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of Bacteriochlorophyll ¢ per Chlorosome and Oligomer Modeling
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ABSTRACT The bacteriochlorophyll (Bchl) ¢ content and organization was determined for Chlorobium (Cb.) tepidum
chlorosomes, the light-harvesting complexes from green photosynthetic bacteria, using fluorescence correlation spectroscopy
and atomic force microscopy. Single-chlorosome fluorescence data was analyzed in terms of the correlation of the fluorescence
intensity with time. Using this technique, known as fluorescence correlation spectroscopy, chlorosomes were shown to have
a hydrodynamic radius (Rh) of 25 = 3.2 nm. This technique was also used to determine the concentration of chlorosomes in
a sample, and pigment extraction and quantitation was used to determine the molar concentration of Bchl ¢ present. From these
data, a number of ~215,000 = 80,000 Bchl ¢ per chlorosome was determined. Homogeneity of the sample was further
characterized by dynamic light scattering, giving a single population of particles with a hydrodynamic radius of 26.8 = 3.7 nm in
the sample. Tapping-mode atomic force microscopy (TMAFM) was used to determine the x,y,z dimensions of chlorosomes
present in the sample. The results of the TMAFM studies indicated that the average chlorosome dimensions for Cb. tepidum was
174 = 8.3 X 91.4 £7.7 X 10.9 = 2.71 nm and an overall average volume 90,800 nm? for the chlorosomes was determined. The
data collected from these experiments as well as a model for Bchl ¢ aggregate dimensions was used to determine possible
arrangements of Bchl ¢ oligomers in the chlorosomes. The results obtained in this study have significant implications on
chlorosome structure and architecture, and will allow a more thorough investigation of the energetics of photosynthetic light

harvesting in green bacteria.

INTRODUCTION

Green bacteria contain complexes known as chlorosomes as
their main light-harvesting complex, but unlike most light-
harvesting complexes, proteins are of secondary importance
in determining pigment geometry in the chlorosome
(Blankenship et al., 1995; Griebenow and Holzwarth,
1989; Prokhorenko et al., 2000). Chlorosomes utilize a
pigment-pigment architecture instead of pigment-protein
scaffolding to create large oligomers that fill the interior of
the chlorosome (Blankenship et al., 1995; Brune et al., 1987;
Griebenow and Holzwarth, 1989). Along the base of the
chlorosome is a pigment-protein complex known as the
baseplate. It serves as an intermediate in energy transfer to the
reaction center. On the periphery of the membrane between
the baseplate of the chlorosome and the reaction center is the
Fenna-Matthews-Olson (FMO) complex. The FMO complex
is found only in green sulfur bacteria. It is a trimeric light-
harvesting complex that serves as an intermediary in energy
transfer from the baseplate complex of the chlorosome to the
reaction center (Blankenship et al., 1995).

Chlorosomes, found only in green photosynthetic bacteria,
are large supramolecular sac-like complexes that are attached
to the cytoplasmic side of the inner cell membrane.
Chlorosomes were first observed by Cohen-Bazire et al.
(1964) when they noted the presence of oblong inclusion
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bodies along the inner cell membrane in thin sections of
Chlorobium limicola and Chlorobium thiosulfatophilum.

Chlorosomes are oblong structures that range in size
depending on the species. Chloroflexus (Cf.) aurantiacus
chlorosomes have an average length of 106 = 24 nm, a width
of 32 = 10 nm, and a height of 10-20 nm (Oelze and Golecki,
1995). In general, Chlorobium-type chlorosomes are larger
than those of Cf. aurantiacus. Cb. tepidum chlorosomes have
been reported to have lengths ranging 100—180 nm, widths
ranging 40—60 nm, and heights similar to the Cf. aurantiacus
chlorosomes (Wahlund et al., 1991). However, a recent study
using atomic force microscopy reported Cf. aurantiacus and
Cb. tepidum chlorosomes to be of a similar size (Martinez-
Planells et al., 2002). Growth studies have also found
chlorosome size to have a strong dependence on light inten-
sity and other growth conditions (Oelze and Golecki, 1995).

