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ABSTRACT: The polarization anisotropy of fluorescence from single chlorosomes isolated from a green
filamentous bacterium,Chloroflexus aurantiacus, was measured using a confocal laser microscope at 13
K. Each single chlorosome that is floating in a frozen solvent exhibited strong polarization anisotropy of
fluorescence. We calculated the degrees of fluorescence polarization for 51 floating single chlorosomes.
The value ranged from 0.1 to 0.76 for the BChl-c aggregate in the core chlorosomes and from 0 to 0.4
for the energy acceptor BChl-a in the baseplate protein in the outer membrane. The shifts in polarization
angles between the two emission bands were distributed over all the possible values with a sharp peak
around 90°, suggesting the perpendicular orientation between the transition dipoles of the fluorescence
emission from the BChl-c aggregate and that from BChl-a. A simulation assuming a random orientation
of chlorosomes reproduced the experimental results exactly. The analysis further indicated the appreciable
contribution of the transition dipole of BChl-c that has an orientation perpendicular to the major polarization
axis in each chlorosome. Small values of the degrees of polarization implied the BChl-a transition dipole
to be somewhat tilted with respect to the normal of the cytoplasmic membrane to which chlorosomes are
attached. These conclusions can be obtained only by observing the fluorescence of single chlorosomes.

Chlorosomes are unique and major photosynthetic antenna
complexes in green sulfur and green filamentous bacteria
(1, 2). Chlorosomes show huge and oblong shapes with sizes
of 100-200 nm× 30-50 nm× 12-18 nm depending on
the species (3). The complex is attached to the inner surface
of the cell cytoplasmic membranes and transfers light energy
absorbed by bacteriochlorophyll (BChl)1 c, d, or e in
chlorosomes to the reaction center (RC) complex in the
membrane. These pigments seem to self-aggregate to form
supramolecules with little function of proteins. The supramo-
lecular pigment aggregates are assumed to be surrounded
by the envelope of the lipid monolayer (2). The pigment
aggregates are known to transfer the excitation energy within
a few tens of picoseconds to BChl-a in the baseplate protein,

which is assumed to be buried in the envelope monolayer
membrane of the chlorosome and is in contact with the
cytoplasmic membrane. The energy is, then, transferred to
the RC in the cytoplasmic membrane and used for the charge
separation.

The freeze-fracture images of chlorosomes obtained by
electron microscopy have revealed low-density tubular
shapes, like “rods” inside chlorosomes (4-6). The rod
diameter has been estimated to be 5 and 10 nm for the
chlorosomes of green filamentous and green sulfur bacteria,
respectively. The atomic-level structures of chlorosomal
BChl self-aggregates have long been debated but not yet
established (7-11). Holzwarth and Schaffner (7) proposed
a model for the molecular architecture of chlorosomal rods
based on a molecular modeling analysis. The model repro-
duced several experimental results, such as the rod diameters,
absorption spectrum, circular dichroism, linear dichroism
(LD) (12, 13), and solid NMR data (10, 14), quite reasonably.
On the other hand, Psˇenčı́k et al. (8, 9) recently proposed a
completely different lamellar-type structure for the pigment
aggregates in chlorosomes on the basis of X-ray diffraction
results.

Thus, the molecular architecture of BChl-c aggregates
[designated (BChl-c)n hereafter] in a single chlorosome is
still a matter of argument. Further examination is necessary
to validate the fine calculations done so far on the basis of
the rod model (12, 13). Observation of polarization aniso-
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tropy of a single molecule can be a powerful tool for
shedding light on this interesting subject. Studies of single-
molecule spectroscopy of the light-harvesting complex (LH2)
of purple bacteria have indeed revealed the fine structure of
the exciton states (15). Recently, we have demonstrated that
the fluorescence spectroscopy of single chlorosomes gives
new features of chlorosomes that are hidden by statistic
averaging over an extremely large number of chlorosomes
in the case of ordinary spectroscopies (6, 16-20). Here, we
report polarization anisotropy of single chlorosomes.

