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The mutant lacking the enzyme BciA (renamed CT1063), which catalyzed reduction of the 8-vinyl group
of a porphyrinoid-type 3,8-divinyl-(proto)chlorophyllide-a [DV-(P)Chlide-a] in the green sulfur bacte-
rium Chlorobaculum (Cba.) tepidum, was reconstructed on the basis of the previous study reported by
Chew and Bryant [J. Biol. Chem. 2007, 282, 2967–2975]. Cba. tepidum biosynthesizes the following three
different types of chlorophylls (Chls) through their common precursory DV-(P)Chlide-a as its photosyn-
thetically active pigments: bacteriochlorophyll(BChl)-c and Chl-a with the partially reduced 17,18-trans-
dihydroporphyrin and BChl-a with the further reduced 7,8-trans-17,18-trans-tetrahydroporphyrin. The
structures of Chls thus produced were characterized in detail by various spectroscopic techniques. In
the mutant, both BChl-c and Chl-a possessing the alkyl group at the 8-position were exclusively replaced
by their 8-vinylated derivatives, whereas BChl-a possessed the original 8-ethyl group. The present obser-
vations were inconsistent with the previous report. However, it was apparently confirmed that the
enzyme BciA was responsible for the reduction of DV-(P)Chlide-a to produce BChl-c and Chl-a. Notewor-
thily, exclusive accumulation of the reduced (8-ethylated) form of BChl-a, not its 8-vinylated derivative,
in the mutant indicates the presence of another enzyme catalyzing the 8-vinyl reduction as yet uniden-
tified or any other reduction mechanism using a known enzyme to yield BChl-a.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Chlorophylls (Chls) are one of the most recognized and most
abundant types of pigments on the earth.1 Chl pigments have
evolved to fulfill several functions in photosynthesis: they absorb
light and transfer it with high efficiency to reaction centers (RCs)
where specialized Chls are active in primary charge-separation
and energy-transduction processes.2,3 Chls undergo different mod-
ifications during their biosynthesis4–7 and a variety of Chls are
found especially in light-harvesting (LH) complexes not in RCs.8,9

These chemical modifications help organisms to fine-tune absorp-
tion and energy transfer features of the LH complexes.

A major distinction among various classes of Chls which defines
characteristic spectral features is the degree of (un)saturation of
p-conjugated macrocycles: the fully conjugated porphyrin
macrocycle in Chl-c of chromophyte algae, chlorin with the
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17,18-trans-dihydroporphyrin in Chls-a/b/d/f of oxygenic organisms
and also in bacteriochlorophylls(BChls)-c/d/e/f of green anoxygenic
bacteria, and bacteriochlorin with the 7,8-trans-17,18-trans-
tetrahydroporphyrin in BChls-a/b/g of anoxygenic bacteria (the
latter two types of macrocycles are seen in Fig. 1).2,9–13

Chemical modifications of Chls during their biosynthesis have
been widely investigated by molecular genetic techniques.6–8 Most
of the enzymes catalyzing the modifications have been identified
and mutants lacking a specific enzyme are known. All mature Chls
are assumed to be biosynthesized through the common
porphyrinoid-type precursor, 3,8-divinyl-(proto)chlorophyllide-a
[DV-(P)Chlide-a] (the structure seen at left in the Graphical
Abstract). DV-PChlide-a is site-selectively reduced at its 8-vinyl
group to afford the mono-vinyl type of PChlide-a (=3-vinyl-8-
ethyl-PChlide-a) by an 8-vinyl reductase.4,7 PChlide-a is further
reduced at the C17@C18 moiety by a light-(in)dependent oxidore-
ductase to the chlorin-type of Chlide-a.14,15 Recently, an alternative
pathway has been proposed for the 8-vinyl reduction: the
C17@C18 of DV-PChlide-a is first reduced to DV-Chlide-a and the
8-vinyl group of DV-Chlide-a is then reduced to Chlide-a.6,16,17

The remaining reactive 3-vinyl group is further modified to other
substituents: 3-CHO in Chl-d, 3-COCH3 in BChl-a and 3-CH(OH)CH3

in BChls-c/d/e/f. Thus, the reduction of the 8-vinyl group of DV-(P)
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Figure 1. Molecular structures of Chls found in the wild type and its bciA mutant of
Cba. tepidum. Optically active carbon atoms are indicated by asterisks. R1, R2 and R3

(in BChl-c) @H or CH3. The numbering on partial carbon atoms is given by IUPAC-
IUB nomenclature.
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Chlide-a is the key step in producing a variety of Chls in nature, and
the content and composition of Chls are important for physiologi-
cal and taxonomic parameters of photosynthetic organisms.