The chlorosome outer membrane is composed of glyco-
lipids. Monogalactosyl diglyceride is the major lipid com-
ponent of all chlorosomes and creates a surface monolayer of
~10 A thick (Staehelin et al., 1978). This arrangement creates
a very hydrophobic environment with the fatty acid tails of
the lipids sticking toward the interior of the chlorosome.

The interior of the chlorosome is filled with closely packed
rod-shaped structures known as rod elements. The rod ele-
ments are oriented parallel to the cytoplasmic membrane and
extend the full length of the chlorosome (Stachelin et al.,
1980). The sizes of the rod elements vary depending on
species type. In Cb. tepidum, rod elements have a diameter of
~10 nm whereas in Cf. aurantiacus, a diameter of ~5 nm has
been reported (Sprague and Staehelin, 1984; Staehelin et al.,
1980).
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Chlorosomes are also known to contain carotenoids,
however the location of the carotenoids is unknown. Some
studies have suggested the carotenoids are closely associated
with the rod elements whereas others have suggested they are
closely associated with the baseplate complex (Arellano
et al., 2000). Chlorobium chlorosomes are also known to
contain quinones, however their location within the
chlorosome remains unknown (Frigaard et al., 1997).

All chlorosomes contain either Bchl ¢, d, or e or com-
binations of them as their major pigments. These bacterio-
chlorophyll species have unique characteristics that allow
them to coordinate to form the rod elements. In particular, at
the 3' position, a hydroxyl group is present and the 13
position lacks a bulky carboxymethyl substituent that is
found in most (bacterio)chlorophylls. These two features
allow for the coordination of the Mg center necessary for
forming the rod elements.

Aggregation of Bchl ¢ in rod elements has been studied
both by in vitro aggregation of chlorosomal clorophylls and
theoretical model studies. Although there is no detailed
molecular structure of the chlorosomal rod elements, it is
widely accepted that the Bchl ¢, d, or e are organized in an
aggregated state in vivo, forming the rod elements with
proteins playing little or no direct role.

Several rod element models have been proposed over the
years (Matsuura et al., 1993; Nozawa et al., 1992a,b),
including recent models that have been proposed based on
computer molecular modeling and exciton dynamics in-
terpretation (Holzwarth and Schaffner, 1994; Prokhorenko
et al., 2000). The Holzwarth models are generally considered
the best models proposed and are used in the model
interpretation studies herein.

The number of Bchl pigments in each chlorosome was
estimated to be ~10,000 by Olson et al. (1998) and this
number has been widely cited. However, there has never
been a direct experimental determination of this quantity.

The focus of this study was to directly determine the
amount of Bchl ¢ in a typical chlorosome. Chlorosomes from
Cb. tepidum were isolated and examined using fluorescence
correlation spectroscopy (FCS), dynamic light scattering
(DLS) tapping mode atomic force microscopy (TMAFM),
and biochemical pigment analysis. Results have been inter-
preted according to existing models of Bchl ¢ aggregation.

MATERIALS AND METHODS

Cb. tepidum was grown phototrophically at 40°C. The cells were harvested by
centrifugation at 10,000 X g for 10 min after 3—4 days of growth and used
immediately. Chlorosomes were then isolated by a modification of the
method described by Feick and Fuller (1984). Briefly, Cb. tepidum cells were
resuspended in 0.13% miranol: 10mM Tris-HCl: 10mM ascorbic acid,
homogenized, and broken in a French press operated at 20,000 psi. The
disrupted membranes and cell debris were then pelleted by centrifugation at
12,500 X g for 20 min. The remaining supernatant liquid was then loaded onto
10-40% sucrose gradients containing 0.13% miranol. The sucrose gradients
were centrifuged at 266,000 X g for 18 h and the chlorosomes collected from
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a band in the gradient located between 25% and 30% sucrose. Sucrose
gradients were repeated for further purification. Isolated chlorosomes were
then dialyzed in 10mM Tris-HCL buffer pH 8.0 containing 0.13% miranol.

Pigment extractions were performed by adding a small volume of isolated
chlorosome sample to methanol and absorbance spectra taken immediately.
Absorbance spectra were taken using a Shimadzu UV-2501PC spectropho-
tometer with a 2-nm spectral bandwidth. Bchl ¢ absorbance (optical density
(OD)g70 ~0.2) was monitored at 670 nm and an extinction coefficient of 74
mM ™! was used for calculation of concentrations (Feick et al., 1982).

