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A new thermophilic bacterium Chlorobium tepidum contains two major bacteriochlorophyll ¢ components
whose periphery substituents at 4-position are either an ethyl or a propyl group. Both components possess

ethyl groups at 5-position, and the ester alkyl groups at 7-position are farnesyl groups.

As an aggregate

structure in CDCls a piggy-back type dimer was suggested on the basis of variations of 'H NMR chemical shifts
accompanied with the aggregate formation and of values of calculated ring current shifts. Bacteriochlorophyll ¢
(BChl ¢) aggregates with absorption maxima around 677, 705, and 740 nm showed stepwise interchanges in hex-
ane-dichloromethane with variations in BChl ¢ concentrations and in solvent compositions. Exciton theoretical
analysis of the stepwise spectral shifts predicted high ordered organization of BChl ¢, implying a model for rod-

elements in chlorosomes.

Recently a new thermophilic photosynthetic bac-
terium named Chlorobium (C.) tepidum has been
isolated.)) This is a family of Chlorobiaceae, a green
sulfur photosynthetic bacterium. Green bacteria are
characterized by a special light harvesting organ called
a chlorosome which does not exist in purple photo-
synthetic bacteria.>® Electron microscopy observation
showed that rod-like structures or “rod-elements” are
present in chlorosomes and are parallel to the long-
axis of chlorosomes.®) Chlorosomes are composed of pig-
ments (bacteriochlorophyll (BChl) ¢’s or d’s), lipid, and
proteins. Recently many observations showed that rod-
elements themselves do not contain proteins as basic
elements.*® BChl c aggregates formed in nonpolar sol-
vents showed many physicochemical properties charac-
teristic to native chlorosomes,®” which indicates that
direct interactions among pigments play fundamental
roles in organization of the rod-elements in chlorosomes.
Several basic structural models have been presented
thus far,”'® however, organization of BChl ¢ aggre-
gates in the rod-elements are still open to investigations.
BChl ¢ of chlorosomes isolated from C. tepidum has an
absorption maximum at 740 nm, which is greatly red-
shifted from 668 nm of BChl ¢ in polar organic solvents.
The red-shifted absorption maximum is characteristic of
aggregated BChl ¢ in nonpolar solvents. Thus aggrega-
tion properties of BChl ¢ are fundamental for elucida-
tion of structures and functions of native chlorosome.

We have analyzed the pigment composition and iden-
tified structures of the major components of BChl ¢’s
in chlorosomes from the thermophilic green sulfur bac-
terium C. tepidum. Dimer structures of BChl ¢ in
CDCl; have been elucidated by values of ring current
shift in 'tHNMR. Furthermore we have taken special at-
tention on the findings of stepwise spectral changes of
BChl ¢ in hexane-dichloromethane, analyzed the phe-
nomena by the exciton theory,'’'? and have addressed
to high ordered organizations of BChl c aggregates.

Experimental

Materials and Methods. C. tepidum was grown
and its chlorosomes were isolated by using methods simi-
lar to those previously reported.!*® BChl ¢ was extracted
with methanol (or chloroform) and purified as previously
described.’®!? HPLC (Toso Bio-LC system) with ODS
(TSKget ODS-80TMm) column was used for fractionation to
the components. The elusion solvent was composed of meth-
anol and water with a volume ratio of 96:4. *H NMR spec-
tra were recorded on a Bruker MSL400 FT NMR spectrom-
eter equipped with a dual probe for 'H and *C. Chemi-
cal shifts were referred to TMS. Purified BChl ¢ was dis-
solved in CDCl; treated with NapyCO3.%) BChl ¢ aggregates
were formed in hexane-dichloromethane by adding dichloro-
methane solution of BChl ¢ into a specific amount of hex-
ane solution.®) Dichloromethane was treated with NasCOs
just before use. Calculations based on exciton theory were
performed on an NEC microcomputer with a home-made
program.

