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Abstract

Magnetic circular dichroism (MCD) and absorption spectra of metal bacteriochlorin complexes have been measured on
bacteriochlorophyll (BChl) a in various solvents and different forms of light-harvesting complexes 1 (LH1 complexes). In
hydrophilic organic solvents, the MCD intensity of the Q,(0-0) transition of BChl a was sensitive to the wavelength of
absorption maximum of Qx(0-0), and the ratio of MCD Q,(0-0) intensity to the dipole strength (B/D) was inversely
proportional to the difference in energy between the Ox(0-0) and Qy(0-0). The similar correlation has been observed in metal
chlorin derivatives as previously reported. The correlation depends on the coordination number of the Mg atom in BChl a
and the molecules ligating to it. In a hydrophobic solvent such as carbon tetrachloride (CCly), however, the correlation did
not hold because of the existence of aggregates. Hence, the correlation between the values of B/D and the energy difference
can be used to estimate the type and number of the molecules ligated to the Mg atom and to disclose the existence of
aggregated pigments. We further apply the correlation to the LH 1 complex treated with n-octyl B-D-
glucopyranoside. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Magnetic circular dichroism; Bacteriochlorophyll ¢; Coordination state; Light-harvesting complex 1; n-Octyl-B-p-glucopyr-
anoside (B-OG) treatment

1. Introduction antenna complexes of purple bacteria and reaction
centers in green plants and bacteria. It is crucial to

Chlorophyll (Chl) a and bacteriochlorophyll understand the nature of the pigments in order to

(BChl) a perform important roles in the light reac-
tion in photosynthesis [1,2]. The pigments are func-
tioning in the light-capture and energy-transducing
systems and usually are held in proteins, such as,
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elucidate the mechanism of photosynthesis, and con-
sequently, Chl a and BChl « molecules have been
profoundly investigated with various spectroscopic
methods: absorption [3-9], infrared and resonance
Raman [10-17], X-ray diffraction [1], and nuclear
magnetic resonance [18-24]. (B)Chl a contains a
Mg atom in the center of macrocycle, which is coor-
dinated by four pyrrole nitrogens. However, the Mg
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atom is not satisfied with the four-coordination and
one or two axial ligands further coordinate to the
Mg atom. The coordination state of the Mg atom
is one of the most important subjects in structural
studies of light harvesting (LH) complexes and reac-
tion centers.

The absorption spectrum of (B)Chl «a is character-
ized by two x- and y-polarized bands in the near-
ultra violet region (Bx, By) and in the visible region
(Ox, Qy). The QO band of BChl a is known to shift by
changing of the coordination state and the shift of
the O band is used to distinguish between the five-
and six-coordinated species [5,9,15,25]. However for
Chl a, determination of the coordination species
from the only absorption spectra is difficult since
the QO band is weak and hardly discernible. Whereas,
the infrared and resonance Raman spectra can be
used to analyze not only the coordination state of
metal bacteriochlorin but also those of metal chlorin
and porphyrin derivatives [12,13,15,16]. Three bands
in 1620-1510 cm™!, which are assigned to C=C
stretching in macrocycle, are downshifted when the
coordination state changes from five- to six-coordi-
nated species. Recently, the analysis is applied to LH
complexes [26-29] and reaction centers [30,31].

The magnetic circular dichroism (MCD) spectra of
porphyrin [32-34], chlorin and bacteriochlorin
[35-42] derivatives have been extensively measured
because MCD is sensitively dependent on the degen-
eracy of the lowest unoccupied molecular orbitals
(LUMOs) and the highest occupied molecular orbi-
tals (HOMOs). Especially, the MCD of hemes with
porphyrin backbones had been studied in order to
elucidate the function of the central metal and elec-
tron-acceptance/donation, such as, oxygen binding of
a hemoglobin and electron transfer of cytochromes
[33,43]. The MCD properties are dramatically varied
with the change of the electronic states of the hemes
by ligation in the central metal or by electron trans-
fer. In the case of chlorin and bacteriochlorin deriv-
atives, the MCD of the pigments in vitro had been
observed and Michl [44,45] suggested a rule for pre-
diction of MCD signs of By, By, Ox and Qy on the
basis of the two energy differences between the next
HOMO and HOMO, and the LUMO and next
LUMO. Keegan et al. [37,38] reported the results
supporting the prediction from MCD measurements
of various artificial pigments. Whereas in vivo, appli-