DLS studies were performed using the DynaPro MS/X (Protein
Solutions, Charlottesville, VA). Analysis was performed utilizing the
program DYNAMICS V6, and all experiments were run at an operating
temperature of 25°C. All DLS samples were first prepared by filtering 20 ul
of chlorosome solution, obtained from the second sucrose gradient
ultracentrifugation step, and using a syringe filter assembly containing a
4-um filter with the subsequent purified sample placed into a quartz cuvette.
The DLS instrument was run at a 10% laser intensity at 824.8 nm 50 mW.
Sampling rate was set at two acquisitions per second, and a sample set of
>20 acquisitions. Raw data was filtered to remove ‘“‘dust events’ by
ignoring data with sum-of-squares error fluctuation >50%. A polydisperse
model was used to determine a hydrodynamic radius (R;) with a single
population giving rise to 95.6% (by mass) of the sample.

For the fluorescence correlation spectroscopy experiments, a frequency
doubled, pulse compressed, and mode locked Nd:YAG laser (532 nm, 10 ps)
was used to excite the sample at a repetition rate of 82 MHz. To ensure proper
beam quality and polarization, the light was passed through a single mode,
polarization preserving glass fiber (F-SPA, Newport, Irvine, CA) and
a polarizing beam splitter (05BC15PH.3, Newport). The laser light was
delivered into an inverted, confocal microscope and reflected up toward the
microscope objective with a dichroic mirror (Q570LP, Omega Optical,
Brattleboro, VT). The sample, a 50-ul droplet, was placed onto a glass
coverslip (22 X 50mm No 1.5, VWR, West Chester, PA). The same objective
(100X PlanApo 1.4NA, Olympus, Tokyo, Japan) used to focus the laser also
collected the fluorescence. The collected fluorescence passed through the
dichroic mirror and was focused onto a 50-um diameter pinhole (910-PH50,
Newport). A 720-nm longpass filter was used to separate fluorescence
resulting from chlorosome excitation from scattered light. The fluorescence
was then split by a polarizing beam splitter (05FC16PB.3, Newport) sending
photons polarized parallel to the laser to detector one (Perkin Elmer, SPCM-
AQR-12, Canada) and photons polarized perpendicular to the laser to
detector two. The signal from the parallel detector was sent to a digital
correlator (Flex2K-12X2, correlator.com, USA) that reports the fluorescence
autocorrelation function to the computer. Analysis of the fluorescence
correlation data was done according to methods previously described in the
literature (Fries et al., 1998). A more detailed description of fluorescence
correlation spectroscopy techniques can be found in many other works and
will not be described here (Ehrenber and Rigler, 1974; Magde et al., 1972).

Tapping-mode AFM was performed using a commercial multimode
AFM (Nanoscope III, Digital Instruments, Santa Barbara, CA) under
ambient conditions. A stiff 125-um silicon cantilever was used to obtain
TMAFM images in both height and amplitude modes. Two chlorosome
samples of OD759 = 0.02 were aliquoted on cleaved mica surfaces and
allowed to air dry before imaging. Both samples were imaged with the same
AFM tip. To estimate the volume of the chlorosomes, all objects observed
by AFM were treated as ellipsoids and the volume calculated by
V = 4/3m(abc), where a, b, and c are the elliptical radii corresponding to
the length, width, and height of the chlorosome.

RESULTS
Fluorescence correlation spectroscopy

Using fluorescence correlation spectroscopy, the concentra-
tion of chlorosomes in a sample of OD5y ~43 was found to
be 2.6 X 107% = 1.2 X 10 ~° M. The model shown below
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(Eq. 1) accounts for the correlation of fluorescent events in
terms of their diffusivity (D), the average number of
molecules in the probe volume (N), the ratio of background
intensity to signal intensity (/,/I;), and the dimensions of the
probe volume (Zander et al., 1996).
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Calibration of the probe volume was performed multiple
times with solutions of thodamine-6G or fluorescent micro-
spheres from Molecular Probes (Eugene, OR). For each
calibration measurement, the concentration and hydrody-
namic radius of the fluorescent species was known. From
these measurements for the probe volume, an average value
and uncertainty in the dimensions describing the probe
volume was determined (Rigler et al., 1993). A probe
volume of 1.6 = 0.75 femtoliters was measured for this
system having 1/e” radius @, = 330 = 0.20 nm and a vertical
dimension of zo = 7.6 = 2.6 um and inserted into the
equation above. The FCS curve in Fig. 1 was fit using the
autocorrelation curve for a monodisperse sample (Eq. 1) and
the values of w, and zo determined above. A hydrodynamic
radius of 25.2 = 3.2 nm was calculated from the diffusivity
according to the Stokes Einstein equation. The data in Fig. 1
fits well to Eq. 1, indicating a monodisperse sample pop-
ulation. Results of the FCS analysis are given in Table 1.

