JOURNAL OF BACTERIOLOGY, June 2002, p. 3368-3376
0021-9193/02/$04.00+0 DOI: 10.1128/JB.184.12.3368-3376.2002

Vol. 184, No. 12

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Chlorobium tepidum Mutant Lacking Bacteriochlorophyll ¢ Made by

Inactivation of the bchK Gene, Encoding
Bacteriochlorophyll ¢ Synthase
Niels-Ulrik Frigaard,* Ginny D. Voigt, and Donald A. Bryant

Department of Biochemistry and Molecular Biology, The Pennsylvania State University, University Park, Pennsylvania 16802

Received 30 January 2002/Accepted 25 March 2002

The gene encoding bacteriochlorophyll (BChl) ¢ synthase was identified by insertional inactivation in the
photosynthetic green sulfur bacterium Chlorobium tepidum and was named bchK. The bchK mutant of C.
tepidum was rusty-orange in color and completely lacked BChl c. Because of the absence of the BChl ¢ antenna,
the mutant grew about seven times slower than the wild type at light intensities that were limiting to the wild
type (<90 pmol m~2 s™'). Various pheophorbides, which probably represent precursors of BChl ¢ which had
lost magnesium, accumulated in the mutant cells. A small fraction of these pheophorbides were apparently
esterified by the remaining chlorophyll (Chl) a and BChl a synthases in cells. The amounts of BChl a, Chl a,
isoprenoid quinones, carotenoids, Fenna-Matthews-Olson protein, and chlorosome envelope protein CsmA
were not significantly altered on a cellular basis in the mutant compared to in the wild type. This suggests that
the BChl a antennae, photosynthetic reaction centers, and remaining chlorosome components were essentially
unaffected in the mutant. Electron microscopy of thin sections revealed that the mutant lacked normal
chlorosomes. However, a fraction containing vestigial chlorosomes, denoted “carotenosomes,” was partly
purified by density centrifugation; these structures contained carotenoids, isoprenoid quinones, and a 798-
nm-absorbing BChl a species that is probably protein associated. Because of the absence of the strong BChl
¢ absorption found in the wild type, the bchK mutant should prove valuable for future analyses of the
photosynthetic reaction center and of the roles of BChl a in photosynthesis in green bacteria. An evolutionary
implication of our findings is that the photosynthetic ancestor of green sulfur bacteria could have evolved
without chlorosomes and BChl ¢ and instead used only BChl a-containing proteins as the major light-

harvesting antennae.

All photoautotrophic organisms rely on chlorophyll (Chl)-
or bacteriochlorophyll (BChl)-based photosynthesis. Chls and
BChls are magnesium-chelating porphyrins, and several types
are found naturally (35, 36, 40). These tetrapyrroles are found
in a variety of light-harvesting antennae and always constitute
the primary electron donors in photosynthetic reaction centers
(16). The photosynthetic green bacteria, comprising the green
sulfur bacteria (Chlorobiaceae) and the green filamentous bac-
teria (Chloroflexaceae), are characterized by having large light-
harvesting antennae called chlorosomes (for reviews, see ref-
erences 2, 14, 25, and 42). The primary pigment in chlorosomes
is BChl ¢, or the related BChl d or e, and these BChl species
are only found in chlorosomes. Chlorosomes confer a great
competitive advantage to the green bacteria because they allow
growth at very low light intensities. In fact, green sulfur bac-
teria can grow at light intensities that are too low to support
growth of any other phototrophs. Recent estimates suggest
that chlorosomes can contain up to ~215,000 BChl ¢ molecules
(23), and thus the molecular ratio of BChl ¢ to reaction center
P840 could be in the range of 10,000 to 20,000:1. It is clear that
chlorosomes and BChl ¢ have evolved to form the largest and
most efficient light-harvesting antennae known.

BChl ¢, d, and e differ from all other (B)Chls by having a
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hydroxyl group in the 3" position and by lacking a carboxy-
methyl group in the 13* position of the porphyrin ring (35).
These structural features are directly related to the character-
istic pigment-pigment interactions of these BChls in the chlo-
rosome, which is an important structural feature of this an-
tenna system (2, 25, 39, 41). Thus, it appears that the evolution
of these specialized BChls and the evolution of chlorosomes
are closely linked. Additionally, green sulfur bacteria methyl-
ate their BChl ¢, d, and e on the 8 and 12 substituents of the
porphyrin ring, which is not observed for other (B)Chls in
other organisms (35).