Results and Discussions

Figure 1 shows an elusion profile of the pigment solu-
tion after extraction from freeze-dried cells and purifi-
cation by hexane precipitation. Two major components
exist with numerous minor components. The two ma-
jor fractions (called HPLC1 and HPLC2 in this paper),
and two relatively larger peaks (designated by @ and
®) showed absorption spectra which are characteristic
of BChl ¢ in methanol solution (Fig. 2 for HPLC1 and
data not shown for HPLC?2, fractions (D and ). Thus
all four fractions have absorption maxima at 668.5 and
435.0 (£0.5) nm. These absorption peaks indicate that
all four fractions contain the BChl ¢ conjugate units.
Many other minor components also showed similar ab-
sorption maxima. Therefore it revealed that the chloro-
somes from the thermophilic green sulfur bacterium C.
tepidum have two major BChl ¢ components with many
minor ones.
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Fig. 1. HPLC elusion profile of methanol extract of
the C. tepidum cell. Elusion solvent is methanol-wa-
ter (96:4, v/v). Detection wavelength is 670 nm.
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Fig. 2.  Absorption spectrum for HPLC1 BChl ¢ in
methanol.

One dimensional and two dimensional (COSY)
'HNMR spectra were observed in CD30D for struc-
tural determination of HPLC1 and HPLC2 (data not
shown). Homonuclear decoupling 'H NMR spectra were
also observed (data not shown). The data demonstrate
the presence of the basic BChl ¢ conjugate structures
in HPLC1 and HPLC2. Figure 3 illustrates the struc-
tures revealed from the 'HNMR, assignments. Differ-
ences in structures among BChl ¢’s from Chloroflexus
aurantiacus,® and C. tepidum were observed in the sub-
stituents at 4-, 5-, and 7-positions. The substituent at
the 4-position in HPLC1 was determined as an ethyl
group from the signals at 3.66 ppm (quartet) 4a-CH,
and 1.60 ppm (triplet) 4b-CHz. While the substituent
at the 4-position in HPLC2 was found to be a propyl
group on the basis of the 'H NMR signals at 3.62 ppm
(triplet) 4a-CHj, 2.08 ppm (sextet) 4b-CHp, and 1.15
ppm (triplet) 4c-CHj. The substituents at 5-position
for both HPLC1 and HPLC2 were revealed to be ethyl
groups from the signals at 3.92 (3.93) ppm (quartet) 5a-
CH, and 1.77 (1.78) ppm (triplet) 5b-CH3. The candi-
dates for the alkyl group of the alcohol which esterified
with the propionic acid at the 7-position are farnesyl,
phytyl, and octadecyl. Only a farnesyl group gives the
'H NMR signals which are consistent with the observed
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signals.

'HNMR spectra were obtained for HPLC1 in CDCl3,
and in CDCIl3 with a small amount of CD3;OD
(Fig. 4). Homonuclear correlated two dimensional
'HNMR (COSY) spectrum was also observed (data not
shown) to aid the signal assignment. The *H NMR res-
onances were assigned on the basis of these informa-
tion together with a previous data in a literature for
a similar dimer made of BChl d.'® It is revealed from
Fig. 4, and a number of COSY peaks (data not shown)
that in CDCl3 there exist a pair of resonances with an
equal intensity for respective protons of HPLC1. This
is apparent especially for o-H, 8-H, §-CHs, 2b-CHs,
and 3a-CHj protons. These facts indicate that BChl
¢ exists in two different environments in CDCl3. Since
for BChl ¢ aggregates, 5 coordinatin of the Mg?* ion
with the 2a-hydroxyl group has been established from
the evidence of resonance Raman spectra!® and model
experiments,'” we need to presume the presence of an
asymmetric dimer model (a) or (d), or of the mixtures
of two symmetric dimer models (b) and (c) in Fig. 5 to
explain the THNMR data. The models (a) to (c) are
head to head models where both 2a-hydroxyl groups
coordinate to the magnesium ion of the other molecule.
The model (a) is a piggy-back type, and the models
(b) and (c) are a face to face type and a back to back
type, respectively. The model (d) is a parallel head-to-
tail model where the 2a-hydroxyl group of one molecule
coordinates to the other molecule, and the 9-carbonyl
group of one molecule coordinates to the other molecule.
It should be noted that protons from 2b-CHjs and o-H
show high field shifts. Since a ring current makes pro-
tons out of the ring plane shift to the high field, and
makes ones in the plane shift to the low field, the ob-
served results indicate that the 1-hydroxyethyl group in
the 2-position should be out of plane, thus should coor-
dinate to the magnesium ion of the other BChl c. Since
the model (d) does not satisfy this qualitative consid-
eration, we only need to consider the models (a) to (c).
HPLC2 also gave similar 'H NMR spectra, thus indicat-
ing that the two major BChl ¢ components form similar
dimeric structures irrespective of the substituents at the
4-position.

