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ABSTRACT: Model calculations of linear dichroism (LD) and circular dichroism (CD) spectra were conducted
for the chlorosomes of green sulfur bacteria, Chlorobium phaeobacteroides and Chlorobium tepidum, on the
basis of the theory of delocalized exciton. The chlorosomes ofChl. phaeobacteroides andChl. tepidum contain
bacteriochlorophylls (BChls) e and c as the major light-harvesting pigments, respectively. The excitonic
couplings among the Soret and Qy transitions were considered on the basis of the “rodlike” structural model
for the pigment self-aggregates in a chlorosome. Trial simulations were conducted by assuming the Bx and By

transition-dipole vectors to be parallel to the molecular x- and y-axes, respectively. The simulation at this
stage could nicely reproduce the larger splitting of the Soret band andmore significant enhancement of the Qy

band upon formation of chlorosome in the BChl e-containing chlorosome than in the BChl c-containing one.
Intensity borrowing was indicated to be the key mechanism inducing the enhancement of the Qy band in the
BChl e-containing chlorosomes. However, the simulated LD and CD spectra in the Soret region showed
qualitative disagreement from the observed ones. To resolve the deviations, the directions of the Bx and By

transition-dipole vectors and the orientations of themolecular planes of BChls were adjusted in the next stage.
The fine-tuning of these parameters resulted in a striking agreement between the observed and simulated CD
andLD spectra over the whole spectral range studied. The best fit was obtainedwhen the Bx and By transition-
dipole vectors were assumed to be rotated 25� clockwise from the molecular x- and y-axes and the molecular
planes in the pigment aggregate were tilted 5� from that assumed in the original model without alteration in
the direction of the molecular y-axis. The calculated spectral profiles were affected little by the change in the
curvatures of the rod surface, showing that the optical spectra of chlorosomes were determined essentially by
the local pigment arrangement, but not by the higher-order structure, of the aggregate.

The chlorosome is the main light-harvesting complex of green
sulfur and filamentous bacteria (1, 2). These organisms can
live under very low-light-intensity conditions and then need
highly efficient light-harvesting apparatus. A single chlorosome
achieves a large absorption cross section by containingmore than
hundreds of thousands of pigment molecules in its lipid mono-
layer envelope (3, 4). Chlorosomes attach to the interior sur-
face of the cytoplasmic membrane, in which the photosynthe-
tic reaction centers are embedded. Their typical sizes are ca.
200 nm � 50 nm � 25 nm and ca. 100 nm � 30 nm � 15 nm for
green sulfur and filamentous bacteria, respectively. The most
unique feature of the chlorosome is the fact that proteins play no
roles as structural scaffolds for the pigment (1, 2, 5-7); the
pigment molecules in a chlorosome form self-aggregates with
ordered structures.

The main chlorophyllous pigment contained in a chlorosome
is one of bacteriochlorophyll (BChl)1 c, d, and e molecules,
depending on the species. As shown inFigure 1, the substituent at
the C7 position in BChl e is a formyl group, but it is a methyl
group inBChl c and d. These BChls possessing a chlorinπ-system
have twowell-known transition bands in the visible region, called
Soret (B) and Q bands (8). The Soret band consists of two
overlapping bands, which are hereafter designated Bx and By.
A recent theoretical study has suggested that a charge-transfer
band also contributes to the Soret region (9). The Q-band also
consists of two bands, Qx and Qy. The former has only a minor
absorbance intensity at a higher transition energy than the latter.
The transition dipoles of Qx andQy transitions have been believed
to be nearly parallel to the vectors from the central Mg to the
nitrogen atom in the B-pyrrole ring (the molecular x-axis defined
in this paper) and that in the A-pyrrole ring (themolecular y-axis)
by analogy to the case of chlorophyll (Chl) a (9-13). The
definitions of the molecular x- and y-axes in this paper are
somewhat different from those of Fragata et al. (10). A recent
study involving a femtosecond visible-pump-infrared-probe
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experiment revealed unequivocally that the Qy transition dipole
of Chl a is tilted 12� from the molecular y-axis toward the
x-axis (12, 13). On the other hand, there has been greater un-
certainty about themolecular orientation of the transition dipoles
of Bx and By transitions.

It has been widely accepted that the adjacent molecules in the
BChl aggregates of chlorosomes interact with each other through
the coordination bonds between the hydroxy group at C31 and
the central Mg atom as well as through the hydrogen bonds
between the carbonyl group at C13 and the hydroxy group at
C31. On the other hand, the higher-order supramolecular struc-
ture of the pigment aggregate in chlorosomes is still under debate.
One plausible structural model has long been the rodlike model,
in which the pigments are assumed to form rodlike shapes with
diameters of 5-10 nm (14-17). The rodlikemodel was originally
based on early electron microscope (EM) observations (18-20).
On the other hand, the lamellar model, assuming completely
different higher-order structures of aggregates, was proposed by
P�sen�cı́k et al. in 2004 on the basis of their X-ray diffraction and
cryo-EMdata of chlorosomes (21-23). In the lamellarmodel, the
pigmentmolecules are thought to formundulate lamellar. Recent
electron microscope observation at cryogenic temperatures sug-
gested the formation of multitubular structures of variable
diameters (24, 25). In these studies, locally undulating lamellar-
type structures were also observed. These observations seemed to
suggest that the actual structure of the pigment aggregates
combines the characteristics of both rodlike and lamellar models.

In densely packed pigment aggregates in a chlorosome, the
excited state of the pigment molecule should be delocalized over
multiple pigments. This leads to the formation of a delocalized
exciton. The optical properties of an exciton reflect the structure
of the pigment aggregates in chlorosomes, and those of chloro-
somes have been considered as sensitive probes of the validity of
the structural models of pigment aggregates. Several reports have
been published on the simulation of the optical spectra consider-
ing the excitonic coupling of the Qy band (15, 16, 26, 27). In these
studies, the absorption, circular dichroism (CD), and linear

dichroism (LD) spectra of excitonic states of the pigment
aggregates were calculated on the basis of the rodlike model
structure. Prokhorenko et al. (16) demonstrated the pronounced
dependence of the CD spectra on the length of the rodlike
aggregate. These studies have succeeded in reproducing the
experimentally obtained spectra in the Qy band region and
basically support the validity of the rodlike model. However,
no report has so far been published on the theoretical calculation
of the spectra of chlorosomes covering the whole spectral range
involving both the Soret and Qy band regions.