cation of MCD has not been systematically applied
in comparison with porphyrin derivatives. We have
recently found that the MCD spectra of photosyn-
thetic pigments with chlorin backbones in the visible
region are sensitive to the coordination state of the
central metal, and the ratio of Qy intensity of MCD
spectra to the dipole strength (B/D) is correlated with
the energy difference between the Oy and Qy transi-
tions [42]. It will be possible to determine the coor-
dination number and the relative bonding strength of
ligands.

In this study, we are concerned with BChl « as one
of the predominant metal bacteriochlorin derivatives
in photosynthetic bacteria and have analyzed the
correlation between the values of B/D and the differ-
ence in energy of Oy and Qy. Comparison of the Mg
complexes between chlorin and bacteriochlorin pro-
vides important information on the influence of the
structural difference in the macrocycle on the mixing
between dipole moments. We also measured the ab-
sorption and MCD spectra of aggregated BChl «a in
carbon tetrachloride (CCly) and a LH1 complex, and
then compared the correlations with those of mono-
meric BChl a in hydrophilic organic solvents. The
LH1 complex used in this study is composed of
oligomers of a subunit structure containing carot-
enoids, two BChl molecules, and two small polypep-
tides (o, B peptide), and in the complex, the Mg
atoms of two BCh « are ligated by each histidyl res-
idue in the a, B peptides. The Qy transition of the
complex is known to blue-shift from 877 to 820 nm,
and finally to 777 nm, with increase of the concen-
tration of n-octyl-B-p-glucopyranoside (B-OG)
[46,47]. This blue-shift is probably due to dissocia-
tion of the LHI complex absorbing at 877 nm (B877
form) to smaller unit forms (B820 and B777 forms,
respectively). In order to elucidate the interaction
with BChl ¢ and histidyl residue, we compared the
values of B/D and the energy difference between the
Ox and Qy for the BChl «a ligated by imidazole and
the B777 complex.

2. Materials and methods
2.1. Materials

BChl a was extracted from Rhodospirillum rubrum
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with a mixture of methanol and acetone at a ratio of
1:1 and purified with a reversed phase HPLC column
as previously reported [48]. The purified LH1 com-
plex was obtained from R. rubrum with the method
reported previously and dissolved in 50 mM phos-
phate buffer with the treatment of 0.46% B-OG [49].
The organic solvents used were of spectroscopic
grade and molecular sieves (3A) of Wako Pure
Chemical Industries were used to remove trace water.
Dichloromethane (CH,Cl,) and CCl; were treated
with Na,COs.

2.2. Instrument and spectroscopic methods

Absorption spectra were recorded on a Beckman
DU-640 spectrophotometer with a 1 cm quartz cu-
vette. MCD spectra were measured from 900 to
400 nm on a Jasco J-720w spectropolarimeter with
a 1 cm quartz cuvette. The conditions of MCD mea-
surement were as follows: slit width: 60 um, resolu-
tion: 0.5 nm, response: 1 s, scan speed: 20 nm/min
and external magnetic field: 1.5 T.

BChl a4 was dissolved in various hydrophilic
organic solvents (diethyl ether, acetone, THF, diox-
ane and pyridine), CH,Cl, and CCly. Imidazole and
indole were added in each of the CH,Cl, solutions to
the concentration of 3.3 M. The concentration of
BChl « in all the solutions was 1.3X 107> mol 17!
and the extinction coefficients were calculated on
the basis of a value of 91.0x10* 1 (molxcm)~! in
diethyl ether. The LH1 complex in phosphate buffer
was treated with 0.46%, 0.75% and 4.0% B-OG, sep-
arately.

The deconvolutions of absorption and MCD
spectra were performed using the non-linear curve
fitting tool of a software GRAMS/32 V5.0 (Galac-
tic), according to a method similar to that reported
previously [42]; that is, (1) each pair of the absorp-
tion and MCD spectra was deconvoluted into the
same number of the components which have the
same band center and band width parameters;
(2) a mixed Gaussian-Lorentzian function was used
to fit each component; (3) the deconvolution con-
tinued until % (the sum of squares of the deviations
normalized by the variance of count) attained less
than three.