Green sulfur photosynthetic bacteria biosynthesize three differ-
ent types of Chls, that is BChl-c, Chl-a and BChl-a, as their photo-
synthetically active pigments.18,19 The genome of a green sulfur
bacterium Chlorobaculum (Cba.) tepidum contains homologs of
two genes, CT1063 and CT201420 which have been reported to en-
code the 8-vinyl reductase of DV-(P)Chlide-a in plants (Arabidopsis
thaliana)16,17 and purple bacteria (Rhodobacter capsulatus),21

respectively. Both genetic and biochemical analyses showed the
gene CT1063 called bciA, not CT2014 known as bciB, encoded the
8-vinyl reductase of DV-PChlide-a in Cba. tepidum.22 It was noted
that all three types of Chls in the mutant lacking bciA of Cba.
tepidum were replaced by their 8-vinylated derivatives without
causing any growth defect for the organism. Here, we recon-
structed the mutant lacking the bciA and reinvestigated the struc-
tures of three types of the resulting Chls in detail to confirm the
activity of the enzyme BciA as an 8-vinyl reductase in Cba. tepidum.
2. Results and discussion

2.1. Molecular structures of Chls found in Cba. tepidum and its
mutant lacking 8-vinyl reductase

Green sulfur bacteria including the present Cba. tepidum biosyn-
thesize three different types of Chl pigments: BChl-cF (esterified
with farnesol as the 17-propionate), Chl-aPD (with D2,6-phaytadi-
enol) and BChl-aP (with phytol) as shown in Figure 1 (the subscripts
‘F’, ‘PD’ and ‘P’ are abbreviations of hydrocarbon moieties in the 17-
propionate), as their photosynthetically active pigments.9,18,23

2.1.1. BChl-cF

BChl-cF as shown in Figure 1a is present in LH antennae called
chlorosomes and is characterized by the presence of a
3-(1-hydroxyethyl) group, a central magnesium and a 13-carbonyl
group and by the lack of a 132-methoxycarbonyl group in a
molecule. These functional groups are aligned to the y axis of a
molecule. Based on such structural features, BChl-c spontaneously
forms well-ordered self-aggregates through the coordination and
hydrogen bonds: Mg ��� O(32)�H ��� O@C(131).23–25 The aggre-
gates constitute the core part of chlorosomes and play the key role
in harvesting light-energy and transferring it to photochemical RCs
via energy-accepting apparatuses [baseplate and Fenna-Matthews-
Olson (FMO) proteins] composed of BChl-a (vide infra). BChl-c is a
mixture of diastereomers at the chiral 31-position as well as homo-
logs with different degrees of methylation at the 82- and 121-
positions. The (31R)-epimers having an ethyl (E), propyl (P) or
isobutyl (I) group at the 8-position and a methyl (M) or ethyl group
at the 12-position are termed R[E,M], R[E,E], R[P,E] and R[I,E]. The
(31S)-epimers are termed similarly, S[E,E], S[P,E] and S[I,E]. In
green sulfur bacteria, BChls-c are mainly esterified with C15 farne-
sol as their 17-propionate residues instead of the usual C20 phytol
found in most naturally occurring Chls, although several different
long chains as the 17-propionate residue have also accumulated
as minor components.

2.1.2. Chl-aPD

Chl-aPD as shown in Figure 1c is an analog of the best known
and most abundant Chl pigment, Chl-aP, on the earth. The
structural difference between the two types of Chl-a is only in their
17-propionates: phytol for Chl-aP and D2,6-phytadienol for
Chl-aPD. Chl-aPD is present in the photosystem I-type of RCs of
green sulfur bacteria and functions as the primary electron
acceptor in the RCs.19,26

2.1.3. BChl-aP

BChl-a with a bacteriochlorin p-skeleton (7,8-reduced form of
chlorin moiety in the above mentioned BChl-c and Chl-a) as shown
in Fig. 1d acts as the first and the second acceptor (baseplate and
FMO proteins, respectively) of light energy from the core LH part
of chlorosomes and is also photosynthetically active pigments in
RCs.18,23

2.1.4. BChl-cF, Chl-aPD and BChl-aP in the mutant lacking 8-vinyl
reductase

During the biosynthesis of all three Chls mentioned above, the
8-vinyl group in their common precursory DV-PChlide-a was re-
ported to be reduced to an ethyl group by the enzyme BciA.5,22

In the case of BChl-cF, the ethyl group was further methylated once
or twice by the enzyme BchQ (for the methylation at the 82-posi-
tion) and similarly the 12-methyl group was methylated by BchR
to form various homologs as seen in Figure 1a.27 It was previously
reported that the mutant lacking bciA of Cba. tepidum accumulated
8-vinyl derivatives of all three Chls as shown in Figure 1b–d.22 To
evaluate the activity of the BciA enzyme, we reconstructed the bciA
mutant of Cba. tepidum on the basis of the reported method22 (see
Fig. S1A), and reinvestigated the structural changes of the three
Chls following the mutation.