InFigure 2, we compare the absorption spectra of chlorosomes
with monomeric BChl solutions in acetone. Figure 2 clearly
shows significant modifications of the absorption spectra of
monomeric BChls upon chlorosome formation, indicating the
importance of excitonic coupling among pigments. It is conspic-
uous in Figure 2 that the spectral characteristic of the BChl
e-containing chlorosomes differs considerably from that of the
BChl c-containing chlorosomes. BChl e exhibits a noticeable
splitting of the Soret band upon chlorosome formation, while
BChl c does not. BChl e shows a significant enhancement of the
Qy absorption band upon chlorosome involvement. This is again
not conspicuous in BChl c-containing chlorosomes. In the case of
the BChl e monomer, the Qy band has a much weaker intensity
than the Soret band. This spectral pattern is shared with Chl b in
plant photosynthesis, which also has a formyl group at the C7
position. Although these differences between the BChl e- and
BChl c-containing chlorosomes have long been known, the
mechanisms for these have not yet been thoroughly discussed.

At least, the relative enhancement of the Qy absorption band
upon chlorosome formation cannot be explained by considering
only the excitonic couplings among the Qy transitions in different
molecules. The enhancement might be induced by mixing with
the more intense Soret transitions. Such a mixing effect has been
reported to be important in the case of the J-aggregate of

FIGURE 1: Molecular structures of representative BChl e (R7 =
CHO) and BChl c (R7 = Me) in Chlorobium chlorosomes. BChls
e and c in Chlorobium chlorosomes are mixtures of several homo-
logues, in which R8= ethyl, n-propyl, isobutyl, or neopentyl (only in
BChl e) and R12 = methyl or ethyl. The molecular x- and y-axes as
defined here are shown by solid arrows. Typical directions of the
transition-dipole vectors of Bx, By, Qx, and Qy bands are shown with
dashed arrows.

FIGURE 2: Comparison of the absorption spectra between the iso-
lated chlorosomes (thick dotted lines) and the acetone solution of the
monomeric BChls (O) that are constituents of the chlorosomes. The
spectra of the monomeric BChls are shown in units of cm-1 mM-1,
while those of the isolated chlorosomes are normalized to unity at the
peak wavelengths of the Qy bands. (A) Chlorosome of Chlorobium
phaeobacteroides and BChl e in acetone. (B) Chlorosome of Chloro-
bium tepidum and BChl c in acetone. The solid lines show the
simulated curves.
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porphyrins (28-30) but not been taken into account for the
chlorosomal absorption spectra. For the elucidation of the
supramolecular structures of chlorosomal self-aggregates, it will
be quite informative to examine whether the above phenomena
can be reproduced by simulations considering excitonic couplings
on the basis of certain structural models of the pigment aggregate.

In this study, we theoretically estimate the absorption, LD,
and CD spectra of chlorosomes containing BChl e or c, con-
sidering, for the first time, the effects of the excitonic couplings
between the Soret bands (B-B coupling) and between the Soret
and Qy bands (B-Q coupling) as well as those between the Qy

bands (Q-Q coupling). Similar studies considering the B-B,
B-Q, andQ-Q couplings have been performed to reproduce the
CD spectra of a light-harvesting complex of bacteria, LH1 (31),
and of plants, LHCII (32). This study employs an approach
similar to that of the studies mentioned above. We expect that
taking into account the B-BandB-Qcouplingswill enable us to
explain the modification in the spectra of the BChls upon
chlorosome formation both in the Soret and Qy band regions.
We will show the importance of the B-B and B-Q couplings to
explain the spectra of chlorosomes.

MATERIALS AND METHODS

Measurement of Linear Dichroism and Circular Dichro-
ism Spectra. The following chlorosomes were isolated from
cultured green sulfur bacteria, as reported previously (33): Chlo-
robium phaeobacteroides (recently renamed Chlorobaculum
limnaeum) 1549 and Chlorobium tepidum (Chlorobaculum
tepidum) WT2321 (c-strains) (34). LD spectra of isolated chloro-
somes embedded in a polyacrylamide gel were recorded using
handmade gel-compressing equipment set in a spectrophoto-
meter (Shimadzu model UV-3100PC) according to the reported
procedures (35, 36). The acrylamide gel containing chlorosomes
was elongated in one direction (defined as the laboratory z-axis)
and shrunk in another direction (the laboratory x-axis). The
width along the other direction (the laboratory y-axis) remained
unchanged. The long axis of the chlorosomes was aligned toward
the z-axis. The anisotropic absorption spectra were recorded by
lights polarized parallel to the x-, y-, and z-axes.

The CD spectra were recorded with a CD spectrometer
(JASCO J-720W). The sample solutions were contained in a
quartz cell with an optical path length of 10 mm. The concentra-
tions of the samples were adjusted to give an optical density of ca.
1 at the peak of the Qy band.
Theoretical Background. The absorption spectrum, its

polarization dependence, and the CD spectrum of a chloroso-
mal pigment self-aggregate were simulated assuming delocalized
excitonic states over a large number of pigment molecules com-
posing the aggregate. This simulation was conducted considering
the B-B, B-Q, and Q-Q couplings. The transition dipoles and
energy levels of the excitonic eigenstates were obtained by
diagonalizing the interaction Hamiltonian matrix

H ¼

EBx
0 0 VBx2, Bx1

VBy2, Bx1
VQy2, Bx1

0 EBy
0 VBx2, By1

VBy2, By1
VQy2, By1 3 3 3

0 0 EQy
VBx2, Qy1

VBy2,Qy1
VQy2,Qy1

VBx1, Bx2
VBy1, Bx2

VQy1, Bx2
EBx

0 0

VBx1, By2
VBy1, By2

VQy1, By2
0 EBy

0 3 3 3
VBx1,Qy2

VBy1, Qy2
VQy1,Qy2

0 0 EQy

l l l

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA

ð1Þ

Here, the diagonal elements, EBx
, EBy

, and EQy
, are the site

energies of the Bx, By, and Qy transitions, respectively. The
contribution of the Qx transition possesses only a minor intensity
and was omitted in this study. The off-diagonal element with the
form VCi,Dj is the excitonic coupling between the C-transition
dipole of ithmolecule andD-transition dipole of the jthmolecule,
where C and D are the Bx, By, or Qy transition. We took into
account the inhomogeneous distribution of the site energy by
conducting a Monte Carlo calculation with multiple realizations
of the diagonal disorders in the site energy

EC ¼ E0
C þΔEC ð2Þ

where the subscript C is either Bx, By, or Qy. Thus,EBx

0,EBy

0, and
EQy

0 are the averaged site energies of the Bx, By, and Qy tran-
sitions, respectively, and ΔEBx

, ΔEBy
, and ΔEQy

are the random
fluctuations inducing inhomogeneous broadening. We assumed
that ΔEBx

, ΔEBy
, and ΔEQy

obeyed the Gaussian distributions
with fwhm values of ΔBx

, ΔBy
, and ΔQy

, respectively.
The excitonic coupling terms in eq 1 were calculated in units of

cm-1 on the basis of the dipole-dipole approximation

VCi,Dj
¼ 5:04

n2
μC, i 3μD, j

rij3
-
3ðrij 3μC, iÞðrij 3μD, jÞ

rij5

 !
ð3Þ

where μC,i and μD,j are the transition-dipole vectors in the debye
unit of the C-transition of the ith molecule and that of the
D-transition of the jthmolecule, respectively. Again, C andD are
the Bx, By, or Qy transition. rij is a vector in nanometers
connecting the central Mg atoms of the ith to jth molecules,
and its absolute value is indicated by rij. n is the refractive index of
the medium.