3. Results

3.1. Monomeric BChl a in hydrophilic organic
solvents

Fig. 1 shows the absorption and MCD spectra of
BChl a in mixed solution of diethyl ether and pyr-
idine. The absorption spectrum observed in neat di-
ethyl ether, showed Ox(0-0) and Qy(0-0) transitions
at 574 nm and 770 nm, respectively. The Qx(0-0) was
red-shifted to 606 nm by titration of pyridine in the
diethyl ether solution, while the Qy(0-0) was only
slightly shifted. The little shift of Q,(0-0) was also
observed in the MCD spectra, however, the MCD
intensity of Qy(0-0) was increased more than that
of the absorption as pyridine was added in the dieth-
yl ether solution. Considering that no aggregation
occurs in the diethyl ether solution and the Mg
atom of BChl «a is known to be five-coordinated in
diethyl ether and six-coordinated in pyridine [12,15],
the spectral change is due to difference of the coor-
dination state.

In order to understand the cause for the increase
of the Qy(0-0) MCD intensity quantitatively, the ab-
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Fig. 1. Absorption (a) and MCD (b) spectra of BChl a/diethyl
ether solution titrated by pyridine. The concentration of BChl a
was calculated as 1.3X 107> mol/l. The volumes of pyridine
added into 3 ml diethyl ether were 0, 10, 20, 50 and 350 ul.
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Fig. 2. Deconvolution of the absorption and MCD spectra of BChl « in diethyl ether (a), and in pyridine (b).

sorption and MCD spectra were measured on BChl a
in various hydrophilic organic solvents followed by
deconvoluting the spectra simultaneously. In the de-
convolution, the same parameters were used to fit
pairs of associated components in the absorption
and MCD spectra, i.e., the same number of compo-
nents, the same band centers and half-widths of max-
imum intensity. Fig. 2 shows the deconvolution re-
sults for BChl @ in diethyl ether and in pyridine, and
Table 1 summarized the fitting parameters. The
bands 1 and 6 apparently correspond to the Qy(0-
0) and Q«(0-0) transition, respectively. For both sol-
vents, seven fitting components were required for a
satisfactory fitting and the bands 4 and 5 were con-
tributed only slightly on the MCD spectra. For other

Table 1

solvents (acetone, dioxane and THF), the spectra
could also be deconvoluted with seven fitting compo-
nents and the bands 4 and 5 were weak in the MCD
activity, as well (data not shown). The MCD spectra
of BChl a are dominated by the Faraday B-term,
which arises from the mixing between electronic
states and is inversely proportional to the difference
in energy between these states. In pyridine, the bands
3, 6 and 7 were relatively closer to the band 1 (Qy(0-
0)) than those in diethyl ether (Table 1). Since the
ratio of the MCD B-term to the absorption dipole
strength (B/D) is often used for a quantitative argu-
ment of the MCD intensity, we tried to correlate the
BID values of Qy(0-0) with the energy difference be-
tween the Qy(0-0) and other bands in all the sol-

Fitting parameters for BChl «a in diethyl ether and pyridine (in parentheses)

Band A (nm) £ (10 I (molxcm)™") Aey (cm?/(mmol X T)) Acm™'% (cm™h) BID (kB/em™")
1 770.0 (782.0) 86.2 (68.4) 22.6 (23.1) 26.4 (33.4)

2 750.1 (761.7) 25.3 (24.6) 9.71 (12.44) 345 (340)

3 723.5 (741.7) 7.41 (5.85) 2.79 (4.83) 835 (695)

4 697.6 (713.9) 7.65 (9.62) 0.36 (0.56) 1348 (1219)

5 656.9 (659.0) 1.78 (2.41) —0.10 (—0.22) 2235 (2386)

6 573.8 (612.2) 17.9 (15.4) —30.4 (—30.3) 4441 (3546)