2.2. Three types of Chls found in Cba. tepidum

Figure 2a shows the normal-phase HPLC profile of the extract
containing three types of Chls from the cells of the bciA mutant
of Cba. tepidum, according to the method of Kobayashi et al. (data
on the wild type are cited in Fig. S2).19 The relative content of
the three Chls was estimated to be BChl-cF/Chl-aPD/BChl-
aP = 96.7:0.2:3.1 from the peak areas of HPLC (the ratio for the wild
type of 96.4:0.3:3.3). Details of the estimation are ascribed in
Fig. S2. To confirm the minor Chl-aPD and BChl-aP in the profile,
mass chromatograms (m/z = 889.5 and 911.5) were applied as
shown in Figure 2b and c. Based on the mass chromatograms,



Figure 2. Normal-phase HPLC profile detected at 400-nm absorbance (a) and
selective mass chromatograms at m/z = 889.5 for Chl-aPD (b) and 911.5 for BChl-aP

(c) of the extract containing three types of Chls from the cells of the bciA mutant of
Cba. tepidum. HPLC conditions: Column, Cosmosil 5SL-II (3.0 � 150 mm); eluent,
hexane/2-propanol/methanol = 100:1.5:0.2 (v/v/v); flow rate, 1.0 mL/min. Car
indicates carotenoid.

Figure 3. Representative reverse-phase HPLC profiles of BChl-cF extracts from the
cells of the wild type (a) and the bciA mutant (b) of Cba. tepidum. The cells were
harvested at the stationary phase of the cultivation. HPLC conditions: Column,
Cosmosil 5C18-AR-II (4.6 � 250 mm), eluent, acetonitrile/acetone/H2O = 65:15:20
(v/v/v); flow rate, 1.0 mL/min.

Table 1
APCI-mass spectrometric data of BChls-c from full-grown cells of Cba. tepidum and its
bciA mutant

Pigment species
(retention
time/min)

Observed peaks Calculated for

Molecular-
iona

Fragment
1b

Fragment
2c

[MH]+ Fragment
1

R[E,M]BChl-c (28.4) 793.5 589.1 775.3 793.45 589.26
R[E,E]BChl-c (36.6) 807.4 603.2 789.4 807.46 603.27
S[E,E]BChl-c (38.4) 807.3 —d 789.3 807.46 603.27
R[P,E]BChl-c (45.1) 821.4 617.2 803.4 821.48 617.29
S[P,E]BChl-c (47.6) 821.4 617.3 803.4 821.48 617.29
R[I,E]BChl-c (55.5) 835.4 —d 817.4 835.49 631.31
S[I,E]BChl-c (58.6) 835.4 631.3 817.4 835.49 631.31

R[V,M]BChl-c (28.6) 791.3 587.2 773.4 791.43 587.24
R[V,E]BChl-c (36.5) 805.3 601.2 787.3 805.45 601.26
S[V,E]BChl-c (38.9) 805.3 601.1 787.4 805.45 601.26

a [MH]+.
b Protonated bacteriochlorophyllide-c ([M�farnesyl+2H]+).
c [M�OH]+ or [M�H2O+H]+.
d Not identified.
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Chl-aPD (exact mass, 888.50) and BChl-aP (910.55) were identified
as their protonated forms ([MH]+) at the retention times of 2.9
and 6.9 min, respectively. Each on-line absorption spectrum also
supported the assignment (Fig. S2d as an example). Chl-aPD and
BChl-aP were thus fractionated by the HPLC and are further charac-
terized in Section 2.3.3. Since separation of an epimeric and homol-
ogous mixture of BChl-c eluted at the retention times of 13–21 min
was not sufficient for characterization under these HPLC condi-
tions, detailed analysis of a mixture of BChl-cF was done in the next
Section, 2.3.1, using high-resolution reverse-phase HPLC.

2.3. Characterization of Chls found in Cba. tepidum and its
mutant lacking 8-vinyl reductase

2.3.1. A variety of BChl-c epimers and homologs in LH
chlorosomes

Figure 3a shows a representative reverse-phase HPLC profile
monitored at 435 nm for the extracts from the cells of the wild
type of Cba. tepidum. Several BChl-c components were detected
as the pigments absorbing a 435-nm light. According to previous
reports on the accumulation of several BChl-c molecules in Cba.
tepidum,28,29 these seven peaks were safely assigned to BChls-c
having different degrees of the methylation at the 82- and
121-positions as well as stereochemistry at the chiral 31-position:
R[E,M], R[E,E], S[E,E], R[P,E], S[P,E], R[I,E] and S[I,E] forms of
BChl-cF in the order of elution (see the abbreviations in Section 2.1).
The assignment was confirmed by on-line LCMS as shown in
Table 1 and by the 1H NMR spectrum for the dominant
R[E,E]BChl-cF in Fig. S3b (see details in Section 2.3.2).

The pigment composition of the bciA mutant was quite different
from that of the wild type as shown in Figure 3. In the bciA mutant,
the homologs with methylation at the 82-position were completely
eliminated due to the absence of a characteristic ethyl group at
that position. A predominant pigment at the retention time of
36.5 min was observed. The pigment exhibited a red-shifted Soret
absorption at 440.6 nm and almost no shift of the Qy absorption at
660.2 nm in Et2O in comparison with R[E,E]BChl-cF (432.4 and
660.6 nm) from the wild type as shown in Figure 4a, and was
assumed to the 8-vinyl form of BChl-c. Chl pigments having an
8-vinyl group generally showed their red-shifted Soret absorption
and almost no shift of the Qy absorption, compared with the corre-
sponding 8-ethylated analog: Chl-aP (429.6/660.8 nm in Et2O) and
8-vinyl-Chl-aP (436.2/659.8 nm in Et2O) as examples.22,30 The rela-
tive content of the dominant R[V,E]BChl-cF was estimated to be
94.7% of the total BChl-cF in the mutant by the peak areas of HPLC.