According to Knox (37), the absorption spectrum ε(ν) in units
of M-1 cm-1 of a monomeric pigment solution can be approxi-
mately given by the following equation

εðνÞ ¼
X

C¼
Bx, By,Qy

jμCj2
9:19� 10- 3n

νshift;C þ ν0,Cffiffiffiffiffiffi
2π

p
σC

exp
½ν- ðνshift;C þ ν0,CÞ�2

2σC
2

( )

ð4Þ
whereμBx

,μBy
, andμQy

are the transition-dipole vectors of the Bx,
By, and Qy transitions, respectively, in units of debyes. We
assumed a Gaussian line shape function

Gðν- νshift - ν0Þ ¼ 1ffiffiffiffiffiffi
2π

p
σ
exp -

½ν- ðνshift þ ν0Þ�2
2σ

( )
ð5Þ

where ν0 is the 0-0 transition energy and νshift is the upshift of the
peak energy of the absorption spectrum from the 0-0 transition
energy due to the coupling to the phonon bath. The term 2νshift
can be a rough measure of the Stokes shift. ν0, νshift, and σ in eq 4
have the subscript C, which specifies either the Bx, By, or Qy

transition. In the case of themonomer spectrumgiven by eq 4, the
bandwidth σ contains the contributions from both the homo-
geneous and inhomogeneous broadenings. We obtain the rela-
tion between the molar extinction coefficient and the transition
dipole given byKnox (37) by integrating both sides of eq 4 over ν
with an assumption that the change in 1/ν within the integral
interval is negligible.

Next, we give the expression for the anisotropic absorption
spectrum of pigment aggregates as a generalization of eq 4. The
absorption spectrumofunidirectionallyorientedpigment aggregates
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measured with polarized light is given by the Gaussian-dressed stick
spectrum obtained by the diagonalization of eq 1

ApolðνÞ ¼ 3
X3Nmol

m¼1

jμm 3 epolj2
9:19� 10- 3n

νshift þ νm0ffiffiffiffiffiffi
2π

p
σm

exp
½ν- ðνshift þ νm0Þ�2

2σm
2

( )

ð6Þ
where Nmol is the number of pigment molecules contained in the
aggregate and epol is a unit vector parallel to the polarization of the
measuring light. Because we consider the three transition bands, Bx,
By, and Qy, 3Nmol eigenstates are involved in the calculation in eq 6.
νm0 and μm are the 0-0 transition energy and the transition-dipole
vector of themth excitonic state, respectively. It should be noted that
the standarddeviationσmof theGaussian line shape function in eq 6
contains only the contribution from the homogeneous broadening
of the mth eigenstate. The inhomogeneous broadening was intro-
duced as the diagonal disorders in eq 2. The factor 3 is necessary
because the averaging over the random orientation distribution is
not conducted in eq6. In this study,we assumed the values of νshift to
be 100 and 50 cm-1 for the Soret and Qy band regions, respectively.
These values are consistentwith the small Stokes shift of theQyband
of BChls or the Soret bands of porphyrins (38-40) reported so far.
The transition-dipole vector, μm, of the mth state is related to the
transition dipole of each pigment molecule as

μm ¼
XNmol

i¼1

½UBxi,mμBx, i þUByi,mμBy, i þUQyi,mμQy, i �

� μBx,m þμBy,m þμQy,m ð7Þ

whereUBxi,m
, UByi,m

, andUQyi,m
are obtained from the usual eigenvalue

problemof theHamiltonianmatrix eq 1 and indicates the amplitude
of the Bx, By, orQy excited state of the ithmoleculemixed in themth
excitoninc state. Equation 7 shows that the transition dipole of the
mth state can be decomposed into the contributions from theBx, By,
and Qy components, here defined as μBx,m

, μBy,m
, and μQy,m

, respec-
tively. The isotropic absorption spectrum A(ν) of the pigment
aggregate is expressed as

AðνÞ ¼
X3Nmol

m¼1

jμmj2
9:19� 10- 3n

νshift þ νm0ffiffiffiffiffiffi
2π

p
σm

exp
½ν- ðνshift þ νm0Þ�2

2σm
2

( )

ð8Þ
where A(ν) is equal to [Ax(ν) þ Ay(ν) þ Az(ν)]/3, where Ax(ν),
Ay(ν), andAz(ν) are the anisotropic absorbancesmeasured by lights
polarized parallel to the x-, y-, and z-axes of the laboratory system,
respectively. The CD spectrum R(ν) is given by the convolution of
the rotational strengths and the same line shape function as that in
eq 6

RðνÞ�
X3Nmol

m¼1

X
C,D¼
Bx, By,Qy

X
i> j

rij 3 ðμC, i

� μD, jÞUCi,mUDj,m
νshift þ νm0ffiffiffiffiffiffi

2π
p

σm

exp
½ν- ðνshift þ νm0Þ�2

2σm
2

( )
ð9Þ

RESULTS

The goal of this study was to reproduce the optical spectra in
both the Soret and Q-band regions of chlorosomes containing

either BChl e or BChl c as the major pigment. Figure 3 shows the
experimentally obtained CD spectra and the polarization ani-
sotropy of the absorption spectra of chlorosomes of Chl.
phaeobacteroides (A and B) and Chl. tepidum (C and D). The
dashed and dotted lines in panels B andDwere obtained with the
chlorosome sample embedded in a compressed acrylamide gel
with measuring lights polarized parallel to the gel elongation
direction (the laboratory z-axis) and the gel shrink direction
(the laboratory x-axis), respectively. The thick solid lines in
panels B and D show the isotropic absorptions, which are the
averages of the spectra obtained with measuring lights polarized
parallel to the laboratory x-, y-, and z-axes. In the case of the
Chl. phaeobacteroides chlorosome, the band at∼710 nm gained a
much higher relative intensity than the Qy band in the monomer
spectrum. We hereafter designate this band as the Qy-natured
band. The absorption band in the Soret region of the chlorosome
ofChl. phaeobacteroides split into two bands. The intensity of the
band at ∼530 nm exhibited a polarization dependence similar
to that of the Qy-natured band, and we designate it as the By-
natured band. The band at ∼450 nm, on the other hand, exhi-
bited no significant dependence of the intensity on the polariza-
tion direction. We tentatively designate this band as Bx-natured.