7 535.6 (574.7) 2.80 (3.59) —4.67 (—6.93) 5684 (4613)

aThe Acm™' is the difference of wavenumber between each band and the band 1.
"The MCD B-term was calculated from molar ellipticity Aey as [40]: B=9.836X 105jbandAsMw)/vdv, where v is wavenumber. The ab-

sorption dipole strength was calculated from the extinction coefficient & as [40]: D =9.1834 X 1073 [panqs(v)/vd .
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Fig. 3. Correlation between B/D(Q,(0-0)) and 1/Acm™'(6—1)
for BChl @ in various solvents, where Acm™'(6—1) represents
the wavenumber difference between the bands 6 and 1. The sol-
id line is the least squares line for BChl « in organic solvents.
The B/D values of the Qy(0-0) are in parentheses.

vents. Good correlation was obtained only for the
band 6 (Qx(0-0)) (Fig. 3), whereas, no correlations
for other bands (data not shown). Therefore, the
energy difference between Q,(0-0) and Q(0-0),
which is caused by the change of the coordination
state, made influences on the Qy(0-0) MCD inten-
sity.

3.2. The ligation of imidazole and in vitro aggregates

For the purpose of analyzing interaction of BChl «
with histidyl residues, we measured the absorption
and MCD spectra of BChl a solutions containing
imidazole. Fig. 4 shows the spectra and deconvolu-
tion results of BChl « in the imidazole-added CH,Cl,
solution. The high concentration of imdazole at 3.3
M was used to completely prevent aggregation of
BChl a. Although the Qx(0-0) transition appeared

Table 2
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Fig. 4. Deconvolution of the absorption (a) and MCD (b) spec-
tra of BChl « in imidazole-added CH,Cl, solution. The concen-
trations of BChl « and imidazole were 1.3X 107> mol/l and
3.3 mol/l, respectively.

at 579 nm in neat CH,Cl,, the Ox(0-0) was being
red-shifted to 630 nm with a pseudoisosbestic point
and the Qy(0-0) band was also red-shifted a little as
the amount of imidazole was increasing (data not
shown). Consequently, the Qx(0-0) bands appeared
at 585 nm and 630 nm in the 3.3 M imidazole-added
solution. This red-shift of the Ox(0-0) indicates the
coordination by imidazole molecules. In order to de-
convolute the spectra in the solution, one more com-
ponent (the band B) was needed in the Oy region
besides the components used in hydrophilic solvents.

Fitting parameters for BChl ¢ in 3.3 M imidazole-added and 3.3 M indole-added (in parentheses) CH,Cl, solutions

Band A (nm) £ (10% I (molxcm)™h) Agy (cm?/(mmol X T)) BID (kB/em™")
A 785.7 22.5 7.82 38.7

1 772.4 (782.5) 34.4 (56.4) 9.71 (15.3) 30.1 (26.1)

2 751.2 (753.9) 13.7 (23.1) 8.02 (9.37)

3 724.0 (718.9) 775 (11.2) 2.26 (3.63)

4 698.1 (689.9) 7.84 (5.37) 0.97 (1.21)

5 658.3 (653.7) 3.33 (3.73) —0.10 (—0.12)

B 628.3 3.94 —9.28

6 587.9 (584.0) 13.2 (20.1) —19.3 (=33.2)

7 546.8 (544.2) 2.41 (3.53) —3.96 (—7.00)
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Further, we deconvoluted the spectra in the Qy re-
gion presuming that there are two Qy(0-0) bands
corresponding to the two Q4(0-0) bands (the bands
6 and B) because an appearance of one more Qy(0-0)
band was observed by titration with varying amounts
of imidazole. The bands 1 and 6 obviously corre-
spond to the Qy(0-0) and Q4(0-0) transitions of pre-
dominant BChl a respectively, therefore, the bands A
and B are attributed to Qy(0-0) and Q4(0-0) of mi-
nor BChl a different from one showing the bands
1 and 6. Considering that BChl a with the six-coor-
dinated Mg atom in pyridine shows the Qy(0-0) tran-
sitions over 600 nm [5,15], the bands A and B prob-
ably originate from the six-coordinated species, and
the bands 1 and 6 from the five-coordinated species.
We also measured the spectra of BChl « in the 3.3 M
indole-added CH,Cl,. In this case, we were able to
decovolute the spectra with the seven components
used in hydrophilic solvents (Table 2). Thus, the
0(0-0) appeared only at 584 nm, different from
that of imidazole. Considering that the CH,Cl, solu-
tions are not acidic, the difference suggests that
the interaction of imidazole with the Mg atom
seems to be stronger than that of indole because
imidazole has a nucleophilic nitrogen in non-acidic
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Fig. 5. Deconvolution of the absorption (a) and MCD (b) spec-
tra of BChl a in CCly. The concentration of BChl a was
1.3%x 107 mol/l.

solvents to serve as a ligand to Mg whereas indole
does not.