From Figs. 4a and 4b the chemical shift changes due
to dimer formation were evaluated as the differences of
the chemical shifts in CDCl3 from those in CDCl3 with
a small amount of CD30D, where BChl c exists as a
monomer. The results obtained were summarized in
Table 1 together with calculated ring current shift data
described below.

A ring current shift for a specific proton at a point R
(6r) from surrounding monomeric unit was calculated
by Abraham’s double-dipole (ring current) model using
the following equation,

6. up 8, pH 2
5R=;%§(1—3c0s29m)+;%—%(1—3cos OjR).
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Fig. 3. Structures for HPLC1 and HPLC2 BChl ¢ from Chlorobium tepiddum.
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Fig. 4 'HNMR spectrum of the HPLC1 in CDCl; (a)
and in CDCl3 with a small amount of CD3OD (b).

Where pp and py are the equivalent dipoles in the pyr-
role ring and in the hexagon. The ;g and ;g are the
distance between the point R and the dipole, and the
angle that v;r makes with the z axis.'®'® Two kinds
of equivalent dipoles, up and py were taken to be 19.0
and 22.0 A3, respectively. Structural information was
adopted from a literature of X-ray crystal data for BChl
.29 The calculated results were summarized in Table 1
and compared with the experimentally observed chem-
ical shift changes due to dimer formation. Since exper-

Fig. 5. Possible BChl ¢ dimer models, (a) a head to
head model (a piggy back type), (b) a head to head
model (a face to face type), (c) a head to head model
(a back to back type), and (d) a parallel head to tail
model. The direction of Qy band is depicted in the
figures.

imentally a pair of signals were observed for respective
protons, and either one of the symmetric models does
not give a pair of the proton signals, and furthermore
the chance to form either one of the symmetric dimers
may be equal, we should compare the calculation val-
ues with the equal mixture of the symmetric dimers.
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Thus for the symmetric dimers the calculation values
should be combined and compared with the experimen-
tal ones. After considering these facts, we can propose
from Table 1 that the model (a) offers the values which
agree most with experimental values especially for a-
H, 6-CHs, and 3a-CHj positions, where the ring cur-
rent shift of these positions should be very sensitive to
the aggregation structures of the models. The present
calculation method may not be good for the protons
where the distance from the ring is too short, because of
the dipole approximation. This may explain the larger
values calculated for 2a-CH as compared to the experi-
mental ones.

Figure 6 shows absorption spectra of BChl ¢ with
variation in its concentrations. BChl c¢ aggregates
showed the Q, transitions centered around 677, 705,
and 740nm. Shorter wavelength components were pre-
dominant in lower concentrations of BChl ¢. Thus, with
increase of BChl ¢ concentrations, the components with
677, 705, and 740 nm peaks predominated in this or-
der. This implies that higher and more stable aggre-
gates formed with increase of BChl ¢ concentrations,
and that aggregates with absorption peaks at 677, 705
and 740 nm are formed stepwisely.

Figure 7a shows absorption spectra showing addition
effects of dichloromethane on the BChl ¢ aggregates in
hexane-dichloromethane. Addition of dichloromethane
gave pseudoisosbestic points at 720 nm, indicating that
the higher aggregate with absorption peak around 740
nm degraded to the lower aggregates with absorption
peaks at 677 and 705 nm. Addition of methanol on
the BChl c aggregates in hexane-dichloromethane sol-
vent gave pseudoisosbestic points at 700 nm indicating
concomitant decrease of the 677 and 705 nm peaks with
that of the 740 nm peak, and made increase of the BChl
¢ monomer band at 663 nm (Fig. 7b). These results on
solvent addition effects indicate that dichloromethane
disrupts the 740 nm aggregate selectively without af-
fecting the 677 and 705 nm aggregates, but that meth-
anol degrades all the aggregates with absorption peaks
at 677, 705, and 740 nm to the monomer with a 663
nm peak. Observed pseudoisosbestic points represent
changes between these two states, respectively.