In this study, we tried to reproduce the observed tendency
shown in Figure 3 by simulating the excitonic eigenstates of the
rodlike BChl aggregate. To conduct the simulation according to
the formulas given in the previous section, we should determine
the strengths and orientations of the transition dipoles of both
the Soret and Qy bands of monomeric BChl e and BChl c. To
estimate the transition dipole strengths, we fitted the absorption

FIGURE 3: Experimentally obtained circular dichroism (A and C)
and linier dichroism (B andD) spectra. The spectra in panelsA andB
and panels C and D are of chlorosomes purified from Chl. phaeo-
bacteroides (containingBChl e) andChl. tepidum (containingBChl c),
respectively. The thick solid lines, dashed lines, and dotted lines show
the isotropic absorption and the absorption measured by lights
polarized parallel and perpendicular to the chlorosome long axis,
respectively.The thin solid lines inpanelsAandCandpanelsBandD
show the CD and LD spectra, respectively. The horizontal dotted
lines indicate the zero lines of the CD and LD spectra.
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spectra of the monomeric BChl solutions in acetone to the
simulated curves according to eq 4. We referred to the reports
by Borrego et al. (41) and Oelze (42) for the values of the molar
extinction coefficients of BChl e and BChl c in acetone, respec-
tively. The solid lines in Figure 2 show the simulated absorption
spectra, which successfully reproduced the main bands of the
measured spectra shown by the white circles. The parameter sets
giving the best fit are summarized in Table 1. As is obvious from
the absorption spectra in Figure 2, the transition dipole strength
is much larger for the B-band than the Q-band in BChl e, while
the difference between the two bands is not as significant in
BChl c.

Because the separation between the two B bands was not
conspicuous in the observed monomer spectra, we assumed here
the same site energy and transition dipole strength between the Bx

and By bands. This assumption is roughly consistent with the
recent results of the quantum chemical study of Chl a by Cai
et al. (9). Their study suggested that the Bx and By bands of Chl
a have similar oscillator strengths and transition energies and
supported the early experimental results of Fragata et al. (10).
The study byCai et al. also pointed out that the Soret band region
of Chl a is contributed partially from a charge-transfer band,
which we omitted in our study. Any values of |μBx

| and |μBy
| that

hold the relation |μBx
|2þ |μBy

|2 = constant� |μB|
2 give the same

spectral profile of the monomeric BChl in Figure 2. We here
introduce a parameter a= |μBx

|2/|μBy
|2, which indicates the ratio

of the contribution from the Bx transition to the Soret transition.
In the following simulation, we adjust the value of a to reproduce
the experimental spectral profiles by the simulation.

Actually, the Qy transition-dipole vector might slightly devi-
ate from the molecular y-axis, as suggested experimentally
(10, 12, 13, 32) and theoretically (9). The angle of the Qy

transition dipole from the molecular y-axis reported in the
literature for Chl a ranges from-26� (9) to 7� (32, 43). The wide
variety in the reported values might be due to the different
environment of Chl a. Such a slight deviation of the Qy dipole
vectors had only a minor effect on the properties of the absorp-
tion spectrum in the Qy region of the pigment aggregate. Thus,
the Qy transition-dipole vector was assumed to be parallel to the
molecular y-axis throughout this study. There is a much larger
uncertainty about the orientations of the Bx and By transition-
dipole vectors, which crucially affected the spectral profiles in the
Soret region. In this study, we consider the orientations of the Bx

and By transition dipoles as adjustable parameters. As shown in
Figure 1, we refer to the angle between the By transition-dipole
vector and the molecular y-axis and that between the Bx transi-
tion-dipole vector and the molecular x-axis as γBy

and γBx
,

respectively. In this study, for the sake of simplicity, we assumed
a right-angle crossing between the transition-dipole vectors of the
Bx and By transitions, which led to the relation γBy

= γBx
.

We started the simulation on the basis of the model structure
proposed by Prokhorenko et al. (16, 26), which is essentially the
sameas that originallyproposedbyHolzwarth andSchaffner (14).

Ganapathy et al. recently proposed a more sophisticated
model (25), in which the arrangement of the transition dipole
was almost the same as that in the original one. In our study, the
molecular arrangement in the rodlike model was assumed to be
the same between the BChl e- and BChl c-containing chloro-
somes. This assumption is considered as a working hypothesis in
this study. The rodwas formed from an array ofmolecular stacks
of BChl along the rod axis. The Mg-Mg distance of the
neighboring BChls in a stack was set to 6.75 Å, and the
neighboring stacks were assumed to be shifted 1.68 Å along the
stack. The rod radius was 26.8 Å, and the rod contained 20
stacks. A stack was assumed to contain 10 BChl molecules,
resulting in it having a length of ∼6.1 nm. We here adopted
single-tube aggregates.We also simulated the spectra on the basis
of a double-tube aggregate model and confirmed that the
qualitative tendency of the simulated spectra was not sharply
influenced by the choice of a single or a double tube.

The molecular orientations of BChls in the model structure
were defined as follows by using three rotation angles, j1, θ, and
j2: the molecular x- and y-axes of the BChl molecule were first
aligned parallel to the normal of the circumference of the rod and
the rod axis, respectively. Then, the molecule was rotated j1

about the z-axis, θ about the tangent of the circumference, andj2

about the z-axis. The definition of the molecular orientation
described above is schematically shown in Figure S1 of the
Supporting Information. After these rotations, the angle between
the molecular y-axis and the rod axis coincides with θ, which was
assumed to be 35.5� according to Prokhorenko et al. (16). The
parameters of the molecular orientations in the model structure
are summarized in Table 2. The arrangements of the molecular
x- and y-axes of BChls and their transition dipoles in our model
are depicted in Figure S2 of the Supporting Information. In the
first stage of the simulation, the value of j1 was tentatively set
to 90�, which resulted in the right-angle crossing between the
molecular x-axis and the rod axis. The deviations of the Bx andBy

transition dipoles from themolecular x- and y-axes were omitted.
Thus, the molecular x-axes (parallel to the Bx transition-dipole
vectors) shown by the red bars in Figure S2 of the Supporting
Information were radially oriented around the rod. The angle
between the rod axis and the molecular plane of BChl (θ) was
equal to 35.5� in this case.