Figure 4. UV–vis (a,c,e) and CD spectra (b,d,f) of the isolated Chls in Et2O: (a,b)
R[E,E]BChl-cF from the wild type (dotted) and R[V,E]BChl-cF from the bciA mutant
(solid) of Cba. tepidum; (c,d) Chl-aPD from the wild type (dotted) and 8-vinyl-Chl-aPD

from the mutant (solid); (e,f) BChl-aP from the wild type (dotted) and the mutant
(solid). Absorption maxima of each pigment from the mutant are labeled: the
values from the wild type shown in parenthesis.

6806 T. Mizoguchi et al. / Bioorg. Med. Chem. 20 (2012) 6803–6810
The content was almost independent upon bacterial cultivation
(see Table S1 on the composition of BChls-cF at different growth
stages).

2.3.2. Structural determination of R[V,E]BChl-cF in the bciA
mutant

From electronic-absorption properties of BChl-c synthesized in
the bciA mutant as shown in Figure 4a, we expected the newly
accumulated pigments to be the 8-vinylated derivative of BChl-c.

R[V,E]BChl-cF, a major homolog of BChl-c in the mutant, was
fully characterized by its 1H NMR and mass spectra. The pigment
gave the molecular-ion peak at m/z = 805.3 (see Table 1 and
Fig. S4), which was consistent with the value of the protonated
pigment (calcd for 805.45). One of the fragment peaks (fragment
1 in Table 1 and Fig. S4) was observed at m/z = 601.2 produced
by the loss of the esterifying group in the 17-propionate residue,
indicating that the pigment had a C15 farnesyl group:
805.3�601.2 = 204.1 = C15H25�H. Moreover, another fragment
peak was observed at m/z = 787.3 due to the loss of 17 in mass
number (fragment 2 in Table 1 and Fig. S4), supporting the pres-
ence of a hydroxy group in a molecule.

Figure S3 shows a representative 1D-1H NMR spectrum of the
purified R[V,E]BChl-cF in tetrahydrofuran (THF)-d8 at room temper-
ature, together with the corresponding 8-ethylated R[E,E]BChl-cF

isolated from the cells of the wild type. We can clearly find the
presence of the proton signals originating from the characteristic
vinyl group in R[V,E]BChl-cF (chemical shifts, dH = 8.18, 6.17 and
5.87 ppm) and the lack of the signals from 8-CH2CH3 found in
R[E,E]BChl-cF (3.80 and 1.71 ppm). In order to determine the
molecular structure, especially for location of the vinyl group, we
employed 2D-NMR spectroscopy. The inset of Figure S3 summa-
rizes the observed nuclear Overhauser effect (NOE) correlations
in the rotating frame Overhauser enhancement spectroscopy
(ROESY) spectrum using arrows. These NOE correlations estab-
lished the molecular structure of R[V,E]BChl-cF, starting from the
5-meso proton the signal was definitely assigned. The evidence ob-
tained from NMR and mass measurements was fully consistent
with the molecular formulation shown in Figure 1b.

Remaining undetermined structures were the stereochemistry
at the chiral 31-, 17- and 18-positions (see Fig. 1b). To confirm
the 31-configuration, R[V,E]BChl-cF was modified to R[E,E]BChl-cF

by hydrogenation with rhodium catalyst on alumina31 of the 8-vi-
nyl group in R[V,E]BChl-cF to an ethyl group as shown in Fig. S5a.
The resultant hydrogenated R[E,E]BChl-cF was analyzed by
co-chromatography with naturally occurring R[E,E]BChl-cF isolated
from the wild type. It showed the identical elution time on HPLC as
in Figure S5b. Since a pair of stereoisomers at the 31-position of
BChl-c could be separated by conventional HPLC as depicted in
Figure 3a, the stereochemistry at the chiral 31-position of the major
[V,E]BChl-cF was confirmed to be (31R)-configuration.

To confirm the configurations at the chiral 17- and 18-positions,
we used NOE correlations and CD spectra. The syn-orientations of
17-CH2CH2 and 18-H (17-H and 18-CH3) were confirmed based
on the NOE correlations as shown in the inset molecular structure
of Fig. S3: 17-H M 18-CH3, 171-H2 M 18-H and 172-H2 M 18-H.
From these NOE correlations, the stereochemistry was established
to be 17-(S)- and 18-(S)-configurations or its mirror image 17-(R)-
and 18-(R)-configurations. To distinguish the pair of enantiomers
confirmed above, we used CD spectroscopy. Figures 4b and S5d
show the CD spectra of natural R[E,E]BChl-cF and R[V,E]BChl-cF as
well as synthetic R[E,E]BChl-cF in Et2O (or THF). All the pigments
exhibited negative and positive CD signals at the Qy and Soret re-
gions, respectively. The results indicate that they have the same
stereochemistry at the chlorin chromophore, so the absolute con-
figurations at the 17- and 18-positions of R[V,E]BChl-cF were char-
acterized to be 17-(S)- and 18-(S)-configurations generally seen in
Chl pigments. By comparison of retention times of BChls-c in the
wild type and the mutant of Cba. tepidum as well as on-line LCMS
data in Table 1, the other minor homologs were assigned to
R[V,M]BChl-cF (at the retention time of 28.6 min) and S[V,E]BChl-
cF (at 38.9 min). Thus, all BChls-c in the mutant lacking bciA carried
the vinyl group at the 8-position, and the enzyme BciA was respon-
sible for reduction of the 8-vinyl group to yield BChl-c as reported
by Chew and Bryant.22