The biosynthetic pathways of all types of (B)Chls are
thought to emanate from magnesium protoporphyrin IX and
to vary only by the modifications to the porphyrin ring and by
the esterifying alcohol attached (35, 40). The biosynthetic
pathways of Chl a and BChl a are well known (40) but that of
BChl ¢ is not. A significant step forward in resolving this
pathway was the complete sequencing of the genome of Chlo-
robium tepidum (7). These data suggest that several genes in
the BChl a biosynthetic pathway have been duplicated in the
BChl ¢ biosynthetic pathway. Especially striking was the ob-
servation that the genome encodes three potential (B)Chl syn-
thases (CT1270, CT1610, and CT1992), since this matches the
presence of the three types of (B)Chl in C. tepidum (25): BChl
¢ in the chlorosomes; BChl a in the chlorosomes, Fenna-Mat-
thews-Olson (FMO) protein, and reaction center; and Chl ap,
(Chl a esterified with A2,6-phytadienol) in the reaction center
(19). [The abbreviations used in this paper for the various
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(B)Chl species follow the recommendations of Smith (36).] In
the present study we show that insertional inactivation of the
open reading frame (ORF) for one of these putative (B)Chl
synthases (C77992) resulted in the complete absence of BChl
¢ in C. tepidum and that this ORF, named bchK, thus encodes
BChl ¢ synthase. Since BChl d and e closely resemble BChl ¢ in
structure, function, and occurrence, the synthases producing
these BChls in other green sulfur bacteria are most likely very
similar to BchK in C. tepidum.

MATERIALS AND METHODS

Organism and growth conditions. The strain of C. fepidum used was the
plating strain WT2321 (47) derived from strain ATCC 49652 (46). Growth media
(CL and CP) and growth conditions were as previously described (11) except that
transformation and transfer of cells on solid media were done at 42°C and all
other growth experiments in liquid media were done at 47°C. After segregation,
mutants were cultivated in liquid medium without antibiotics. Wild-type and
mutant C. tepidum cells were grown in 0.5-liter bottles under incandescent
illumination (160 pmol s~ m™2) unless otherwise stated. For growth rate de-
terminations, cultures were grown in 25-ml screw-cap tubes (diameter, 20 mm)
mounted in a radial rotator (model RD4512; Glas-Col, Terre Haute, Ind.) in a
thermostatically controlled incubator illuminated from the outside. The tubes
were shaded with paper to obtain different light intensities. For growth rate
determinations, optical densities at 600 nm for the tube cultures were measured
directly with a Spectronic 20 spectrophotometer. (Optical densities recorded in
the mid-exponential growth phase, for which the transient appearance of sulfur
globules excreted by the cells contributes significantly to the measured optical
density, were omitted from the growth rate calculations.)

Freeze-storage of cells. Late-exponential-phase wild-type and mutant cultures
of C. tepidum were preserved for long-term storage by adding 10% (vol/vol)
glycerol from an autoclaved 50% (vol/vol) glycerol stock directly to the culture.
Alternatively, 10% (vol/vol) glycerol was added to a cell suspension concentrated
fivefold by centrifugation (6,000 X g, 4 min, approximately 30°C) and resus-
pended in fresh CL medium. In either case cell suspensions supplemented with
glycerol were immediately transferred to storage at —80°C. Cultures were re-
vived by inoculating a small aliquot of thawed stock into 10 to 20 volumes of fresh
CL medium; the remaining glycerol stock cell suspension could be refrozen for
later use.