We analyzed the origins for the stepwise spectral
changes with a exciton theory?") by adopting a linearly
oriented BChl ¢ aggregate model. The exciton band
energies were calculated by diagonalying the following
wave equation within the lowest excitation forming the
Qy band of BChl ¢:??

HUyx = ek Uk,

where Uy is the K-th exciton wave function described
by the next equation with a constant Cx; and the BChl
¢ lowest excitation wave function, 1;:

N
Vg = E Ckits.
i=1
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Fig. 6. Absorption spectrum for BChl ¢ in various

concentrations in hexane-dichloromethane (100:1,
v/v). (a), 6.0x107° moldm™2, in a 1 cm cell. (b),
1.0x107° moldm™3 in 1 cm cell. (c), 2.0x1077
moldm ~2, in 1 cm cell.

The hamiltonian H can be represented as
N N
H=Yli>E<i|l+ >, |i>V;<jl,
i=1 i#j=1
where the energy positions E; are parameters which
were taken as the monomeric BChl ¢ transition ener-
gies for Qy bands (1.51x10* ¢cm™! (662.5 nm)). The
interaction energies V;; were calculated with the dipole
approximation by the following equation.
Vi, = 5 4 YiiHits — 3 (;7;1 “Hi) (’Yz'j'uz‘)’
ij

where y,, is the transition dipole moment of the n-th
pigment and +;; is the vector connecting the centers of
the pigments ¢ and j. The absolute value of u, was
taken from the experimental value as V30D (D=10'18
esu cm).!V
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Table 1. Observed and Calculated Ring Current Shift Values

Observed Calculated ring current shift (ppm)
chemical shift (a) Asymmetric (b) Symmetric
differences/ppm (Piggy back) (Face to Face) (Back to Back)
a-H —1.85 —2.09 —-1.40 —4.07
—2.83 -3.38
B-H 0.38 0.18 0.17 0.20
0.36 0.16
§-CH; 0.33 0.18 0.03 0.12
—0.15 ~0.22
2a-CH  -2.54 —5.37 —5.55 —4.63
~3.32 -5.39
2b-CH;  —1.02 —2.21 —2.41 —2.17
~1.56 —2.43
3a-CHs 0.15 0.11 0.09 -1.23
—0.21 ~0.19
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Fig. 7. Absorption spectra for BChl ¢ 6.0x107% moldm ™2 in hexane (1 ml) with various concentration of dichloro-

methane of 10, 30, 50, 70 pl (a), and methanol of 0, 1, 2, 3, 4, 5, 6, 7 pl (b).

The structures adopted were those extended from
the piggy-back dimer established from the previous
'HNMR experiments. The side-view can be drawn as
that in Fig. 8 and the top-view is an extention of the
structure in Fig. 5a. Parameters necessary for the cal-
culation are easily estimated from the structure. For ex-
amples the angle between the dipoles in the neighboring
BChl ¢’s is calculated as 171° and the distance between
the two BChl ¢ dipoles in the dimer unit as 7.38 A. The
exciton theory tells that interactions between transition
moments depend on their angles, and are inversely pro-
portional to the cube of their distances. The theory,
therefore, predicts significant red-shifts for dimer for-
mation from monomers, and for tetramer formation??
from dimers. Actually model calculations showed a
major red-shift both for dimer and tetramer forma-
tions, and minor red-shifts for the formations of aggre-

gate beyond tetramer (Table 2). Hence we attributed
the observed first and second large stepwise spectral
changes to the dimer and tetramer formations, respec-
tively. The observed third stepwise absorption change
needs, therefore, much higher ordered arrangements.
This idea brought us to a “direct ring overlap” model
among the linear BChl ¢ aggregates (Fig. 8a) as shown
in Fig. 8b. The direct ring overlap of this type makes
feasible each BChl ¢ ring closer than that within the
linear aggregates where there exist a coordination bond
of the 2a-hydroxyl group to the magnesium ion. The
relative arrangement of the linear aggregates, i.e. the
distance between the centers of two bacteriochlorophyll
magnesium ions was selected as 3.9 A which gave the
longest wavelength shift. The value was found to be
consistent with those of the ring current shifts estimated
from cross polarization/magic angle spinning 3C NMR,
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Fig. 8. Model bacteriochlorophyll c aggregate. A linear aggregate (a) and a direct ring overlap model (b). The dimer
and the tetramer units are drawn within lines (---) and (-:-), respectively.