Dynamic light scattering

Dynamic light scattering was performed on the same
chlorosome sample to determine the homogeneity of the
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sample by a different method. DLS does not depend on the
fluorescent properties of the sample, therefore it reports on
the diffusive properties of all particles present in the sample.
As was the case for FCS, DLS found the sample to be
dominated by particles with a hydrodynamic radius of 26.8
=+ 3.7 nm (Fig. 2 ). DLS gives a similar correlation function
to that observed using FCS again indicating a monodisperse
population (Fig. 2 a).

Tapping mode atomic force microscopy

To determine the actual size of the chlorosomes being
detected, tapping mode AFM was used. Fig. 3 is a represen-
tative TMAFM image of two chlorosomes adhered to the
mica surface. Fig. 3 a shows a top view of the chlorosomes
having an ellipsoidal shape with a length of ~180 nm and
a width of ~90 nm. Fig. 3 b shows a surface plot of the
chlorosomes and gives a chlorosome thickness of ~10 nm.
Section analysis found the average size of the chlorosomes to
be 174 X 91.4 X 10.86 nm based upon the measurement of
10 chlorosomes (Table 2). These chlorosomes have a length
and width larger than most sizes reported for Cb. tepidum
chlorosomes, although the height is about half the size
previously reported (Wahlund et al., 1991). From the di-
mensions measured, an average volume of 90,800 nm’ can
be calculated for the chlorosomes studied here. This volume
and these dimensions can be applied to discussion of
pigment organization and will be discussed later.

Chlorosome pigment quantitation

Using a sample of chlorosomes with OD759 ~43, the
concentration of Bchl ¢ was determined to be 5.7 X 10™* +
7.0 X 10 ~ M. Using the numbers obtained for chlorosome
and Bchl ¢ concentration, Cb. tepidum chlorosomes were

FIGURE 1 Fluorescence autocorrelation function curve
for Cb. tepidum chlorosomes having a hydrodynamic
radius of 25.2 nm. The raw data was fit to the model shown
in the inset of this plot. The model is described in Zander
et al. (1996).
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TABLE 1 Concentrations of chlorosomes and Bchl ¢ along with determination of the amount of Bchl ¢ per chlorosome w/(SD) values

oD 670 Bchl ¢ (conc.)

Chlorosome (conc.)

R, (DLS) R,(FCS) Bchl c¢/chlorosome

42.1 57X 1074 +70%X 107°M

26X 107° 12 x%x107°

26.8 = 3.7 nm 252 £ 32 nm 215,000 = 80,000

Final determinations of chlorosome Bchl ¢ concentration as determined by pigment extraction, fluorescence correlation spectroscopy, and dynamic light

scattering.

determined to contain 215,000 = 80,000 Bchl ¢ per
chlorosome. The error is due to uncertainties in the
dimensions of the probe volume of the single particle
fluorescence apparatus.

DISCUSSION

The results presented in this study give the first direct
determination of chlorosome pigment content. The findings
of these studies indicate a surprisingly large number of Bchl
¢ molecules present in a single chlorosome, 215,000 *=
80,000. As mentioned above, early estimates of Bchl ¢ per
chlorosome were on the order of 10,000 (Olson, 1998)
although much debate has existed as to the validity of this
number and the interpretation of aggregation models. Also, it
must be noted that large variation in rod element organiza-
tion between different species of green bacteria may be
present, therefore causing a large amount of variation of
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FIGURE 2 (a) Light-scattering autocorrelation function curve of chlor-
osomes. (b) The hydrodynamic radius of chlorosomes as determined by DLS
using the Stokes-Einstein equation.

pigment concentration between different species’ chloro-
somes.