Furthermore, the absorption and MCD spectra of
BChl a in CCly were measured in order to estimate
the influence of aggregation on the values of B/D
(Fig. 5). The Qy(0-0) transition of BChl a in CCly
appeared at 780 nm and there was another Qy(0-0)
band as a shoulder around 815 nm, which corre-
sponds to aggregated BChl a, while the Ox(0-0) tran-
sition is observed only at 580 nm. The MCD inten-
sity of BChl a in solvents may be sensitive to a
extremely small concentration of polar impurities.
However, we found that the impurities do not influ-
ence on the aggregation of BChl ¢ when BChl « is
tightly aggregated in CCly, because the absorption,
CD and MCD spectra were not changed when a very
small amount of water or methanol (less than 1 ul;
about 3000 times concentration than that of BChl a)
was titrated in the CCly solution. In the result of
deconvolution (Fig. 5), one more component (C)
was needed in addition to the seven components
used in hydrophilic solvents. The added one compo-
nent is due to the formation of aggregates of BChl a
and the band C is considered as the Qy(0-0) band of
the aggregated BChl a. The two bands of Qy(0-0)
indicate the existence of two states of BChl a, how-
ever, the Ox(0-0) transition could not be deconvo-
luted to two bands. From this, the BChl a molecules
absorbing at 780 nm and 810 nm may have the same
coordination number.

The results from the deconvolution of the imida-
zole-, indole-added CH,Cl, and neat CCly solutions,
were plotted in Fig. 6 showing a correlation between
the B/D values of Qy(0-0) and the energy difference
of 0x(0-0) and Qy(0-0). The positions of BChl a in
the imidazole-added solution were on the line of
monomeric BChl « in hydrophilic solvents. The
five-coordination state where a imidazole molecule
ligates to the Mg atom, locates closely to the position
of BChl « in dioxane, and the six-coordination state
where two imidazole molecules ligate, positioned at
upper-right corner. This indicates that imidazole
molecules interact strongly with the Mg atom of
BChl a (see Section 4). The position of the indole-
added solution was also on the line and near those of
diethyl ether and acetone. Therefore, the interaction
of indole molecules with the Mg atoms is similar to
those of ether and acetone, that is, weaker than that
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of imidazole. In the case of the CCly solution, the
two positions were not on the line of monomeric
BChl a, that is, the B/D values were smaller than
those of monomeric BChl a predicted from the en-
ergy difference. Considering that BChl « tends to
aggregate in non-polar solvent [3,50], the interaction
between BChl ¢ molecules in an aggregate may relate
to the decrease of the B/D values (see Section 4).
Thus, the correlation between the B/D values and
the energy difference may be also useful to discuss
the formation of aggregates. In this respect, BChl a
absorbing at 780 nm is very interesting whether it is
aggregated or not.
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Fig. 7. Absorption (a) and MCD (b) spectra of B777 (dashed
line), B820 (dotted line) and B877 (solid line) forms.

3.3. LHI treated with B-OG

Fig. 7 shows the absorption and MCD spectra of
the LH1 complex at B-OG concentrations of 0.46,
0.75 and 4.0%, and Table 3 lists the wavelengths of
absorption maximum of Qx(0-0) and Qy(0-0) transi-
tions obtained from deconvolution results. At the
B-OG concentration of 0.46%, the Qy(0-0) transition
appeared at 877 nm, while at the 0.75% and 4.0%
B-OG the Qy(0-0) appeared at 820 and 777 nm, re-
spectively (Fig. 7a). The blue-shift reflects the disso-
ciation of the LH1 complex by the increase of B-OG
concentration. On the other hand, the Qx(0-0) tran-
sition was shifted very little even at the B-OG con-
centration of 4.0%, especially in the MCD spectra,

Table 3
The energy difference between the Q.(0-0) and Qy(0-0) transitions and the B/D values of the Qy(0-0) for the B777, B820 and B877
forms

0y(0-0) (nm) 0x(0-0) (nm) Aem™H(Qx—0y)? B/D (kB/cm™!) predicted B/D® (kB/em™!)