Inactivation of the bchK gene. Initial attempts to clone the complete bchK
coding sequence in Escherichia coli failed, probably because BchK is toxic to E.
coli (S. Yang, N.-U. Frigaard, and D. A. Bryant, unpublished data). Therefore,
an in vitro method denoted double megaprimer PCR (or long flanking homology
region PCR) (45) was employed to synthesize the bchK inactivation construct
using a high-fidelity polymerase (Platinum Pfx DNA polymerase; Invitrogen,
Carlsbad, Calif.). A 0.83-kb upstream flanking region of the bchK gene was
amplified from C. tepidum genomic DNA using primers CT1992a (5'-AAAAGG
CGAGGCTTCAGG-3") and CT1992Sb (5'-GTTACCACCGCTGCGTTCAGG
AGCGAACCAACGAA-3"), and a 0.93-kb downstream flanking region of bchK
was amplified using primers CT1992Sc (5'-CAAGGTAGTCGGCAAATAATG
TCTTCTTTTCCGCTCCAGC-3") and CT1992d (5'-CCGTGATGTTCAGGTA
GTGC-3") under the following PCR conditions: 94°C for 4 min; 35 cycles of 94°C
for 30 s, 58°C for 30 s, and 68°C for 1 min; and a final step of 68°C for 10 min.
The CT1992Sb and CT1992Sc primers were constructed such that their 5’ ends
were complementary to regions upstream and downstream from the aadA
marker gene (see below; the italicized sequences of the primers are homologous
to C. tepidum DNA, and the underlined sequences are homologous to regions
flanking the aadA gene). The binding sites for the primers are depicted in Fig. 1.
A double megaprimer PCR was then performed in a reaction mixture that
contained the two gel-purified PCR products from preceding reactions as mega-
primers, primers CT1992a and CT1992d, and AhdI-digested plasmid pSRA2
under the following conditions: 94°C for 2 min; 35 cycles of 94°C for 30 s, 58°C
for 30 s, and 68°C for 4 min; and a final step of 68°C for 10 min. (Plasmid pSRA2
is derived from plasmid pHP45() [30] and contains the aadA gene, which encodes
streptomycin and spectinomycin resistance [N.-U. Frigaard and D. A. Bryant,
unpublished data].) This PCR amplification produced a product in which the
bchK gene was inactivated by insertion of a 0.98-kb DNA fragment encoding
aadA (including promoter) flanked by a 0.83-kb and a 0.93-kb sequence of C.
tepidum genomic DNA (Fig. 1B).

Transformation of C. tepidum and gene inactivation by homologous recombi-
nation was performed on solid CP medium at 42°C as previously described (11).
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FIG. 1. (A) Diagram showing how the primers used for synthesiz-
ing the bchK inactivation construct bind to the template DNA. The
primers are shown as arrows pointing in the 5’ to 3" direction. (B) The
final product used for insertional inactivation of the bchK gene.

The selective CP plates contained both streptomycin and spectinomycin (300 g
ml~! and 150 pg ml™", respectively).

Analytical PCR. Genomic DNA was prepared from 1-ml aliquots of dense cell
culture using the method of Bickley and Owen (1). Segregation was tested by
PCR using Platinum Pfx DNA polymerase (Invitrogen) under the following
conditions: 94°C for 4 min; 35 cycles of 94°C for 30 s, 56°C for 30 s, and 68°C for
3 min; and a final step of 68°C for 10 min. The aadA marker gene was detected
as a 400-bp PCR product using the primers aadA4946 (5'-TACCAAGGCAACG
CTATGTTC-3") and aadA947 (5'-ATCAGAGGTAGTTGGCGTCAT-3").

Preparation of vestigial chlor (“carot ). Harvested cells of
the bchK mutant were resuspended in cold isolation buffer (50 mM Tris-HCI, 10
mM sodium ascorbate, 2 M NaSCN, 5 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, pH 8) and passed through a cold French press three times at 19,000
Ib/in%. The cell extract was clarified by a low-speed centrifugation step (13,000 X
g, 20 min, 4°C) followed by a high-speed centrifugation step (215,000 X g, 2 h,
4°C). The supernatant was collected, supplemented with solid CsCl to a final
concentration of 0.4 ¢ ml™!, and centrifuged again under the same conditions
(215,000 X g, 2 h, 4°C). The orange-red, carotenoid-rich fraction that floated on
top of the solution was collected, diluted in cold isolation buffer containing 0.4 g
of CsCl ml™!, and centrifuged again under the same conditions (215,000 X g, 2 h,
4°C). The orange-red top fraction was collected and dialyzed (12,000 to 14,000
molecular weight cutoff) against 50 mM Tris-HCI, pH 8.