To interpret these numbers, parameters from models
proposed by the Holzwarth group were used (Holzwarth and
Schaffner, 1994; Prokhorenko et al., 2000). Parameters for
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FIGURE 3 Tapping mode AFM image of Cb. tepidum chlorosomes
adhered to mica surface. (@) Top view and () three-dimensional surface plot
of chlorosomes with a scan size of 700 X 700 nm and a Z height range of 20
nm for @ and 10 nm for b. Image taken in height mode.
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TABLE 2 Parameters for chlorosome oligmer modeling

Chloroflexus Chlorobium
aurantiacus tepidum

4594 A
6.5 A

100 A
65 A

Diameter
Distance between chlorins
in stacks (Mg-Mg atoms)
Stacks:Rod 36 (outer)
18 4/6 outside:inside
174 £ 83 X 914 = 7.7 X
10.86 = 2.71 nm n = 10 (SD)
90,800 nm®

TMAFM dimensions

TMAFM volume

Dimensions of rod element organization from Prokhorenko et al. (2000)
and Van Rossum et al. (2002). TMAFM dimensions and volume deter-
mined from an average of 10 chlorosomes. TMAFM dimensions and vol-
ume determined from an average of 10 chlorosomes Dimensions used for
chlorosome rod element modeling. Dimensions for chlorosomes and chlo-
rosome volume determined from TMAFM.

Chlorobium-type chlorosomes are given and shown in Table
2. Using these values for rod element structure and the length
of the chlorosomes obtained from our AFM studies, a number
of ~16,000 Bchl ¢ per rod element in the chlorosomes, used
in this study, can be expected. This would indicate an
average of 13.6 rod elements per chlorosome corresponding
to 215,000 Bchl ¢ per chlorosome for the volume measured
per chlorosome by TMAFM.

Assuming a cylindrical rod element with volume A2,
and the same dimensions used above, 13.6 rod elements
would have a volume of ~180,000 nm’. The TMAFM
pictures have an average volume of ~90,000 nm’>. However,
it must be noted that AFM measurements of biological
samples have given height measurements roughly half of
what has been seen using electron microscopy (Butt et al.,
1990; Eppell et al., 1993; Imai et al., 1993). Previous AFM
measurements of chlorosomes also have been reported as
being half of what has previously been observed by electron
microscopy (Zhu et al., 1995). The heights reported by AFM
in this study are on average about half of what would be
expected for Cb. tepidum chlorosomes. The diameter for
Chlorobium-type rod elements used in this study is ~10 nm.
This would indicate a single layer of rod elements being
present in each chlorosome. If it is assumed that the height of
our chlorosomes is actually twice of that observed, this
would give a volume for our chlorosomes of roughly
180,000 nm>. This appears to be a likely scenario based on
previous AFM evidence. Previous electron microscopy
studies indicating multiple rod element layers per chlor-
osome would also indicate such a scenario (Staehelin et al.,
1978, 1980). Extrapolating similar chlorosome dimensions
and volumes from the obtained hydrodynamic radii is
problematic. The hydrodynamic radii obtained are values
based upon a spherical geometry that would induce the same
friction with the solvent as the chlorosome. Therefore, Rh
values should not be used for determining the volume of
a chlorosome. Thus, the AFM measurements are determined
to be best suited for any volume calculations.
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As noted above, similar measurements on different species
of chlorosomes may yield greatly different results. For
instance, the model proposed for Cf. aurantiacus chlor-
osomes is that of a single layer of bacteriochlorophylls
forming a rod element with half the diameter of the
Chlorobium-type rod element. Applying the parameters for
Cf. aurantiacus chlorosomes given by Prokhorenko et al.
(2000) and van Rossum et al. (2001) and assuming the
average dimensions reported for Cf. aurantiacus chloro-
somes, (100 X 30 X 10 nm), ~40,000-60,000 Bchl ¢ per
chlorosome can be expected. However, these are only
models and the actual rod element architecture may be
different. Likewise, variation in growth conditions and
environment also likely affects the overall pigment compo-
sition of the chlorosomes.
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