Table 2. Results of Exciton Theoretical Calculations
for BChl ¢ Aggregates

Ring overlap model
(Fig. 8b) No. of

Linear aggregate
(Fig. 8a) No. of

BChl ¢ A\/nm BChl ¢ A/nm

1 662.5
2 685.1 4 699.0
4 696.7 8 714.5
6 701.8 12 722.2
8 704.6 16 726.4
10 706.2 20 729.0
12 . 707.2 24 730.7
14 708.0 28 731.9
16 708.5 32 732.7
18 708.9 36 733.4
20 709.2 40 733.9

30 710.0

40 710.3

results.!¥ Actually exciton theoretical calculations on
the higher ordered structures (Fig. 8b) among linear
aggregates made of 20 BChl ¢’s resulted in the red-shift
to 733.9 nm (Table 2).

The presently proposed model, i.e. the direct ring
overlap model, is reasonably consistent to the observed
solvent effects on the BChl c¢ aggregates described
above. The high ordered arrangements of BChl ¢ aggre-
gates absorbed around 740 nm are stabilized by 7-elec-
tron interactions, while the linear aggregates absorbed
at 677 and 705 nm are stabilized by coordination bonds
of the hydroxyl group to Mg?* ion. The latter inter-
actions should be very sensitive to a hydroxyl group,
which can competitively coordinate to Mg?* ion, while
the former interactions should be sensitive to polar sol-
vents even without coordination ability.

The close similarities of the absorption spectra and
the solid state Y3CNMR spectra'® between the model
systems described here and the native chlorosomes im-

plies that they have similar BChl ¢ aggregates. More-
over the environment of BChl ¢ in chlorosomes can be
presumed to be nonpolar as in BChl ¢ aggregates in
hexane. Considering the highly ordered arrangement of
the linear aggregates, and the size of the rod-elements of
50 A diameter in chlorosomes, we tentatively proposed
the organization of BChl ¢’s in the rod-elements in chlo-
rosomes as shown in Fig. 9. This arrangement is con-
sistent with the experimental results of linear dichroism
which showed the direction of Q transition moments is
almost parallel to the long axis of chlorosomes.?®) The
vertical arrangement of the ring to the periphery of the
rod which makes feasible the direct ring overlap between
the linear aggregate is unique in this model. The far-
nesyl tails at position 7 get together toward the inside
of the rod in this model, however there is no direct ex-
perimental evidence for this arrangement. It may be
possible that half of the tail forwards to the outside.
In conclusion it revealed that the thermophilic
green sulfur bacterium C. tepidum have two major
BChl ¢ components with several minor BChl ¢ frac-

Fig. 9. Predicted organization of bacteriochlorophyll
c’s in chlorosomes.
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tions. 'H NMR investigation disclosed that HPLC1 and
HPLC2 have basic BChl ¢ conjugate structures with a
farnesol ester at the 7-position, and an ethyl group at
the 5-position. At the 4-position HPLC1 possesses an
ethyl group and HPLC2 has a propyl group. BChl c¢’s
form a piggy-back type dimers in CDClj irrespective of
the substituent (either an ethyl or a propyl) at the 4-
position. BChl ¢ aggregates with absorption maxima
around 677, 705, and 740 nm showed stepwise inter-
changes in hexane-dichloromethane with variations in
BChl ¢ concentrations and solvent compositions. Ex-
citon theoretical analysis of the stepwise spectral shifts
predicted high ordered organization of BChl ¢, implying
a model for rod-elements in chlorosomes.

This work was supported by a Grant-in-Aid from the
Ministry of Education, Science and Culture, and from
Asahi Glass Foundation.
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