2.3.3. Structural characterization of 8-vinyl-Chl-aPD in the bciA
mutant

Figure 4c shows the electronic-absorption spectra of Chl-aPD

isolated from the wild type (dotted) and the bciA mutant (solid)
of Cba. tepidum. A red-shift of the Soret absorption maxima
(429.6 to 436.2 nm) and a slight blue shift of the Qy absorption
maxima (660.8 to 659.8 nm) by the mutation were observed
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similar to those found in BChl-c (see also Fig. 4a). These absorption
changes strongly indicated substitution of an ethyl group with a
vinyl group at the 8-position. The two Chl-aPD species were further
characterized by HPLC as shown in Figure 5a. The two Chl-aPD pig-
ments showed different retention times: 38.5 min for the mutant
and 40.1 min for the wild type. In on-line mass spectra of Figure 5b,
a 2.0 Da mass difference was given and the species from the mu-
tant gave another molecular-ion peak by a 2.0 mass number smal-
ler than that from the wild type. Fragmented-ion peaks showed the
D2,6-phytadienyl ester in the two Chls-a (see Section 3.3). More-
over, the two Chl-aPD gave identical CD signs as shown in Figure 4d,
indicating identical stereochemistry at the 132-, 17- and
18-positions, (132R)-, (17S)- and (18S)-configurations. The results
confirmed that the mutant produced 8-vinyl-Chl-aPD and the
enzyme BciA was responsible for reduction of the 8-vinyl group
to yield Chl-aPD as reported by Chew and Bryant.22

2.3.4. Structural identification of BChl-aP in the bciA mutant
Figure 4e and f show the electronic-absorption and CD spectra,

respectively, of the BChl-aP species isolated from the wild type
(dotted) and the bciA mutant (solid). No shift of the Soret absorp-
tion was observed, which is inconsistent with the absorption spec-
tral changes in BChl-c and Chl-aPD as mentioned above. Figure 5c
shows co-chromatographic analysis of an equimolar mixture of
the two BChl-a isolated from the wild type and the bciA mutant
to give a single peak at 27.2 min. The peak afforded a mass spec-
trum identical to the original BChl-aP from the wild type. Based
on the results, the two BChl-aP species isolated from the wild type
and the bciA mutant were concluded to be identical. No molecular-
ion peak originating from 8-vinyl-BChl-aP (2.0 Da mass smaller
than 8-ethylated BChl-aP) was observed as seen in Figure 5d, indi-
cating that reduction of the 8-vinyl group in BChl-a further contin-
ued to proceed during the biosynthesis even in the absence of BciA.
It is noteworthy that the enzyme BciA is not always involved in the
Figure 5. Co-chromatographic HPLC (a,c) and APCI-MS analyses (b,d) of the two
Chl-aPD (a,b) and BChl-aP species (c,d) isolated from the wild type and the bciA
mutant of Cba. tepidum. HPLC conditions: (a), Cosmosil 5SL-II (6.0 � 250 mm),
hexane/2-propanol/methanol = 100:0.7:0.1 (v/v/v), 1.0 mL/min, (c), Cosmosil 5SL-II
(6.0 � 250 mm), hexane/2-propanol/methanol = 100:1.5:0.2 (v/v/v), 1.0 mL/min. In
(b), MS spectra at 38.5 and 40.1 min are shown in red and black, respectively.
reduction of the 8-vinyl group to yield BChl-aP and that another
enzyme catalyzing the reduction is present or that some other
reduction mechanism in Cba. tepidum operates. This observation
was inconsistent with the previous report that 8-vinyl-BChl-aP

was produced in the mutant.22 The contradiction is probably as-
cribed to the HPLC methods for analyses of three different types
of Chls in Cba. tepidum: each isolated Chl analyzed by isocratic
HPLC in the present study and a mixture of three Chls by binary-
gradient HPLC in the previous report. The precise analysis of
BChl-a seems to be difficult in the latter HPLC, since hydrophobic-
ity of the Chls is quite different. Additionally, the presence of a
trace degradation product of BChl-a during the analysis should
be noted. BChl-a easily produces its C7�C8 oxidized derivative,
3-acetyl-Chl-aP, which has the identical mass number to 8-vinyl-
BChl-aP.

2.4. Reduction of the 8-vinyl group in green sulfur bacteria

As the mutant lacking bciA exclusively accumulated the 8-vinyl
forms of BChl-c and Chl-aPD as well as the reduced (8-ethyl) form of
BChl-a, we investigated photosynthetic activity of the bciA mutant
by several spectroscopic measurements.