(em™)

B777 777 589 4098 29.4 29.3
B820 820 592 4705 22.4 25.1
B877 877 588 5597 9.7 20.5

aThe Acm™!(Qx—Qy) is the difference of wavenumber between the Ox(0-0) and Qy(0-0) transitions.
®The predicted B/D was calculated from the value of Acm '(Qx—Qy) as Eq. 2 in the discussion: B/D=—3.42+1.34x10%

ACrnil(Qx_Qy)-
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though there is a spectral difference in the 500-600
nm region owing to the removal of carotenoids in the
B820 and B777 forms (Table 3 and Fig. 7b). The
removal of carotenoids is probably considered to
have little effect on the absorption and MCD spectra
of BChl a since the absorption maximum of Qy(0-0)
in LH1 complexes was only a little blue-shifted (less
than 4 nm) and the MCD properties were not
changed when the carotenoids in LH1 complexes
were removed with the treatment with benzene
(data not shown). Therefore, the different changes
of Qy(0-0) and O(0-0) suggest that the QOx(0-0)
transition is less influenced by the formation of ag-
gregates than the Qy(0-0) transition. Comparison of
the absorption and MCD spectra shows that with the
dissociation of the LHI1 complex the absorbance of
the Qy(0-0) transition decreased while the MCD in-
tensity changed little. This leads to the increase of the
BID value of Qy(0-0) transition with the dissociation
of the LH1 complex.

When the results of the deconvolution of the LHI
complex were plotted in Fig. 8 showing the correla-
tion between the B/D values and the energy differ-
ences, the B877 form did not fall on the line of
monomeric BChl a, and the B/D value was only
47% that for monomer predicted from the energy
difference (Table 3). The position of the B820 form

six-coord. in imidazole-CH,Cl,

five-coord. in imidazole-CH,Cl,

B777 (29.4)
.
B820 (22.4)

104 e B87709.7)

180 200 20 240 260 280 300 320x10°

1 /Acm"(Qx(O-O)-Qy(O-O)) /[cm]
Fig. 8. Correlation between B/D(Qy(0-0)) and 1/Acm~(6—1)
for B777, B820 and B877 forms, where Acm™'(6—1) represents
the wavenumber difference between the bands 6 and 1 and the
data of B777, B820 and B877 forms were plotted with closed
circles. The solid line is the least squares line for BChl a in hy-
drophilic organic solvents (diethyl ether, acetone, dioxane, THF
and pyridine).

was also not present on the monomeric line, how-
ever, the B/D value (22.4) is closer to the position
on the monomeric line than that of the B877 form.
The position of the B777 form was present on the
line. These facts suggest that the strong pigment-pig-
ment interaction exists in the B877 form and the
interaction becomes weaker as the LH1 complex is
dissociated. The position of the B777 form was very
close to that of the five-coordinated species of BChl a
in the imidazole-added solution. This indicates that
the Mg atom of BChl a in the B777 form still has one
histidyl residue ligated.

4. Discussion
4.1. Monomeric state

Previously, we reported a correlation of the B/D
value of Qy(0-0) with the energy difference between
0x(0-0) and Qy(0-0) for metal chlorin derivatives
[42]. In this study, we found the similar correlation
in the metal bacteriochlorin derivative of BChl a.

From the theory, the B/D value of bacteriochlorin
derivatives is inversely proportional to the energy
difference between the excited states, especially be-
tween the closest set of x- and y- polarized transi-
tions. Therefore, the B/D value of Qy(0-0) can be
expressed by the following equation [36,42]:

B(Qy) B
b0, »*EE M

where E; and E; are the energies of the Ox(0-0) and
0,(0-0) transitions, respectively, and By and B; are
constants. The value of By corresponds to the con-
tribution from the excited states other than the ex-
cited state of O(0-0), and the value of B; corre-
sponds to the mixing between the dipole moments
of 0y(0-0) and Ox(0-0). In Fig. 3, the least squares
line for BChl « in hydrophilic organic solvents was as
follows:

B0)
Do)~ *

1.34%10°
Acm™!