Pigment analysis. Pigments and quinones were extracted from pelleted cells by
sonication with cold acetone-methanol (7:2 [vol/vol]). The pigment composition
of the clarified extract was determined as previously described (12) by absorption
spectroscopy in methanol using the following absorption coefficients: BChl c, 86
liters g=! em™! at 669 nm (37); BChl a, 60 liters g~! cm™! at 770 nm (28);
carotenoids, 265 liters g~' cm ™! at 490 nm (18). The same values were used for
high-pressure liquid chromatography (HPLC) analysis (except that BChl ¢ was
detected at 667 nm and carotenoids at 491 nm) in addition to the following: Chl
a,79.2 liters g~ em ™! at 664 nm (21); menaquinone-7, 26 liters g~ em ™! at 270
nm (12); chlorobiumquinones, 17 liters g=' em™! at 270 nm (12). Chlorobi-
umquinone (1’-oxomenaquinone-7) and 1’-hydroxymenaquinone-7, collectively
known as chlorobiumquinones (12), were not well separated in our HPLC sys-
tem; the absorption coefficient used for the chlorobiumquinones was based on a
5:1 ratio of chlorobiumquinone to 1'-hydroxymenaquinone-7, which was close to
the composition in the material analyzed in this study (data not shown). The
absorption coefficient of bacteriopheophytin (BPhe) ¢ in methanol was estimated
to be 48 mM cm ™! at the Q, peak (668 nm) by pheophytinizing HPLC-purified
BChl ¢ in a methanol solution with citric acid and recording the change in
absorption (13). This corresponds to about 83 liters g~ cm™! for the corre-
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sponding bacteriopheophorbide and to about 56 liters g~' cm™" for the corre-
sponding bacteriopheophytin (assuming a molecular weight of about 850 g mol !
for the bacteriopheophytin). The absorption of carotenoids at 490 nm in meth-
anol extracts was corrected for the absorption of pheophorbides by assuming that
the relative absorbance of pheophorbides at 490 nm is 10% of the absorption at
the Qy band near 670 nm. The acetone-methanol pigment extracts were dried
over anhydrous Na,SO, and supplemented with 0.1 volume of 1 M ammonium
acetate before injection into the HPLC column. The solvent system employed
was that previously described (12) except that solvent B was held constant at
100% for 10 min rather than 6 min. The HPLC column was a 25-cm-by-4.6-mm
5-pm Discovery C,g (Supelco, Bellafonte, Pa.) fitted to a 1,024-element diode
array detector (model G1315B, 1100 Series; Agilent Technologies, Palo Alto,
Calif.) controlled with Agilent ChemStation software for HPLC. The pump
(model 2350) and gradient programmer (model 2360) were from ISCO (Lincoln,
Nebr.). Chl a esterified with phytol (Chl ap) for use as a standard in the HPLC
measurements was extracted with acetone-methanol as described above from the
cyanobacterium Synechococcus sp. strain PCC 7002. Bacteriopheophytin c ester-
ified with farnesol (BPhe cg) for use as a standard in the HPLC measurements
was prepared by acidifying a methanol extract of wild-type C. tepidum cells with
citric acid as previously described (13).

Protein analysis. Total cell protein was determined on the residual cell ma-
terial remaining after organic extraction (see above) by a modified Lowry
method as previously described (44) with bovine serum albumin as a standard.
The protein composition of cellular and subcellular fractions of C. tepidum was
analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) using the Tris-Tricine buffer system described by Schigger and von
Jagow (33), with modifications as described by Vassilieva et al. (43, 44). Gels
were stained with silver (3, 44) and immunoblotting was performed (43, 44) as
previously described. Immunoreactive proteins were detected using goat anti-
rabbit immunoglobulin G secondary antibodies (Sigma, St. Louis, Mo.) conju-
gated with horseradish peroxidase for the enhanced chemiluminescence assay
(Amersham Pharmacia Biotech, Piscataway, N.J.). Digitized images of stained
protein gels and developed immunoblots were manipulated into figures using
Corel Photo-Paint, version 7.

Electron microscopy. Cells were fixed by adding glutaraldehyde and parafor-
maldehyde directly to the culture medium (final concentrations, 2.5 and 1.5%
[wt/vol], respectively) and incubating for 1 h at room temperature in the dark.
The cells were postfixed with 2% (wt/vol) OsO,, stained en bloc with 2% uranyl
acetate, dehydrated, and embedded in Spurr’s resin by standard methods. Thin
sections were poststained with 2% uranyl acetate followed by 0.45% lead citrate
and images were photographed using a JEOL 1200 EXII transmission electron
microscope (Peabody, Mass.). The photographs were digitized and manipulated
into figures using Corel Photo-Paint, version 7.