Figure 4 shows the simulated polarization anisotropic absorp-
tion and CD spectra of the pigment aggregates based on the
structural model described above. The simulated curves are the
averages over 50 realizations of the diagonal disorder sets in eq 2

Table 1: Optical Parameters of the Monomeric BChls in Acetone Giving

the Best Fit to the Observed Spectra

monomeric

pigment

|μBx
|2 [D2]

(EBx
[cm-1])

|μBy
|2 [D2]

(EBy
[cm-1])

|μQy
|2 [D2]

(EQy
[cm-1])

BChl e 67.2 (21500) 67.2 (21500) 19.4 (15400)

BChl c 26.0 (23000) 26.0 (23000) 23.0 (15050)

Table 2: Parameters of the Model Structures of the Rod

parameter value

model giving the spectra in Figure 4

j1 90�
θ 35.5�
j2 274�
Mg-Mg distance in the stack 6.75 Å

angle between the z-axis and the BChl plane 35.5�
surface-surface distance of BChls in a stack 3.92 Å

model giving the spectra in Figure 7

j1 120�
θ 35.5�
j2 274�
Mg-Mg distance in the stack 6.75 Å

angle between the z-axis and the BChl plane 30.5�
surface-surface distance of BChls in a stack 3.39 Å
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in theMonteCarlo algorithm.The dashed lines in panels B andD
were calculated according to eq 6, with the polarization direction
of the measuring light parallel to the z-axis. The dotted lines are
the average of the simulated spectra with the measuring lights
polarized parallel to the x- and y-axes. The thick solid lines in
panels B and D are the isotropic spectra calculated according to
eq 8. The value of the site energy of each band was fine-tuned by
hand to fit the peak positions of the absorption bands. The fwhm
of the Gaussian line shape functions was set at 1400 cm-1 for the
Soret band and 450 cm-1 for the Qy-natured band for both BChl
e- andBChl c-containing chlorosomes. The former is comparable
to the values used for the Soret bands of Chl a and Chl b by
Georgakopoulou et al. (32) (fwhm of ∼1330 cm-1). The latter is
between the values used by Prokhorenko et al. (16, 26) (350 cm-1)
andGeorgakopoulou et al. (32) (∼500 cm-1). The value of awas
also adjusted to reproduce the observed intensity ratio between
the Bx-natured and By-natured bands. The refractive index nwas
set at 1.4 throughout this study. This value is slightly larger than
those assumed in other reports (15, 16, 26), in which refractive
indexes of 1.0-1.1, much closer to the vacuum value, were used.
On the other hand, Linnanto and Korrpi-Tommola (27) used a
value of 2.1. We used the value given above because refractive
indexes of <1.4 resulted in much larger Soret band splitting
compared to those in the experimental results, particularly in the
case of BChl e-containing chlorosome.

The simulation could successfully reproduce (1) a much larger
splitting of the Soret band in the BChl e-containing chlorosome
than in the BChl c-containing one, (2) a much more significant
enhancement of the Qy band in the BChl e-containing chloro-
some than in the BChl c-containing one, and (3) the polarization
dependence of the By-natured and Qy-natured bands of both the
BChl e- and BChl c-containing chlorosomes. The parameters

giving the spectra in Figure 4 are summarized in Table 3. The
large splitting of the Soret band of the BChl e-containing
chlorosome was not due to the adjustment of the site energy
values, which were modified slightly from those of the monomer.
It should be noticed that the simulation predicted inversions of
the transition energies of Bx and By as a result of the excitonic
coupling. In the simulation of the BChl e-containing chlorosome,
the transition energy of the By-natured band (525 nm = 19050
cm-1) was significantly lowered from the site energy of the By

transition (22000 cm-1), which was originally higher than that of
the Bx transition (19300 cm-1). This inversion also occurred in
the case of the BChl c-containing chlorosome, although itwas not
noticeable. We also calculated the spectra by assuming the same
site energy for Bx and By as a trial. These simulations, of course,
could not fit the peak positions of the observed data and
confirmed the much more pronounced splitting of the Soret
band for the BChl e-containing chlorosome than for the BChl
c-containing one. The less significant enhancement of the Qy-
natured band and the less conspicuous Soret band splitting for
the BChl c-containing chlorosome are consistent with the experi-
mental observations and probably due to the ∼3 times weaker
transition-dipole strength of the Soret band of the monomeric
BChl c.

Although the simulated curves in Figure 4 could roughly
reproduce the overall spectral profiles, we found several quali-
tative disagreements between the simulated and experimental
spectra. The Bx-natured bands showed a negligible depen-
dence on the polarization direction in reality, while those in the
simulated curves showed sharp dependences on the polariza-
tion direction. The LD spectra, i.e., the difference between the
absorption spectra observed by the light polarized parallel and
perpendicular to the rod axis, were positive over the whole
spectral range in the experimental spectra, while they became
negative in the Bx-natured band region in the simulated one. The
simulated CD spectra showed minus-plus patterns in the Soret
region, while the experimental spectra showed opposite signs.
Furthermore, the simulated CD spectra of the BChl c-containing
chlorosome showed aminus-plus pattern in the Qy region, while
the experimental spectrum has a conspicuous negative band in its
red edge region.

To resolve the deviations described above, we simulated
the spectra allowing the parameters γBy

and γBx
to vary slightly.

Figures 5A and 6A show the simulated CD and LD spectra with
γBy

and γBx
equal to 0� (solid lines), -20� (dotted lines), and 20�

(dashed lines) of the rodlike pigment aggregates composed of
BChl e and BChl c, respectively. The other parameters were the
same as those listed inTable 3.We simulated the averaged spectra
over 10 realizations of the diagonal disorder sets in the Monte
Carlo algorithm. The results clearly showed that slight adjust-
ments only in the directions of the Bx and By transition dipoles
did not improve the fitting of the LD spectra in the Soret region.
Negative LD features at ∼450 nm for the BChl e-containing
chlorosome and ∼420 nm for the BChl c-containing chlorosome
could not be reduced by the adjustments. The CD spectra in the
Soret region were not significantly affected either, especially in
the case of the BChl c-containing chlorosome. Further refine-
ment of the other parameters seemed to be required to improve
the fitting.

Next, we adjusted the structural parameter of the rodlike
aggregate as well as γBy

and γBx
. We fine-tuned the value of j1.