(2)

where Acm™!is the difference of wavenumber be-
tween Qy(0-0) (band 6) and Qy(0-0) (band 1). The
contribution of By to the B/D value for BChl «¢ in
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hydrophilic solvents is much smaller than the second
term in Eq. 2 (Fig. 3), suggesting that the B/D value
of the Qy(0-0) is dominated by the mixing with the
Ox(0-0) transition. The B; value (1.34Xx10°) is
slightly small in comparison with that of BChl ¢
(1.75%10°) previously reported, which may indicate
that the structural and electronic changes from chlo-
rin to bacteriochlorin influence only a little on the
mixing between the dipole moments of Q,(0-0) and
0x(0-0).

For metal bacteriochlorin derivatives, a large red-
shift of Qx(0-0) band had been shown to be caused
by difference of the solvents used and related to a
change from five- to six-coordination state [5]. Fur-
thermore, the absorption maximum of QOx(0-0) de-
pends not only on the coordination number but
also on the nature of the axial ligand [15]. Hartwich
et al. [25] pointed out that the red-shift of Q4(0-0)
band is caused by change of the metal coordination.
They observed the large shift in the metal bacterio-
chlorin and the absence of significant shifts in free
base bacteriochlorin. The lowest energy Qy(0-0)
transition can be described predominantly as a sim-
ple one-electron promotion from HOMO to LUMO,
while the second lowest energy Qx(0-0) transition is a
mixture of two one-electron promotions, next
HOMO to LUMO, and HOMO to next LUMO
[15,36,51]. The effective charge of the central metal
atom strongly influences on the next HOMO because
of the localization of charge on nitrogen atoms in
this orbital. The ligation to the central metal de-
creases the effective charge of the central metal,
which would increase the energy of the next
HOMO and cause the red-shift of Q4(0-0) [15,25].
Therefore, a decrease in the energy difference be-
tween Ox(0-0) and Q,(0-0) transitions is predomi-
nantly attributed to the larger decrease in the tran-
sition energy of the Ox(0-0) by coordination than
that of the Qy(0-0) [7,15].

Fig. 3 shows that even the complexes in the same
coordination number have the variation of the en-
ergy difference between Ox(0-0) and Qy(0-0). This
suggests that the effective charge of the metal atom
is also changed by the nature of ligand molecules,
i.e., the strong interaction of ligand molecules to
the Mg atom decreases the energy difference between
0x(0-0) and Qy(0-0) by the red-shift of Ox(0-0). In
the case of one imidazole molecule ligating to the

Mg, the energy difference is much smaller than those
of diethyl ether and acetone (imidazole: 4063 cm™!,
diethyl ether: 4441 cm™!, acetone: 4257 cm™!), and
the effective charge of the five-coordinated Mg atom
seems to be similar to that of the six-coordinated Mg
atom with two dioxane molecules. Therefore, these
results led to strong interaction of the first coordinat-
ing imidazole molecule with the Mg atom. The fact
that the metal bacteriochlorin with two imidazole
molecules was placed upper-right of that with two
pyridine, suggests that the interaction of the two
imidazole molecules with the Mg atom is stronger
than that of pyridine. The energy difference in the
indole-added solution is similar to that of diethyl
ether and its location in Fig. 6 is lower than that
of the five-coordinated state with one imidazole mol-
ecule. Therefore, indole, whose structure is analo-
gous to tryptophan, interacts more weakly with the
Mg atom than imidazole.