Sequence analysis. Phylogenetic analysis of protein sequences was performed
with MacVector software (version 7.0; Genetics Computer Group, Madison,
Wis.) using BLOSUM matrices in combination with manual editing for sequence
alignments and a neighbor-joining method for generating trees.

RESULTS

Identification of the Chl and BChl synthases in C. tepidum.
The complete genomic sequence of C. tepidum (7) contains
three ORFs with strong sequence similarity to bchG and chlG
genes encoding BChl a and Chl a synthases, respectively, of
other organisms. These sequences were aligned to one another
and to related protein sequences from other organisms. The
UbiA sequence of E. coli, encoding a distantly related prenyl-
transferase involved in ubiquinone biosynthesis, was included
as an outgroup. Figure 2 shows a phylogenetic tree showing the
relationships among these sequences. The tree shows that the
(B)Chl synthases clearly group according to the (B)Chl species
synthesized. This is consistent with the importance of the tet-
rapyrrole substrate in determining the reaction characteristics
of the esterifying enzyme (27, 34, 40).

Further supporting the results shown in Fig. 2, the genes
encoding BChl a synthase (bchG) in C. tepidum (identical to
CT1610 [7]) and Chloroflexus aurantiacus have previously been
identified by functional complementation of a bchG mutant of
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FIG. 2. A neighbor-joining distance tree of various (B)Chl syn-
thases rooted with E. coli UbiA. The bootstrap values based on 1,000
replications are also shown. CA, Chloroflexus aurantiacus; CT, C. tepi-
dum; EC, E. coli; HB, Heliobacillus mobilis; RS, Rhodobacter spha-
eroides; Sy, Synechocystis sp. strain PCC 6803.

Rhodobacter capsulatus (48). Figure 2 shows that one of the C.
tepidum ORFs, CT1270, exhibits a very high degree of se-
quence similarity to the Chl a synthase (ChlG) of the cya-
nobacterium Synechocystis sp. strain PCC 6803. It thus seemed
most likely that ORF CT1270, denoted chlG, encodes the Chl
app, synthase. Consistent with this reasoning and with the im-
portant role of Chl app, as the primary electron acceptor in
reaction centers (19), initial attempts to inactivate CT1270 in
C. tepidum have failed (A. Gomez Maqueo Chew, N.-U. Frig-
aard, and D. A. Bryant, unpublished data).

The third ORF with strong sequence similarity to BchG and
ChlG proteins is encoded by CT7992. This ORF has strong
sequence similarity to BchG2 of Chloroflexus aurantiacus (Fig.
2) (22), which like C. tepidum has chlorosomes and can syn-
thesize BChl c. Based upon this simple analysis, it seemed most
probable that ORF CT7992 encodes the BChl ¢ synthase of C.
tepidum, and thus, this gene, denoted bchK, was chosen for
insertional inactivation.

Construction and verification of a bchK mutant of C. tepi-
dum. Transformation of C. tepidum with the bchK inactivation
construct (see Materials and Methods and Fig. 1) yielded small
orange-brown colonies that appeared after about 10 days on
selective plates. (Colonies of the wild type normally appear as
dark green colonies after 3 to 4 days on nonselective plates.)
The observation that some of the colonies that appeared on
the first selective plate after transformation were orange-
brown suggested that segregation of the wild-type and mutant
bchK alleles had occurred rapidly in these transformants. Se-
lected colonies were restreaked a few more times on selective
plates to allow the isolation of individual colonies. Several
phenotypically homogeneous isolates were obtained, and one
of these, denoted BGC2, was selected for more extensive char-
acterization. Segregation of the bchK and bchK::aadA alleles in
strain BGC2 was confirmed by PCR on genomic DNA with
primers CT1992a and CT1992d, which only yielded the ex-
pected 2.7-kb product with strain BGC2 and a 1.8-kb product
with the wild-type strain (data not shown; Fig. 1). PCR with
primers aadA946 and aadA947 yielded a 0.40-kb product with
strain BGC2 but no product with the wild-type strain (data not
shown). These results show that strain BGC2 is homozygous
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FIG. 3. (A) Absorption spectra of washed, whole cells of the wild
type (dashed line) and the bchK mutant (solid line) of C. tepidum
normalized at 600 nm. (B) Absorption spectra of broken whole cells of
the bchK mutant (dashed line) and isolated vestigial chlorosomes from
the bchK mutant (carotenosomes; solid line) normalized at 500 nm.
(C) Normalized absorption spectra showing the Q, absorption regions
of the 798-nm-absorbing species found in the carotenosomes (solid
line), the BChl a-binding FMO protein (dashed line), and a prepara-
tion of photosynthetic reaction centers (dotted line) (I. R. Vassiliev,
J. H. Golbeck, and H. V. Scheller, unpublished data).
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FIG. 4. Growth rate of wild-type (open circles) and bchK mutant
(closed circles) strains of C. tepidum as a function of light intensity.
The growth rate at each light intensity was independently determined
at least twice, and the plotted points are the averages of those rate
determinations.

for the bchK::aadA allele and that BchK is not required for
viability of C. fepidum.