The modification of j1 results in the tilt of the molecular x-axis
from the normal of the rod surface, while the orientations of the

FIGURE 4: Simulated circular dichroism (A and C) and linier dichro-
ism (B andD) spectra based on the rodlike aggregatemodel structure
with the molecular x-axis parallel to the normal of the rod surface.
The spectra in panels A and B and panels C andD are of the pigment
aggregates in chlorosomes composed of BChl e and BChl c, respec-
tively. The meanings of the lines are the same as those in Figure 3.
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molecular y-axes remained unchanged. The modification of j1

from 90� reduced the angle between the z-axis and the molecular
plane of BChls from the value of 35.5�. The OH group at C3, the
CO group at C13, and the Mg atom are all located in proximity
on the molecular y-axis. Thus, the adjustment of j1, which keeps
the molecular y-axes unchanged, hardly alters the distances
between the groups mentioned above. The above structural
change does not seem to destroy the hydrogen bond networks
and theMg coordination bonds in the pigment aggregate. Panels
B and C of Figure 5 and panels B and C of Figure 6 show the
results of the simulationswith aj1 of 60� (B) and aj1 of 120� (C).
The curves forwhich γBy

andγBx
are equal to 0� (solid lines),-20�

(dotted lines), and 20� (dashed lines) are shown. The fine-tuning
of j1 together with that of γBy

and γBx
resulted in qualitative

alterations in both the LD and CD spectra in the Soret region.
The negative LD features around the Bx-natured band are
significantly reduced when j1 = 60� and γBy

and γBx
=-20�

(dotted lines in panel B) or when j1=120� and γBy
and γBx

=20�
(dashed lines in panel C). The parameter values listed above also
resulted in plus-minus patterns in the CD spectra in the Soret
region, which are similar to those in the experimental spectra.
Thus, the fine-tuning of j1 together with γBy

and γBx
drastically

improved the fitting of both the LD and CD spectra.
On the basis of the results mentioned above, we recalculated

the polarization anisotropy of the absorption spectra and the
CD spectra, allowing fine-tuning by hand of the values of the site
energies, a, j1, γBy

, and γBx
, to achieve the best fit to the experi-

mental spectra. Panels A and B of Figure 7 show the recalculated
spectra for the BChl e-containing chlorosome. Slight adjustments
of the site energy and a again allowed quantitative agreement of
the peak positions of the absorption bands between the simulated
and experimental observations. The simulated spectra are the
averages over 50 realizations of the diagonal disorder sets. Thej1

value of 120� and γBy
and γBx

values of 25� gave the best fit to the

Table 3: Optical Parameters of the BChls Giving the Simulated Spectra of Rodlike Aggregates of BChls in Figures 4 and 7

pigment

|μBx
|2 [D2], EBx

[cm-1]

(ΔBx
[cm-1]) γBx

[deg]

|μBy
|2 [D2], EBy

[cm-1]

(ΔBy
[cm-1]) γBy

[deg]

|μQy
|2 [D2], EQy

[cm-1]

(ΔQy
[cm-1]) γQy

[deg]

Parameters Giving the Spectra in Figure 4

BChl e 40.4, 19300 (1500) 0 94.1, 22000 (1500) 0 19.4, 15300 (600) 0

BChl c 16.0, 22300 (900) 0 36.0, 23000 (900) 0 23.0, 14400 (550) 0

Parameters Giving the Spectra in Figure 7

BChl e 34.5, 20000 (1450) 25 100, 22000 (1450) 25 19.4, 1530 (600) 0

BChl c 16.0, 22400 (850) 25 36.0, 22900 (850) 25 23.0, 14450 (550) 0

FIGURE 5: Simulated CD (top spectrum in each panel) and LD
(bottom spectrum in each panel) spectra based on the rod composed
of BChl e with various values ofj1, γBy

, and γBx
. j1 = 90� (A). j1 =

60� (B). j1 = 120� (C). γBy
and γBx

= 0� (solid lines). γBy
and γBx

=
20� (dotted lines). γBy

and γBx
= -20� (dashed lines).

FIGURE 6: Simulated CD (top spectrum in each panel) and LD
(bottom spectrum in each panel) spectra based on the rod composed
of BChl cwith various values of j1, γBy

, and γBx
. j1 = 90� (A). j1 =

60� (B). j1 = 120� (C). γBy
and γBx

= 0� (solid lines). γBy
and γBx

=
20� (dotted lines). γBy

and γBx
= -20� (dashed lines).
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observed profiles. The molecular arrangement of BChls in the
model is shown in Figure S3 of the Supporting Information. In
the case of the BChl e-containing chlorosome, the polarization
dependences of all three bands are in excellent agreement with
the experimental results shown in Figure 3. Although a small
absorbance was observed in the spectral region between the Soret
and Qy bands in the experimental spectra, it is absent in the
simulated ones. This discrepancy is due to the neglect of the
contributions from the Qx band, the Qy vibronic band, and
the carotenoids. The CD spectrum of the BChl e-containing
chlorosome is also in good agreement with the experimental one.

Panels C and D of Figure 7 show the simulated spectra for the
BChl c-containing chlorosome. The j1 value of 120� and γBy

and
γBx

values of 25� again gave a qualitative agreement of the CD
spectral pattern in the Soret region. In this case, we further
modified the model structure to reproduce the minus-plus-
minus pattern of the experimental CD spectrum in the Qy region,
which was characteristic for the Chl. tepidum chlorosome. Pre-
vious studies (16, 27) have shown that the changes in the rod
length affect the spectral pattern of the simulated CD spectra in
the Qy region. Thus, we assumed here a much longer rod length
containing 50 molecules along the stack for the calculation of the
BChl c-containing chlorosome. The simulated absorption and
CD spectra are the average over 10 and 4 realizations of the
diagonal disorder sets in the Monte Carlo procedure, respec-
tively. The number of realizations of the diagonal disorder was
reduced to 4 in the simulation of the CD spectrum, because it
required too much computation time. We believe that the 4

realizations of the disorder gave satisfactorily reproducible
results. Figure 7C shows that the assumption of a long rod could
qualitatively reproduce the negative amplitude in the red edge
region of the CD spectrum. Although the negative band is only
slight, it is qualitatively similar to the observed spectra of the
chlorosome of Chl. tepidum containing BChl c. The simulated
absorption spectra are in good agreement with the observed ones
(Figure 7D). The exception was the deviation in the carotenoid-
absorbing region on the lower-energy side of the Soret band. The
resultant parameters are listed in Table 3. The assumption of a
long rod resulted in slightly more pronounced red shifts of the
bands. Therefore, slightly higher site energies were assumed to
compensate for the additional red shift.