van Dorssen et al. (21) have demonstrated the (ensemble)
LD measurement of chlorosomes isolated from a green
filamentous bacterium,Chloroflexus aurantiacus, embedded
in a squeezed polyacrylamide gel. Chlorosomes that were
uniaxially aligned by squeezing and elongating the gel along
one direction exhibited high anisotropies of the Qy absorption
bands of both (BChl-c)n and baseplate BChl-a. Their result
and the following studies by several research groups (22-
25) have validated the idea that the main transition dipole
of the Qy absorption band of (BChl-c)n is parallel to the long
axis of whole chlorosome while that of the BChl-a band is
almost perpendicular to it. On the basis of these results and
electron microscope images, Mimuro et al. (25) have
proposed a structural model of (BChl-c)n in which pigment
molecules form rodlike aggregates with their Qy transition
dipoles parallel to the rod axis (4, 5). In that model, the Qy
transition dipoles of (BChl-c)n and baseplate BChl-a were
assumed to be situated almost parallel and perpendicular to
the long axis of chlorosomes, respectively. The latter was
assumed to be parallel to the normal of the cytoplasmic
membrane. The angle between the two Qy transition dipoles
was estimated to be 87° (25).

In this study, we report that each single chlorosome
purified from Cfl. aurantiacusshows clear and different
fluorescence anisotropies of (BChl-c)n and BChl-a fluores-
cence bands. The results are compared with the results of
the LD measurements for an ensemble of large amounts of
chlorosome in the literature and lead us to draw new
conclusions about the excited state of the chlorosome.

MATERIALS AND METHODS

The experimental procedure was essentially similar to that
described previously (18, 20). Chlorosomes were purified
from Cfl. aurantiacusOk-70-fl according to the method of
Gerola and Olson (26) and suspended in a medium containing
50 mM Tris-HCl (pH 8.0) and 10 mM sodium dithionite.
The suspension was mixed with 50% glycerol (v:v) to keep
the transparency at a cryogenic temperature and sealed in a
cavity between two quartz windows in a copper sample
holder. The sample was set in a liquid-He flow-type cryostat
(Microstat, Oxford Instruments, Eynsham, U.K.), and the
fluorescence was measured at 13( 0.5 K. The measurement
at 13 K immobilized chlorosomes in a frozen solvent and
suppressed their damage by irradiation as described previ-
ously (20).

Fluorescence from a single chlorosome was measured
according to previous studies (18, 20) using a laser-scanning
confocal microscope system (Nanofinder, Tokyo-Instruments,
Tokyo, Japan) with a 458 nm excitation beam of an Ar+ ion
laser (5490ASL-00, Nippon Laser, Tokyo, Japan). The beam

almost exclusively excited a Soret peak of (BChl-c)n and
only slightly excited BChl-a in the baseplate protein. The
fluorescence was passed through a dichroic mirror, a notch
filter, and a long-pass filter and was then focused on the
entrance slit of the monochromator, which was set at 200
µm to give sufficient signal intensity and high spatial
resolution. This slit width gives a spectral resolution of ca.
4 nm. The fluorescence spectrum was measured using a
cooled CCD detector (DU420-BV, Andor Technology,
Belfast, U.K.).

To measure the polarization dependence of fluorescence
from single chlorosomes, the polarizer was set in the light
path between the monochromator and the dichroic mirror
that separated the laser light and the fluorescence. The
polarizer was rotated continuously with a speed of 20°/s,
and the spectra were measured every 1 s; as a result, the
intensity of fluorescence averaged over every 20° was
collected. The excitation laser light was almost linearly
polarized at the sample position, although it was slightly
depolarized after passing through several optics. The degree
of polarization of the excitation light typically took a value
of ∼0.9. The laser light is expected to be absorbed differently
by each chlorosome depending on the relative orientation
of the transition dipoles of the pigments with respect to the
polarized laser beam and to emit different intensities of
fluorescence.