Appearance and growth of the bchK mutant. Figure 3A show
absorption spectra of cell suspensions of the wild type and the
bchK mutant strain BGC2. The BChl ¢ Q, absorption peak at
740 nm was clearly missing in the bchK mutant, as was the
associated BChl ¢ Soret band at around 460 nm. The small
absorption peak at about 675 nm in the bchK mutant resulted
from pheophorbides that accumulated in the bchK mutant cells
(see below) and which were not found in the wild type. In the
absorption spectrum of the wild type, the BChl a-binding FMO
protein was detectable as a shoulder at about 810 nm. How-
ever, in the bchK mutant strain, absorption due to the FMO
protein produced a clearly resolved peak (Fig. 3A and B).

Figure 4 shows the effect of light intensity on the growth
rates of the wild-type and bchK mutant strains. The growth rate
of the wild type increased as the light intensity increased up to
about 220 pwmol m 2 s~ ' and decreased significantly above that
intensity. The minimal doubling time of 2.5 h, observed at 90
and 220 pmol m~2 s, was similar to the fastest growth rate
reported, a doubling time of ~2 h (46). In contrast, the growth
rate of the bchK mutant increased as the light intensity in-
creased throughout the entire range of values tested (30 to 330
wmol m~2 s~ ). At the highest light intensity tested (330 wmol
m~? s~ "), the bchK mutant had a doubling time of 5.7 h. This
is only 2.3-fold longer than the fastest doubling time (2.5 h) for
the wild type. At light intensities that were limiting for the wild
type (<90 wmol m 2 s~ 1), the wild type grew about sevenfold
faster than the bchK mutant (Fig. 4). This effect of complete
removal of the BChl ¢ antennae on growth is similar to the
effect of completely removing the phycobilisome antennae
from the cyanobacterium Synechococcus sp. strain PCC 7002
(49). In this cyanobacterium, mutants completely lacking the
ability to assemble phycobilisomes have doubling times that
are six- to sevenfold longer than the wild type. The bchK
mutant probably relies mostly on the remaining BChl a anten-
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FIG. 5. HPLC analysis of a whole-cell pigment extract from wild-
type (A) and bchK mutant (B) strains of C. tepidum. The chromato-
grams were recorded at 666 nm; enlarged chromatograms are shown
with dashed lines (enlarged 20 times in panel A and 15 times in panel
B). See text for details.

nae in the cell (i.e., chlorosomal BChl a, FMO protein, and the
core antennae of the reaction centers) for its photosynthetic
light harvesting. Further studies will be required to establish
whether the large quantities of carotenoids (see below) asso-
ciated with the vestigial chlorosomes and the photosynthetic
membranes contribute substantially to light energy harvesting
for photosynthesis in the bchK mutant.