DISCUSSION

As shown above, our analysis demonstrates that the rodlike
model originally proposed by Holzwarth and Schaffner (14),
together with slight modifications in the molecular orientations,
is quite suitable for explaining the optical properties of chloro-
somes not only in the Q-band region but also in the Soret region.
This study indicated, for the first time, that intensity borrowing
from the Soret to Qy band significantly affects the spectral pro-
files of chlorosomes. To visualize the importance of the intensity
borrowing, we show in Figure 7 the theoretical spectra calculated
without considering B-Q coupling (white circles for the Soret
region and white triangles for the Qy region). Much less intensity
was predicted for the Qy-natured band without B-Q coupling
than that with the coupling in the case of the BChl e-containing
chlorosome, indicating the crucial importance of B-Q coupling.
It was suggested that intensity borrowing was not as important in
the case of the BChl c-containing chlorosome, in which the
enhancement of the Qy-natured bandwas not noticeable. Neglect
of B-Q coupling also resulted in a blue shift of the Qy-natured
band for the BChl e-containing chlorosomes. This indicated that
the mixing of the Soret transition with the Qy-natured band
contributes to its red shift.

It is noticeable that the Qy CD band of the BChl e-containing
chlorosome was predicted to have only a negligible amplitude in
the absence of B-Q coupling.When B-Q coupling was omitted,
the positive band became much more pronounced in the red
edge of the Soret CD band (580 nm for the BChl e-containing
chlorosome and 490 nm for the BChl c-containing one). Thus,
B-Qcoupling crucially affects the spectral profiles ofCD.On the
other hand, the LD spectra were basically the same with and
without B-Q coupling except for their peak positions (data not
shown). There are still several discrepancies between the simu-
lated and experimental spectral profiles. The deviation on the
higher-energy side of the Soret regionmight be attributable to the
neglect of the charge-transfer band in this region, which was
predicted in a theoretical study (9). Neglect of the contribution
from carotenoids might also be responsible for the discrepancy.

Our conclusion seems somewhat dependent on the choice of
the value of the refractive index, n. However, a refractive index
value of 1.4 was required to obtain sufficient agreement between
the experimental and simulated spectra. As described in the
Results, if we set the value of n closer to the vacuum value as done
in the previous studies (15, 16, 26), the simulation predicted a
much larger splitting of the Soret band. Then, unrealistically high
values were required for the site energy of the By to obtain a
satisfactory agreement of the peak position of the By-natured
band between the simulated and experimental spectra. On the

FIGURE 7: SimulatedCD (A andC) and LD (B andD) spectra based
on the rodlike aggregate models in which the directions of the
molecular x-axis and the transition-dipole vectors of Bx andBy bands
were fine-tuned. The spectra in panels A and B and panels C and D
are of the pigment aggregates in chlorosomes composed of BChl e
and BChl c, respectively. The white circles and white triangles show
the simulated spectra (CD inpanelsAandCand isotropic absorption
in panels B and D) considering only the B-B coupling and Q-Q
coupling, respectively. The simulated CD spectrum for the BChl
e-containing chlorosome considering only the Q-Q coupling (white
triangles in panel A) is magnified 10 times. Themeanings of the other
lines are the same as those in Figure 3.
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other hand, refractive indexes of >1.4 resulted in insufficient
enhancement of the Qy band in the case of the BChl e-containing
chlorosome. Therefore, we believe that the effective refractive
indexwithin the pigment aggregate has a value similar to 1.4. The
pigment molecules themselves should contribute to the increase
in the refractive index inside the chlorosome from the vacuum
value.

To evaluate the extent of intensity borrowing, we estimated the
ratio of the spectral area of the Qy band (areaQy

) to that of the
Soret band (areaSoret) for both the monomeric BChls e and c and
their chlorosomal aggregates. For the experimental data, the
ratio areaQy

/areaSoret increased from 0.11 for the monomeric
BChl e to 0.28 for the Chl. phaeobacteroides chlorosome, while
it decreased from 0.32 for the monomeric BChl c to 0.31 for the
Chl. tepidum chlorosome. The spectral areas of the Soret band
were calculated by integrating the spectra from 17600 to 23800
cm-1 and from 20100 to 24600 cm-1 for the chlorosomes of
Chl. phaeobacteroides andChl. tepidum, respectively. Because the
estimated spectral areas of the Soret bands for the chloro-
somes involved the contribution from the carotenoids, the values
of areaQy

/areaSoret should be underestimated. The ratio areaQy
/

areaSoret of the simulated spectra increased from 0.10 for the
monomeric BChl e to 0.34 for the BChl e rodlike aggregate and
from 0.29 for the monomeric BChl c to 0.42 for the aggregated
BChl c. Given the underestimation of the experimental values of
areaQy

/areaSoret, the estimated values for the simulated spectra are
in good agreement with the experimental results.

To illustrate the extent of the intensity mixings among the Bx,
By, andQy transitions, in Figure 8 we show the contribution from
each transition to the isotropic absorption spectra. According to
eq 7, |μm|

2 can be decomposed into the contributions from the Bx,
By, and Qy transitions as

jμmj2 ¼ μm 3 ðμBx,m þμBy,m þμQy,mÞ

� CBx,m þCBy,m þCQy,m ð10Þ

whereCBx,m
,CBy,m

, andCQy,m
are the projections ofμm toμBx,m

,μBy,m
,

andμQy,m
, respectively.μBx,m

μBy,m
, andμQy,m

are the effective Bx, By,
and Qy transition dipoles in the mth state, respectively, given in
eq 7 and indicate the extent of the mixing of the Bx, By, and Qy

transitions in the mth state. It should be noted that CBx,m, CBy,m
,

and CQy,m
can be negative. Figure 8 shows the contributions of

each transition to the isotropic absorption. The spectra of the Bx

(blue), By (green), and Qy (red) contributions in Figure 8 were
obtained by substituting |μm|

2 in the expressions for the isotropic
absorption given by eq 8 with CBx,m

, CBy,m
, and CQy,m

, respectively.
The black lines in Figure 8 show the isotropic absorption spectra,
which are the same as those inFigure 7 and correspond to the sum
of the other three spectra. Figure 8A clearly shows that in the case
of the BChl e-containing chlorosome the mixing of the By

transition accounts for ∼40% of the intensity of the Qy-natured
band. On the other hand, themixing of the Bx transitions with the
Qy-natured band is only minor for the BChl e-containing chloro-
some and negligible for the BChl c-containing chlorosome. This is
consistent with the fact that the Bx andQy transition dipoles in the
neighboringmolecules are not in favorablemutual orientations to
give strong excitonic couplings.