Figure 6a shows electronic-absorption spectra of the cells of the
wild type (dotted) and its bciA mutant (solid). The intense
Figure 6. Electronic-absorption and fluorescence-emission (a) and CD spectra (b) of
the cells of the wild type (dotted) and the bciA mutant (solid) of Cba. tepidum in
50 mM Tris–HCl buffer (pH 8.0) containing 20 mM Na2S2O4, and growth profiles (c)
of the wild type (open circles) and the mutant monitored at 660 nm (closed circles).
The fluorescence-emission spectra were obtained by excitation at the Soret
absorption maxima.
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absorption bands were ascribable to the self-aggregates of BChl-c
in LH chlorosomes. The difference in the Qy maxima (730.6 nm
for the mutant and 753.0 nm for the wild type) is mostly ascribable
to the composition of BChl-c species. BChl-c in the wild type was
composed of a mixture of various homologs with different methyl-
ation at the 82- and 121-positions, while in the mutant such a vari-
ety was almost completely eliminated by substitution of the vinyl
group at the 8-position as shown in Figure 3. This is consistent
with the previous reports on the mutant lacking the enzymes BchQ
and BchR catalyzing methylation at the 82- and 121-positions,
respectively, of Cba. tepidum.27

The bands at �805 nm observed in both the wild type and the
bciA mutant as indicated by the arrow in Figure 6a are ascribable
to BChl-a molecules in chlorosomal baseplate, FMO proteins and/
or RCs. The inset panel of this figure shows the fluorescence-
emission spectra of the cells excited at the Soret absorption max-
ima of BChl-c self-aggregates. Upon the excitation, efficient energy
transfer to BChl-a molecules was observed in both the wild type
and the bciA mutant. Thus, the 8-vinylated BChl-c functioned as
the photosynthetically active pigment in the bciA mutant, although
the energy gap between energy donating BChl-c self-aggregates
and energy accepting BChl-a in the mutant was larger than that
in the wild type: the gaps in absorption maxima were calculated
to be about 1300 cm�1 and 900 cm�1 for the mutant and the wild
type, respectively. The substitution of the 8-vinyl group in some al-
kyl groups also affected the supramolecular structure of the self-
aggregates. This was confirmed by most CD signs being reversed
as shown in Figure 6b, especially for the Qy bands of the J-type
aggregates of BChl-c.

Figure 6c shows growth profiles of the wild type (open circles)
and its bciA mutant (closed circles). The bciA mutant could grow
using the 8-vinyl forms of BChl-c and Chl-aPD as well as the 8-ethyl
form of BChl-a as the photosynthetically active pigments, although
the growth rate of the mutant was slightly slower than that of the
wild type: the growth rates (doubling times) were calculated to be
0.074 ± 0.002 h�1 (9.3 ± 0.3 h) for the mutant and 0.139 ± 0.002 h�1

(5.1 ± 0.1 h) for the wild type. This is probably due to the larger en-
ergy gap between BChl-c self-aggregates and BChl-a in the mutant.
Therefore, the alkylated (not vinyl) form of BChl-c might be crucial
for efficient photosynthetic activity of Cba. tepidum.

3. Experimental

3.1. Bacterial strains and culture conditions

The strain WT2321 of Cba. tepidum32 was used as the wild type
and host for transformation. This strain was anaerobically grown in
screw-capped bottles with liquid CL media or on solid CP plates33

at 40 or 45 �C. Escherichia coli DH5a was grown in LB medium con-
taining 100 lg/mL of ampicillin or 10 lg/mL gentamycin.

3.2. Plasmid constructions and natural transformation of Cba.
tepidum

The PCR primers used in this study for the construction of plas-
mids are described in Table S2. To construct the Cba. tepidum mu-
tant lacking bciA gene, the plasmid pTA2-tepbciAGm was produced
as follows. A 1.91 kbp DNA fragment containing the bciA gene was
amplified from genomic DNA by PCR using primers BCIA F1 and R1.
The product was ligated into the TA-cloning site of T-Vector pTA2
(TOYOBO, Osaka, Japan) according to the manufacturer’s protocol,
yielding pTA2-tepbciA plasmid. The aacC1 gene, conferring
resistance to gentamycin, was excised from pUCGM34 using SmaI.
The pTA2-tepbciA was used as template for PCR using DNA
polymerase KOD-plus-(TOYOBO) with primer set BCIA F2 and R2.
The resulting PCR product was ligated to the aacC1 gene, creating
pTA2-tepbciAGm plasmid.

Natural transformation of Cba. tepidum with the pTA2-tep-
bciAGm to construct a bciA lacking mutant was performed as pre-
viously described.33,35 After obtaining transformants, PCR analysis
was carried out to check segregation of the wild type and mutant
alleles using primers Tep.bciA comf. F and R. The product amplified
from the genomic DNA of the bciA mutant was digested with
EcoRV, and then analyzed by agarose gel electrophoresis using a
DNA molecular weight marker, k/StyI digest (TOYOBO), to estimate
the molecular mass of the DNA fragments (Fig. S1B).