Pigment analysis of the bchK mutant. HPLC analyses con-
firmed that the bchK mutant was completely devoid of detect-
able BChl ¢ and bacteriochlorophyllide ¢ (Fig. 5). (The pig-
ment contents reported in this and the next paragraph
represent the averages of at least two separate measurements
in which the standard deviation did not exceed 15% of the
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average.) The wild type contained about 160 wg of BChl ¢ per
mg of cell protein. About 95% of this BChl ¢ was esterified
with farnesol (peaks 1, 2, 3, and 4 in Fig. SA are [E,M]BChl ¢,
[E,E|BChl cp, [Pr,E]BChI ¢, and [LE]BChl cy, respectively
[38]), whereas the remaining BChl ¢ was esterified with more
hydrophobic alcohols (peaks 5 through 10 in Fig. 5A). No
components with an absorption spectrum corresponding to
BChl ¢ were found in the bchK mutant. Instead, the mutant
accumulated hydrophilic pheophorbides (roughly 30 g per mg
of cell protein; peak 1 in Fig. 5B) and small amounts of several
hydrophobic pheophytins (roughly 4 g per mg of cell protein;
peaks 4 through 7 in Fig. 5B). HPLC analyses with better
resolution of the hydrophilic components showed that the
pheophorbides (peak 1 in Fig. 5B) consisted of at least 15
different species. All of these had a Q, peak near 670 nm,
smaller absorption peaks near 620, 550, and 520 nm, and a
large Soret band near 410 nm (data not shown). These prob-
ably represent precursors of BChl ¢ or precursors of BChl ¢
which had lost magnesium. A similar mixture of pheophor-
bides was also excreted by the cells into the culture medium
(data not shown). Semisynthetically prepared BPhe ¢ ho-
mologs esterified with farnesol eluted between 27 and 33 min
(data not shown), which means that the hydrophobic pheo-
phytins eluting between 46 and 65 min (peaks 4 through 7 in
Fig. 5B) were esterified with alcohols more hydrophobic than
farnesol, such as phytol or geranylgeraniol. These hydrophobic
pheophytins were probably formed by esterification of the hy-
drophilic pheophorbides with such long-chain alcohols by the
two remaining (B)Chl synthases in the cell (BChl a synthase
and Chl app, synthase). Such nonspecific esterification may
have occurred because the pheophorbide concentration in the
mutant was at least 3 orders of magnitude higher than in the
wild type. The multitude of pheophorbide and pheophytin
species, of which some subsets had identical absorption spectra
but slightly different elution times (e.g., subsets 5 and 7 in Fig.
5B), indicates that these species were methylated to varying
extents in the C-8, C-12, and C-20 positions on the porphyrin
ring. For example, the four peaks marked as subset 5 in Fig. 5B
all had an absorption spectrum that was identical to that of
BPhe c.

The content of other pigments varied little between the wild
type and the bchK mutant. The carotenoid content of the wild
type was 12 pg per mg of cell protein while the carotenoid
content of strain BGC2 was 17 pg per mg of cell protein. The
increased carotenoid content in the bchK mutant could be due
to the slower growth rate of the mutant (see above), since
similar carotenoid changes have been observed in wild-type C.
tepidum grown at different light intensities (5). The distribution
of BChl ¢ homologs was similar in the wild type and the bchK
mutant, with about 95% being BChl a, (BChl a esterified with
phytol), which eluted between peaks 6 and 7 in Fig. 5A and as
peak 2 in Fig. 5B. Only one Chl a homolog was identified (Chl
app; peak 10 in Fig. 5A and peak 3 in Fig. 5B); Chl ap, eluted
2.5 min earlier than the Chl a; standard extracted from Syn-
echococcus sp. strain PCC 7002. The BChl ¢ and Chl app
contents were similar in the wild type (4.3 and 0.43 pg per mg
of cell protein, respectively) and the bchK mutant (4.6 and 0.38
pg per mg of cell protein). These results suggest that the
amounts of FMO protein, other BChl a antennae, and photo-
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synthetic reaction centers were similar in the wild type and the
bchK mutant.

The content of isoprenoid quinones was about 6 pg of mena-
quinone-7 and 5 g of chlorobiumquinones (1’-oxomenaqui-
none-7 and 1’-hydroxymenaquinone-7) per mg of protein in
the wild type and about 3 pg of menaquinone-7 and 6 pg of
chlorobiumquinones per mg of protein in the mutant. The
difference in menaquinone-7 content between the wild type
and the bchK mutant is probably related to the normal varia-
tion in content and distribution of isoprenoid quinones in
green sulfur bacteria observed as a function of growth rate and
growth state (N.-U. Frigaard, unpublished data).

Ultrastructural analysis of the bchK mutant. The cellular
morphology of the wild type and the bchK mutant appeared
indistinguishable by light microscopy (data not shown). Addi-
tionally, the overall cell shape and dimensions of the bchK
mutant appeared identical to the wild type in electron micros-
copy of thin sections. However, typical chlorosomes were
clearly absent from the bchK mutant (Fig. 6B). Chlorosomes in
the wild type appeared as very lightly stained structures sur-
rounding the periphery of the cytoplasm, with dimensions of
roughly 60 by 30 nm (Fig. 6A). (These relatively small dimen-
sions suggest that the chlorosomes were predominantly sec-
tioned perpendicular to the long axis of the chlorosome.) The
chlorosomes were clearly separated from the cytoplasmic
membrane by a more heavily stained region with a thickness of
roughly 5 nm. Although no obvious vestigial chlorosome struc-
tures were consistently visible along the inner surface of the
cytoplasmic membrane of the bchK mutant, localized areas
containing more heavily stained regions could occasionally be
identified in some sections of the mutant cells (Fig. 6C). If the
chlorosome envelope collapses in the absence of BChl ¢, such
regions could represent empty chlorosome envelopes and their
associated FMO protein layer.