Here we should stress that the direction of the electric field
of the excitation light will not affect the direction of the
polarization of the fluorescence from single chlorosomes.
This is assumed because at cryogenic temperatures, the
fluorescence is emitted from the excited singlet states of
pigments at the lowest level in each chlorosome after the
multiple excitation transfer steps that randomize the direction
of the electric field of the original excitation light. Therefore,
the detected polarization angle of the fluorescence of a single
chlorosome will be affected only by the orientation of the
lowest excited state, although the intensity itself is expected
to vary with the orientation of each chlorosome with respect
to the laser beam that determines the efficiency of excitation.

RESULTS AND DISCUSSION

Statistics of the Polarized Fluorescence of Single Chlo-
rosomes.Panels A and B of Figure 1 show typical depend-
encies of the fluorescence spectra of single chlorosomes on
the angle of the polarizer inserted into the detecting light
path. The fluorescence was measured in the presence of
sodium dithionite to eliminate quenching effects of intrinsic
quenchers. Clear anisotropy was observed for fluorescence
bands around 760 and 820 nm that are emitted from
(BChl-c)n and BChl-a in the baseplate, respectively. This
study, thus, clearly shows that chlorosomes in a random
orientation (just dispersed in a medium and frozen to
cryogenic temperatures) exhibit polarization anisotropy of
fluorescence at the single-particle level similar to the case
of a huge number of chlorosomes oriented in a squeezed
gel (21-25). Smooth lines are the fitting curves calculated
with respect to the wavenumber,ν, as a sum of skewed
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Gaussian function (27) expressed as

whereFi, νmax,i, and∆νi are the height, peak wavenumber,
and bandwidth of theith component, respectively.bi is the
asymmetry parameter. Whenb is negative (positive), the
model curve expresses an asymmetric shape with a gentler
slope on the lower (higher) wavenumber side. Whenbi ) 0,
the shape gives a symmetric Gaussian curve. The observed
spectra are adequately fitted by two skewed Gaussian curves,
which represent the short- and long-wavelength bands of
(BChl-c)n and BChl-a, respectively. Typically, the asymmetry
parameterb took the values of ca.-0.4 for the BChl-c band
and ca.-0.2 for the more symmetric BChl-a band on
average. These values are consistent with those previously
estimated (20).

In panels C and D of Figure 1, the peak heightsF of
(BChl-c)n (O) and BChl-a (×) bands are plotted versus the
polarizer angle. The polarizer angle was set to be 0° at the
position where the orientations of the polarization of the

excitation light and the analyzing polarizer are parallel to
each other.F values exhibited oscillation with a period of
180°. Solid lines are the fitting curves expressed as an
exponentially decaying cosine function

whereθ, θ0, A, and y0 are the angle of the polarizer, the
angle of the initial phase, the amplitude of oscillation, and
the amplitude of the nonoscillating component, respectively.
The decay timeτ is introduced to compensate for the slight
decrease in the fluorescence during the measurement, which
is independent of the polarizer angle. The excitation laser
power used in this study is sufficiently low to avoid severe
degradation of single chlorosomes during the measurement
at 13 K (20). The fluorescence intensity was sometimes
weakened or intensified, probably due to slight temporal
fluctuations in the alignment or focus of the excitation laser
or in the chlorosome condition. These data were omitted in
the statistics. In most cases, the fluctuation or degradation
was negligible, as shown in Figure 1.

In Figure 1C, θ0 was estimated to be 12° from the
fluorescence maximum, while in Figure 1D, it was deter-
mined to be-35°. The low value ofθ0 near 0° shows almost
parallel polarizations between the excitation light and the
fluorescence emitted from this particular chlorosome. This
is, however, not the evidence for the parallel orientations of
the transition dipoles of the absorbing and emitting states,
since the absorbing transition dipole is not always parallel
to the electric field of the excitation light. It is noted that in
this experiment,θ0 took various values but its absolute value
never exceeded 65°.