3.3. Determination and isolation of Chl-aPD and BChl-aP

Pigments of the wild type and its bciA mutant of Cba. tepidum
were extracted and analyzed as follows. A mixture of acetone
and methanol (9/1, v/v) was added to the harvested cells and
mixed using a vibrator. A mixture of diethyl ether and petroleum
ether (1/1, v/v) and then distilled water were added to transfer
the pigment components to the ether layer. The ether phase was
collected and evaporated to dryness by a stream of N2 gas, and
the residues were dissolved in a small amount of the following
HPLC eluent. The LCMS analysis was performed using a Shimadzu
LCMS-2010EV system (Shimadzu, Kyoto, Japan) comprising a
liquid chromatograph (an SCL-10Avp system controller, an LC-
10ADvp pump, and an SPD-M10Avp photodiode-array detector)
and a quadrupole mass spectrometer equipped with an atmo-
spheric pressure chemical ionization (APCI) probe. Normal-phase
HPLC was performed under the following conditions: column,
Cosmosil 5SL-II (3.0 � 150 mm for analysis, 4.6 � 150 mm for
preparation, Nacalai Tesque, Kyoto); eluent, hexane/2-propanol/
methanol = 100:1.5:0.2 (v/v/v) for analysis, hexane/THF =
82.5:17.5 (v/v) for preparation; flow rate 1.0 mL/min for both anal-
ysis and preparation. APCI-MS spectra were measured as follows:
resolution, ±0.15 Da; capillary temperature, 250 �C; APCI vaporizer
temperature, 400 �C; ionization voltage, 4.5 kV; sheath gas flow,
2.5 L/min; drying gas pressure, 0.02 MPa.

3.3.1. BChl-aP

VIS (Et2O) kmax/nm 770.8 (relative absorbance, 1.00), 574.2
(0.23), 392.2 (0.52), 357.6 nm (0.78); MS (APCI) found: m/z 911.6
and 663.2, calcd for C55H74N4O6Mg: 911.55 ([MH]+) and
C35H36N4O6Mg: 633.25 ([M�phytyl+2H]+).

3.3.2. Chl-aPD

VIS (Et2O) kmax/nm 660.8 (relative absorbance, 0.77), 616.2
(0.12), 429.6 nm (1.00); MS (APCI) found: m/z 891.5 and 615.2,
calcd for C55H70N4O5Mg: 891.52 ([MH]+) and C35H34N4O5Mg:
615.24 ([M�D2,6-phytadienyl+2H]+).

3.3.3. 8-Vinyl-Chl-aPD

VIS (Et2O) kmax/nm 659.8 (relative absorbance, 0.71), 615.6
(0.10), 436.2 nm (1.00); MS (APCI) found: m/z 889.5 and 613.2,
calcd for C55H68N4O5Mg: 889.50 ([MH]+) and C35H32N4O5Mg:
613.22 ([M�D2,6-phytadienyl+2H]+).

3.4. Determination of compositions of BChl-c homologs

The pigment components were extracted from the harvested
cells of the wild type and the bciA mutant as mentioned above.
The LCMS analysis was also performed as mentioned above, except
for HPLC conditions. Reverse-phase HPLC was performed under the
following conditions: column, Cosmosil 5C18-AR-II (4.6 � 250 mm,
Nacalai Tesque); eluent, acetonitrile/acetone/H2O = 65:15:20 (v/v/
v); flow rate 1.0 mL/min.
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3.5. Isolation and structural determination of R[V,E]BChl-cF

The pigment mixture was extracted from the harvested cells of
the wild type and the bciA mutant strain as mentioned above. Both
R[V,E]BChl-cF and R[E,E]BChl-cF, the dominant BChl-cF in the bciA
mutant and the wild type, respectively, were purified by the fol-
lowing HPLC: column, Cosmosil 5C18-AR-II (10 � 250 mm, Nacalai
Tesque); eluent, methanol/H2O = 95:5 (v/v); flow rate 1.5 mL/min.
The 600 MHz 1H NMR spectra of the isolated R[V,E]BChl-cF and
R[E,E]BChl-cF were recorded in THF-d8 (Euriso-top, Saclay, France)
using a JEOL ECA-600 NMR spectrometer (JEOL, Akishima, Japan);
the residual proton at the 3-position of THF-d7 (dH = 1.72 ppm)
was used as an internal standard. A set of assignments of 1H signals
was obtained by correlation spectroscopy and ROESY spectra
(sm = 400 msec).

