 mmb o the presence of the pigmont-hpd agere-
gates, S phecrol and 3 oM potassaum phosphate (pH 7.2) The
wed was compressed g special hoider from one direction allowing it
to stretch i another direction patd it tok the form 5 <20 < L mm.
The spectra were measured through the third direction with the
feneth of 16 mm.

[fs]

transition of BChl ¢ is almost parallel to the wong axis,
The highly oriented organization of BChl ¢ in intact
chlorosomes may result from similar spontancous clf-
aggregation of BCht ¢, Further studies on  the
pigment-lipid aggregates noaqueous solution are in
progress to clarify the details of oreanization of pig-
ments and other components in chlorosomes.
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