The intensities of (BChl-c)n and BChl-a bands oscillated
differently. The majority of them oscillated in phases shifted
by almost 90° with respect to each other (Figure 1C), while
in some chlorosomes, they oscillated in similar phases, as
shown in panel D. The oscillations in the almost 90°-shifted
phases of (BChl-c)n and BChl-a fluorescence bands were
also seen in panel A. We measured 51 single chlorosomes
and found that the phase shifts were distributed over a wide
range of angles from-45 to 130°. We also noticed that the
ratio between the maximum and minimum fluorescence
intensities, namely, the contrast of the oscillation, differs
among single chlorosomes.

From the results of the fitting of the oscillation in
fluorescence intensity to eq 2, we calculated the degree of
polarization of a single chlorosome (DPsingle) and the phase
shift (PS) of the fluorescence of a single chlorosome as
defined below:

where Fmax and Fmin are the maximum and minimum
fluorescence intensities during the oscillation, respectively.
θc0 and θa0 are the initial phases of the oscillation for
(BChl-c)n and BChl-a fluorescence bands, respectively. It
should be noted here that DPsingle is different from the
ordinary definition of the degree of polarization (DP). We

FIGURE 1: Dependence of the fluorescence spectra of single
chlorosomes on the polarization angle of detection. (A and B)
Fluorescence spectra (scattered dots) of single chlorosomes purified
from Cfl. aurantiacusmeasured at different angles of the polarizer
that was inserted in the monitoring light pass. Spectra are shifted
vertically from the bottom to top at 20° increases in the angle of
the polarizer. The smooth lines represent fitting curves calculated
as the sum of skewed Gaussian functions (eq 1), as described in
the text. (C and D) Dependence of the peak heights of the
fluorescence bands of (BChl-c)n (O) and BChl-a (×) on the angle
of the polarizer. The angle is set to be 0° at the position where
excitation and detection polarizations are parallel. The solid and
dotted lines are the fitting curves for the oscillation of the (BChl-
c)n and BChl-a fluorescence peaks, respectively.

F(ν) ) ∑
i)1

2

Fi ×

exp(-ln 2 × {ln[1 + 2bi(ν - νmax,i)/∆νi]

bi
}2) (1)

[y0 + A cos2(θ - θ0)] exp(- θ
τ) (2)

DPsingle≡ Fmax - Fmin

Fmax + Fmin
) A

2y0 + A
(3)

PS) θc0 - θa0 (4)
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calculated DPsingle using the values of the maximum and
minimum fluorescence intensities in the oscillation, while
the ordinary DP value is calculated using the values of the
fluorescence intensities measured at polarization angles
parallel and perpendicular to the polarization of the excitation
light. In the case of the fluorescence from a single particle,
the direction of fluorescence polarization is not related
directly to that of the excitation light but totally depends on
the orientation of the particle with respect to the direction
of the analyzing polarizer. The direction of the excitation
light affects only the efficiency of the excitation. DPsingle

defined in eq 3 expresses how the emitted fluorescence is
anisotropic but is not related to the relative angle between
the polarizations of the excitation light and the fluorescence.
DPsingle, thus defined, becomes unity if all the transition dipole
moments of emitting molecules (or excitonic states) in
(BChl-c)n or BChl-a molecules in an observed single
chlorosome are parallel to the detection angle. It becomes
null if the emitting molecules inside a chlorosome are
randomly oriented even if it is excited by linearly polarized
light. PS corresponds to the angle between the projection
vectors of the transition dipoles of emissions of (BChl-c)n

and BChl-a to the plane perpendicular to the axis of an
objective lens.