3.5.1. R[V,E]BChl-cF

VIS (Et2O) kmax/nm 660.2 (relative absorbance, 0.57), 627.0
(0.10) and 440.6 nm (1.00); dH/ppm 10.01 (1H, s, 5-H), 9.72 (1H,
s, 10-H), 8.18 (1H, dd, J = 11.4, 18.0 Hz, 81-H), 6.34 (1H, q,
J = 6.6 Hz, 31-H), 6.17 (1H, d, J = 18.0 Hz, 82-H trans to C81�H),
5.87 (1H, d, J = 11.4 Hz, 82-H cis to C81�H), 5.21 (1H, t, J = 7.1 Hz,
f2-H), 5.13, 5.07 (each 1H, d, J = 19.2 Hz, 132-H2), 5.04 (2H, t,
J = 6.8 Hz, f6-H, f10-H), 4.95 (1H, d, J = 2.4 Hz, 31-OH), 4.71 (2H, q,
J = 7.2 Hz, 18-H), 4.49 (2H, m, f1-H2), 4.21 (1H, m, 17-H), 4.06
(2H, q, J = 7.2 Hz, 121-H2), 3.91 (3H, s, 20-CH3), 3.45 (3H, s,
7-CH3), 3.39 (3H, s, 2-CH3), 2.45 (2H, m, 172-H2), 2.18 (2H, m,
171-H2), 2.02 (each 2H, m, f5-H2, f9-H2), 1.98 (3H, d, J = 6.6 Hz,
31-CH3), 1.95 (3H, t, J = 7.2 Hz, 121-CH3), 1.92 (each 2H, m, f4-H2,
f8-H2), 1.622 (3H, s, f3-CH3), 1.616 (3H, s, f12-H3), 1.55, 1.52 (each
3H, s, f7-CH3, f11-CH3), 1.54 (3H, d, J = 7.2 Hz, 18-CH3); MS (APCI)
found: m/z 805.3, 787.3 and 601.2, calcd for C50H60N4O4Mg:
805.45 ([MH]+), C50H59N4O3Mg: 787.33 ([M�OH]+ or [M�H2O+H]+)
and C35H36N4O4Mg: 601.26 ([M�farnesyl+2H]+).

3.5.2. R[E,E]BChl-cF

VIS (Et2O) kmax/nm 660.6 (relative absorbance, 0.67), 625.0
(0.12) and 432.4 nm (1.00); dH/ppm 9.89 (1H, s, 5-H), 9.56 (1H, s,
10-H), 6.34 (1H, q, J = 6.6 Hz, 31-H), 5.21 (1H, t, J = 7.2 Hz, f2-H),
5.13, 5.07 (each 1H, d, J = 19.0 Hz, 132-H2), 5.04 (2H, t, J = 7.2 Hz,
f6-H, f10-H), 4.89 (1H, d, J = 1.8 Hz, 31-OH), 4.70 (1H, q, J = 7.2 Hz,
18-H), 4.48 (2H, m, f1-H2), 4.21 (1H, m, 17-H), 4.06 (2H, q,
J = 7.8 Hz, 121-H2), 3.91 (3H, s, 20-CH3), 3.80 (2H, q, J = 7.8 Hz, 81-
H2), 3.39 (3H, s, 2-CH3), 3.30 (3H, s, 7-CH3), 2.46 (2H, m, 172-H2),
2.18 (2H, m, 171-H2), 2.02 (each 2H, m, f5-H2, f9-H2), 1.97 (3H, d,
J = 6.6 Hz, 31-CH3), 1.95 (3H, t, J = 7.8 Hz, 121-CH3), 1.93 (each 2H,
m, f4-H2, f8-H2), 1.71 (3H, t, J = 7.8 Hz, 81-CH3), 1.62 (each 3H, s,
f3-CH3, f12-H3), 1.53 (3H, d, J = 7.2 Hz, 18-CH3), 1.55, 1.52 (each
3H, s, f7-CH3, f11-CH3); MS (APCI) found: m/z 807.5, 789.5 and
603.3, calcd for C50H62N4O4Mg: 807.46 ([MH]+), C50H61N4O3Mg:
795.34 ([M�OH]+ or [M�H2O+H]+) and C35H38N4O4Mg: 603.27
([M�farnesyl+2H]+).

3.6. Spectroscopic measurements of bacterial cells and
pigments

Electronic-absorption spectra were measured with a Hitachi
U-3500 (Hitachi High-Tech, Tokyo, Japan). Fluorescence-emission
spectra were measured with a C9920-03G series fluorescence mea-
surement system (Hamamatsu Photonics, Shizuoka, Japan). CD
spectra were measured with a Jasco J-720 W spectropolarimeter
(Jasco, Tokyo). Cells of the wild type and the bciA mutant grown
in the early stationary phase under irradiation at about
30 lE s�1 m�2 were collected, suspended in 50 mM Tris–HCl (pH
8.0), and used for the measurements of electronic-absorption and
CD spectra. For the measurements of fluorescence-emission
spectra, the cell suspension was mixed with 20 mM sodium dithio-
nite and incubated for 30 min.

3.7. Growth rate measurements of bacteria

Pre-cultures of the wild type and bciA mutant of Cba. tepidum
were grown to stationary phase under irradiation at about
30 lE s�1 m�2. Three hundred lL aliquots of pre-cultures were
inoculated into 30 mL screw-capped test tubes filled with freshly
prepared CL media, and cultures were then grown under illumina-
tion of 30 lE s�1 m�2 at 45 �C. Optical cell densities were measured
at 660 nm using a Mini Photo 518R photometer (TAITEC, Saitama,
Japan).
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