4.2. In vitro aggregates

BChl a is considered to form aggregates in benzene
and CCly, and several studies have been made to
elucidate the aggregated structure and equilibrium
between monomer and the aggregates [3,11,22]. Pre-
viously, we conducted a small-angle neutron scatter-
ing experiment to determine the size of the small
aggregates of BChl a in benzene [48]. The results
indicated that the components absorbing at 781 nm
and 817 nm correspond to dimers and a small
amount of oligomers, respectively. From the spectro-
scopic similarity, the BChl « in CCly absorbing at
780 nm and 815 nm may correspond to dimers and
oligomers, respectively. Fig. 6 shows that the B/D
values of the BChl a absorbing at 780 nm and 815
nm are smaller than those predicted from the mono-
meric line. This is apparently attributed to the de-
crease of the By in Eq. 2, that is, the decrease of
the mixing between the dipole moments of Qy(0-0)
and Qy(0-0). Therefore, the decrease is due to the
pigment-pigment interactions caused by aggregation
of BChl a. The BChl a absorbing at 815 nm are more
strongly interacting with each other than that ab-
sorbing at 780 nm. We previously reported that the
BID value of the special pair of the BChl a dimer in
the reaction center from Chromatium tepidum is
about half that for monomeric BChl a in diethyl
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ether [40], however, the value of the in vitro dimer
absorbing at 780 nm was 89% of that predicted from
the monomeric line. This difference among the
dimers may indicate that the strength of the pig-
ment-pigment interaction depends on the orientation
and distance between the BChl ¢ molecules in a
dimer.

4.3. LHI complex

The B777 form in Fig. 8 was located on the mono-
meric line, indicating that there is no pigment-pig-
ment interaction in this form. Sturgis et al. [28]
have suggested the conservation of ligation of the
histidyl residues in the o or B polypeptides from
comparison of absorption and resonance Raman
spectra between the B777 form and BChl ¢ in an
aqueous B-OG solution. Since the position of the
B777 form is close to that of BChl « ligated by one
imidazole molecule, our MCD results may support
their suggestion. However, the positions of the B820
and B877 forms were not on the monomeric line,
indicating pigment-pigment interaction in both
forms. Compared with the difference between the
measured B/D values and those predicted from the
monomeric line (Fig. 8 and Table 3), the difference of
the B820 form is much smaller than that of the B877
form. Thus, the pigment-pigment interaction prob-
ably becomes weak when the B877 form is dissoci-
ated to the B820 form. It has been reported that the
B877 form is composed of a subunit of B820 form as
0 B>BChly or o3B3BChlg [28,46,52], and Visschers et
al. [53] reported that the B820 form consists of a
strongly interacting dimer of BChl a from fluores-
cence measurements. Our MCD results, however, in-
dicate that the interaction was rather small. The dif-
ference in the influence of aggregation between
fluorescence and MCD remains uncertain. The
B877 form has much stronger pigment-pigment inter-
action than the B820 form. Comparison to the pre-
vious data of the B850 complex in the LH2 and the
special pair in the reaction center extracted from C.
tepidum, shows that the B/D value of the B877 form
was similar to those of the B850 complex (10.6) and
the special pair (12.9) [40]. This may indicate that the
pigment-pigment interaction is similar between them.
Bellacchio et al. [9] noted that the hydrogen-bonding
of the C-3 acetyl substituent and C-13 keto group

possibly influences the macrocycle energy levels
through conjugation with the delocalized n-orbitals,
and further, McAuley-Hecht et al. [54] reported that
an out-of-plane rotation of the acetyl group affects
the absorption properties of Qy(0-0). We measured
the absorption and MCD spectra of BChl « in alco-
hol solvents. The correlation between the B/D value
and the energy difference of Qx(0-0) and Q,(0-0) was
on the monomeric line of Fig. 3. Hence, we are con-
sidering that the value of B; in Eq. 1 is little influ-
enced by the hydrogen-bonding of the acetyl and
keto groups, especially for chlorin derivatives, we
have already reported the independence of the B;
value from the hydrogen-bonding of the keto group.
However for the rotation of the acetyl group, we will
have to estimate the effect on the B; value. The elu-
cidation for the influence of the acetyl group may
lead to a more quantitative analysis of MCD for
the LH1 complexes.

In conclusion, we have correlated the B/D value of
O, transition with the energy difference between QO
and Qy for the pigments with bacteriochlorin back-
bones. From this correlation, we are able to analyze
the ligation state of the Mg atom in BChl a and to
estimate the influence of pigment-pigment interaction
on the mixing between the Oy and Q, dipole mo-
ments in general. This correlation can be applied to
various complexes containing Chl and BChl.
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