We estimated the values of DPsingle and PS for 51 single
chlorosomes, as shown in Figure 2. Here, the DPsinglevalues
of (BChl-c)n (O) and BChl-a (×) fluorescence bands for all
51 single chlorosomes are plotted against the PS values. No
clear correlation was detected between PS and DPsingle in

Figure 2A. The DPsingle of the (BChl-c)n fluorescence
scattered over a range of 0-0.8 and never exceeded 0.8,
while the DPsingle values for the BChl-a fluorescence had
values of 0-0.3. The wide distribution of DPsinglevalues for
both (BChl-c)n and BChl-a, shown in Figure 2A, can be
available only via application of single-particle spectroscopy.
The method enabled us to directly see the arrangement of
fluorescence-emitting pigments in a single chlorosome that
cannot be available by conventional techniques.

Histograms of the PS values are shown in Figure 2B. The
distribution of PS exhibited a peak around 90°, suggesting
an almost right angle between the transition dipoles of
emitting states (the lowest excited state) of (BChl-c)n and
BChl-a. The PS values were distributed over the whole
region from-45 to 135°. Although small peaks at-22.5
and 37.5° might represent some structure in the distribution
pattern, these peaks are still uncertain with the limited
number of single chlorosomes inspected in this study. We,
therefore, do not discuss them in this article. The reason for
the wide distribution is discussed below.

Figure 2C shows the histogram ofθc0, the initial phase of
the fluorescence oscillation of (BChl-c)n. The distribution
of θc0 has its maximum near 0°. This is an implication of
nearly parallel orientations of polarizations between the
absorbing and emitting states. The more precise mutual angle
between the two polarization vectors will be estimated by
the future measurements and analysis of the dependences of
fluorescence intensity on the directions of polarizations of
both the excitation light and the emitted fluorescence.

The pattern of the distribution of theθc0 value is related
to the sensitivity of our measurement system. If the sensitivity
of the system is infinitely high, we will be able to measure
even a chlorosome that has the absorbing transition dipole
almost perpendicular to the direction of the polarization of
excitation light. In this case,θc0 will have any possible values.
The definiteθc0 distribution shown in Figure 2C suggests
that our measurement system can detect rather strong
fluorescence emitted from only the chlorosomes whose
absorbing transition dipoles are oriented nearly parallel to
the polarization of the excitation light.

Simulation of the Polarized Fluorescence of Single Chlo-
rosomes.We simulated the wide distributions of the DPsingle

and PS values in Figure 2 by considering the random
orientations of chlorosomes in a frozen solvent with the fixed
mutual geometries of (BChl-c)n and BChl-a. The distributions
obtained in the experiment were realized well (Figure 3)
except for the subtle peaks around-22.5 and 37.5° by the
simulation as follows. As shown in Figure 4A, thez-axis
fixed in a single chlorosome is defined to be parallel to its
long axis. Thex- andy-axes are, then, defined to be parallel
and perpendicular to the normal of the chlorosome envelope
in contact with the cytoplasmic membrane, respectively. The
distribution of the transition dipoles can be expressed by three
principal dipole components along three principal axes
perpendicular to each other.

According to the LD study of a squeezed chlorosome gel
(21-25), the major component of the transition dipole of
(BChl-c)n can be assumed to be almost parallel to thez-axis
of the chlorosome. Although there has been no unambiguous
information about the direction of the transition dipole of
the lowest emitting state of the (BChl-c)n band at present,
here we assumed as a working hypothesis that its major

FIGURE 2: Degree of polarization, phase shift, and initial phase of
(BChl-c)n fluorescence oscillation of single chlorosomes. (A) Values
of DPsingle (degree of polarization in a single chlorosome) of the
fluorescence from (BChl-c)n (O) and BChl-a (×). (B) Distribution
of the PS (phase shift) value measured for 51 single chlorosomes
plotted vs their PS values. (C) Distribution of the initial phaseθ0
of the oscillation in the (BChl-c)n fluorescence intensity.
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principal axis is parallel to thez-axis and designated the
dipole component along thez-axis asµcz. This assumption,
although in need of further validation, is consistent with the
observation in Figure 2C, where the initial phase of the