As discussed by Zimmermann et al. (28) in the case of B-Q
coupling of the porphyrin aggregate, intensity borrowing works
effectively when the difference in the transition-dipole strengths
between the two transitions is large. Thus, the larger intensity

borrowing effect for BChl e versus that for BChl c can be
explained by the much larger inequality between the Soret and
Qy transitions in monomeric BChl e. The much stronger By

transition ofmonomeric BChl e versus that ofmonomeric BChl c
causes a larger red shift of the By-natured band, which results in
the stronger coupling between the By-natured and Qy-natured
bands and contributes to the further enhancement of the
Qy-natured band, as suggested by Zimmermann et al.

Our simulation suggested that the CD spectra in the Soret
region are highly sensitive to a slight alteration in the molecular
orientation in the aggregate. This already has been illustrated by
Somsen et al. (44) and Linnanto and Korppi-Tommola (27). In
other words, the CD spectra act as a sensitive probe of the
structural information of the pigment aggregates, such as chloro-
somes. At the same time, the high sensitivity to the structural
parameters suggests that there are a number of solutions that
could achieve sufficient agreement between the simulated and
experimental spectra. In this study, in fact, the adjustments of j1

to 60� and of γBy
and γBx

to-20� caused an alteration in the LD
and CD spectra similar to those caused by the adjustment of j1

to 120� and of γBy
and γBx

to 20�. Thus, the unambiguous
determination of the orientations of the Bx and By transition-
dipole vectors is outside the scope of this study. Experimental
determination of the transition-dipole orientations is necessary to
resolve the uncertainty.

Here, we can raise the question of whether the experimental
spectra can bewell reproduced by structural models that have the
same short-range molecular arrangements as the present rod-
like model but different higher-order structures. To answer this
question, we conducted simulations based on other pigment
aggregate models with different higher-order structures versus
that of the present rodlikemodel.We constructed pigment aggre-
gate models with gentler surface curvatures by simply enlarg-
ing the radius of the rod with the fixed interstack distance. The
number of stacks remained the same, and then the aggregates
with the 2- and 4-fold enlarged diameters formed semicylinder
and quarter-cylinder structures, respectively.Wealso constructed
a pigment aggregatemodelwith an infinite diameter,which forms

FIGURE 8: Contributions from the Bx (blue), By (green), andQy (red)
transitions to the simulated isotropic absorption spectra (black) for
the pigment aggregates composed of BChl e (A) and BChl c (B). See
eq 10 and the related text for details.
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a planar sheet. The short-range pigment arrangements in the
stack in the models described above were the same as that in
the rodlike model. The simulations based on the semicylinder
and quarter-cylinder structures gave basically the same spectral
profiles as those simulated on the basis of the rodlikemodel (data
not shown). Thus, our point in this study is that the short-range
molecular arrangement assumed in this study, rather than the
rodlike higher-order structure, is essential for the accurate repro-
duction of the experimental spectra. The change from the rod-
like to the planar sheet structures had only a limited effect on the
simulated absorption spectra. It, however, caused significant
changes in the CD spectra. This clearly excludes the possibility
of planar sheet being the major structural component of the
pigment aggregate.

It has long been known that the CD spectra of the chlorosomes
were affected by changes in growth conditions (45, 46), changes in
pigment composition (47), and the addition and redilution of a
saturated hexanol (48). These observations indicating the high
sensitivity of the CD spectral patterns to various perturbations
seem consistent with our simulation also showing the high
sensitivity of the CD spectra to the slight changes in the structural
parameters. In this simulation, we suggested that the CD spectra
in the Qy region are insensitive to a slight change in the molecular
orientation and rather sensitive to the change in the length of the
pigment aggregate. It has been known that there is wide variety in
the patterns of the CD spectra in the Qy region among the
chlorosomes of different species. The experimental CD spectrum
of Chl. tepidum showed a small negative band in the red edge
region of the Qy-natured band, while such a negative band was
not prominent in the CD spectrum of Chl. phaeobacteroides.
These observationsmight suggest the wide variety of the length of
the pigment aggregates among species. Saga and Tamiaki (49)
showed that the CD spectrum of the chlorosome of Chlorobium
vibrioforme had the opposite sign in the Qy region versus those of
Chl. phaeobacteroides. The mechanism inducing such a comple-
tely different pattern in the CD spectra of the Chl. vibrioforme
chlorosome seems unaccountable based on the change in the
length of the pigment aggregates, and outside the scope of this
study. It is an important issue to be investigated in the future.

It is noteworthy here that Chl b, which is abundant in plants,
has a molar extinction coefficient similar to that of BChl e. Thus,
it is likely that the absorption spectrum of Chl b is also
significantly affected by the intensity borrowing effect when it
is included in a densely packed pigment-protein complex, such
as light-harvesting chlorophyll-protein complexes (LHCs). In-
deed, early work byOksanen et al. (50) andFra-ckowiak et al. (51)
showed that Chl b exhibited a similar enhancement of the Qy

band upon self-aggregation. The absorption spectrum of the
water-soluble chlorophyll-binding protein reconstituted with Chl
b alone reported by Theiss et al. (52) showed a slightly enhanced
Qy transition. B-Q coupling in LHCs has not been fully
discussed and could be an important issue in the future.

CONCLUSIONS

This study indicated the importance of B-Q coupling in the
pigment aggregates of chlorosomes, especially those containing
BChl e. The simulation considering B-B, B-Q, and Q-Q
excitonic couplings accurately reproduced the peak positions,
relative peak intensities, polarization dependences of the ob-
served absorption spectra, and CD spectra of isolated chloro-
somes. Themolecular arrangement assumed in the rodlike model

was found to be quite suitable for the reproduction of the
properties noted above. This study also indicated that the local
structure, rather than the higher-order structure assumed in the
rodlike model, was essential for the reproduction of the experi-
mental results. In this study, we neglected the effects of the
electronic transitions of carotenoids. Because the absorption
bands of the carotenoids overlap the By-natured band of the
BChl aggregates, the contribution of carotenoids should be
elucidated in the future. We also neglected the Qx band and
vibronic bands of the Qy band, which should contribute to the
observed low-intensity absorbance between the Soret and Qy-
natured bands. This study indicated the importance of intensity
borrowing in BChl e and Chl b self-aggregates. Quantitative
evaluations of intensity borrowing in LHCs will be an important
issue in the future.

SUPPORTING INFORMATION AVAILABLE

Definition of the molecular orientation by using the rotat-
ing angles, j1, θ, and j2, shown schematically and molecular
arrangements and orientations of the transition dipoles in the
structuralmodels used in this study. Thismaterial is available free
of charge via the Internet at http://pubs.acs.org.
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