oscillation of (BChl-c)n fluorescence,θc0, is distributed
around 0°. It is also compatible with the lamellar model
proposed for theChlorobium tepidumchlorosome, in which
the Qy transition dipole of all the pigment in the aggregate
is assumed to be aligned parallel to the long axis of the
chlorosome (z-axis) (8). According to the rod model, on the
other hand, the direction of the transition dipole of the lowest
exciton state will depend on the extent of the diagonal and
off-diagonal disorder. The direction of the main transition
dipole of the lowest level assumed in this study will be also
realized by assuming a small extent of disorder in the rod
model. The|µcz| value was designated asµcz. The other two
principal dipole components were assumed to be parallel to
x- andy-axes and designated asµcx and µcy, respectively,
as shown in Figure 4A. For the sake of simplicity, we here
assume that the|µcx| and|µcy| values are the same and are
expressed asµcx ) µcy ) µcxy.

We define theZ-axis of the laboratory system to be parallel
to the axis of the objective lens. If a chlorosome is oriented
with its µcz perpendicular to theZ-axis, the ratio of the
minimum/maximum fluorescence intensities (Fmin/Fmax) be-
comes (µcxy/µcz)2 and will give the highest value of DPsingle.
On the other hand, ifµcz is parallel to theZ-axis, the ratio
will become (µcx/µcy)2, which is here assumed to be unity
and then yields a DPsingle value of zero.

The low DPsingle values of the BChl-a fluorescence of
single chlorosomes may suggest a rather isotropic orientation
distribution of the Qy transition dipoles of BChl-a molecules
in a single chlorosome, which can be expressed by the three
principal dipole components,µax, µay, and µaz. The Qy

transition dipole of BChl-a was shown to be almost
perpendicular toµcz in the measurement of the squeezed gel
(21-25). On the basis of this observation, we assume that
the major Qy transition dipole in BChl-a, µax, is parallel to
the x-axis in a single chlorosome and that|µay| and |µaz|
have the same value ofµayz. Under these assumptions, the
PS value will be 90° if both µcz andµax are perpendicular
to theZ-axis, while it will be 0° if both µcz andµax are in
the plane parallel to theZ-axis.

On the basis of the considerations given above, we
simulated the DPsingle and PS values by assuming certain
values of four transition dipole components,µcz, µcxy, µax,
and µayz, in randomly oriented single chlorosomes. The
orientation of a chlorosome with respect to the laboratory
system is schematically described in Figure 4B. We consider
a chlorosome initially aligned to givex-, y-, andz-axes in
parallel to X-, Y-, and Z-axes of the laboratory system,
respectively. The arbitrary orientation of a chlorosome can
then be expressed by rotatingγ around theZ-axis,θ around
theY-axis, andφ around theZ-axis. The random distribution
of the orientation of chlorosomes is expressed as being
proportional to sin(θ), which is reproduced from the genera-
tion of random numbers as

whereu, V, andw are random numbers between 0 and 1. In
Figure 3, we plot the DP values against the PS values that
were simulated from the 1000 random numbers that were
generated. The ratios ofµcxy/µcz and µayz/µax could be
inferred from the highest values of DP for the (BChl-c)n and
BChl-a bands, respectively, in Figure 2. The distribution

FIGURE 3: (A) Simulation of the DP values for the fluorescence of
(BChl-c)n (O) and BChl-a (×) for 1000 randomly oriented
chlorosomes based on the model described in the text. (B)
Distribution of the simulated PS values.

FIGURE 4: (A) Schematic description of thex-, y-, andz-axes fixed
in a single chlorosome. A chlorosome is sectioned along the plane
perpendicular to its long axis and is drawn according to Frigaard
et al. (28). (BChl-c)n is shown in the rod model (left) by assuming
its axis is parallel to the long axis of the chlorosome, and also in
the lamellar model (right). The baseplate proteins are depicted as
vertically aligned cylinders in the basal plain. The arrows in the
baseplate represent the assumed Qy transition dipole moments of
BChl-a tilted at a constant angle from thex-axis according to the
results in this study (see the text). (B) Definition of the orientation
of a chlorosome with respect to the laboratory system. A chlorosome
is drawn as an ellipsoid. The principal dipolesµx, µy, andµz for
both (BChl-c)n and BChl-a are parallel to thex-, y-, and z-axes
fixed in a chlorosome, which are shown as arrows within the
chlorosome.

γ ) 2πu, φ ) 2πV, θ ) cos-1(2w - 1) (5)
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detected in Figure 2 can be reproduced well withµcxy/µcz

andµayz/µax values of 0.43 and 0.76, respectively.

The major dipole components of (BChl-c)n- and BChl-a-
emitting states are assumed a priori to be perpendicular to
each other in the simulation described above. If the two
dipole components exhibit a mutual angle significantly
smaller than 90°, the distribution of PS values with a peak
around 90° cannot be realized. Thus, this study clearly
indicates the nearly perpendicular orientation between the
transition dipoles of (BChl-c)n- and BChl-a-emitting states
at cryogenic temperatures. Although the mutual angle
between the absorbing and emitting transition dipoles of
(BChl-c)n at cryogenic temperatures has not yet been
determined unambiguously, theθc0 distribution around 0°
suggests their nearly parallel orientations. The simulation
further revealed high contributions ofµcx and µcy, which
are perpendicular to the long axis of a chlorosome. The
results in this study gave a highµcxy/µcz value of 0.43 even
at 13 K. These values seem to be useful in the examination
of the relevance of the various structural models of pigment
aggregates. There have been several molecular-scale struc-
tural models of rod architecture, and the detailed calculations
of exciton states have been carried out on the basis of them.
We are now estimating the extent of the diagonal and off-
diagonal disorder in the model calculation to realize theµcxy/
µcz value obtained above. The results of the simulation
presented here do not rely on the model structure of
(BChl-c)n and also seem to be useful in the examination of
the validity of the lamellar model, if the molecular-scale
structural model may become available. The non-zero value
of µcxy/µcz seems also to be compatible with the lamellar
model.

The value of µayz/µax gives new information for the
arrangement of BChl-a in the baseplate protein in a single
chlorosome. Montano et al. (29) have isolated the CsmA
protein fromCfl. aurantiacusand assigned it to the baseplate
protein. The protein contained an average of 1.6 molecules
of BChl-a. This implies that each CsmA binds either 1 or 2
molecules of BChl-a. The measurement of the CD spectrum
has indicated that some BChl-a might exist as dimers in
chlorosomes of green sulfur bacteria (26). If this is the case,
the fluorescence at 13 K should be emitted from the terminal
emitter at the lower excitonic state. The average number of
BChl-a molecules per CsmA of 1.6 implies the fluorescence
emission only from the one type of BChl-a. If the baseplate
proteins are aligned to give the parallel orientation of dipoles
of BChl-a in a single chlorosome, as expected from the
periodic alignment of the baseplate aggregate (5), high
DPsingleand lowµayz/µax values are to be expected. However,
we obtained a high value of 0.76 forµayz/µax. One possible
way to explain this high value is that the Qy transition dipole
of BChl-a is tilted with an angle ofâ from thex-axis and
rotates freely around thex-axis, as shown in Figure 4A. Here,
the value ofâ is calculated to be 47° according to the relation
tan(â)/x2 ) 0.76. The factor of 1/x2 reflects the random
orientation of the baseplate proteins around thex-axis. The
Qy transition dipole of BChl-a in a baseplate protein is thus
assumed to be tilted from thex-axis, but the major transition
dipole of baseplate proteins seems to be located parallel to
the x-axis on average due to its random orientation around
the x-axis. The tilted transition dipole of the baseplate will

affect the efficiency of energy transfer between (BChl-c)n

and BChl-a in the core antenna complex in the cytoplasmic
membrane. This type of orientation of the baseplate has not
been obtained via a conventional LD study.
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