Chlorosomes and FMO protein content of the bchK mutant.
Although BChl ¢ was eliminated from the bchK mutant, the
FMO protein and the remaining components of the chloro-
some seemed likely to be retained. An immunoblotting anal-
ysis of the FMO protein and the major protein of the chloro-
some envelope, CsmA, in whole-cell extracts showed that the
contents of these proteins were indeed similar in the wild-type
and bchK mutant strains (Fig. 7). Based upon this result and
the observation that the total BChl a content was also similar
in the wild type and the mutant, it can be concluded that the
contents of the BChl a-binding FMO protein and reaction
centers were similar in the wild-type and bchK mutant strains.

A method to isolate a fraction enriched in vestigial chloro-
some structures from the bchK mutant was developed (see
Materials and Methods for details). This procedure yielded an
orange fraction that floated on top of the solution after cen-
trifugation. The contents of this fraction have tentatively been
named carotenosomes because of the orange-red coloration
and high content of carotenoids. The absorption spectrum of
the carotenosome fraction is shown in Fig. 3B and C. In addi-
tion to the large carotenoid absorption band between 400 and
500 nm, this fraction contained a minor absorption band at 798
nm. This absorption band is clearly distinct from that of the
FMO protein (absorption maximum at 809 nm) and the reac-
tion centers of the cytoplasmic membrane (absorption maxi-
mum around 810 nm with a shoulder around 835 nm; Fig. 3C).
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FIG. 6. Transmission electron micrographs of thin sections of the
wild type (A) and the bchK mutant (B) of C. tepidum. The sections
shown were sectioned approximately perpendicular to the long axis of
the cell. (C) Enlargement showing the heavily stained regions ap-
pressed to the cytoplasmic membrane that may represent FMO protein
and vestigial chlorosomes. For additional details, see text. Bars repre-
sent 100 nm.

This 798-nm absorption must arise from interactions between
more than one BChl ¢ molecule or between BChl ¢ and pro-
tein or both, since the spectrum of this BChl « is significantly
shifted toward red relative to the spectrum of monomeric BChl
a in organic solvents, which has an absorption maximum
around 770 to 780 nm (28). The 798-nm BChl a species in our
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WT bchK
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FIG. 7. Immunoblot analysis of the BChl a-binding FMO protein
and the chlorosome envelope protein CsmA in whole-cell extracts of
the wild type (WT) and the bchK mutant. Equal amounts of total cell
protein (180 pg) were loaded in each lane. Immunoreactive proteins
were detected by enhanced chemiluminescence.

carotenosomes is probably similar to the 794-nm species de-
rived from Chlorobium limicola chlorosomes that has been
described by Gerola and Olson (15). SDS-PAGE analysis of
the carotenosome fraction clearly indicated that this fraction
contained CsmA in addition to several other proteins (Fig. 8).
HPLC analysis and absorption spectroscopy of methanol ex-
tracts showed that the carotenosome fraction also contained
0.13 pg of BChl 4, 0.58 wg of chlorobiumquinones, 0.18 pg of
menaquinone-7, and about 0.05 pg of BPhe ¢ per pg of carot-
enoid. A complete biochemical and spectroscopic analysis of
the carotenosome fraction will be the subject of a future paper.

WT bchK
(kDa)
Csml—
CsmX —
CsmH— -—28.1
CsmJ~
- 16.5
CsmC — it
—
CsmD — s
pre-CsmA — - 8.3
CsmF —
CsmA,CsmB,CsmE —. - Ccsma

FIG. 8. SDS-PAGE analysis of the protein composition of chloro-
somes isolated from the wild-type (WT) strain and partially purified
carotenosomes isolated from the bchK mutant strain. Wild-type chlo-
rosomes corresponding to 0.5 wg of carotenoid and bchK caroteno-
somes corresponding to 1.5 pg of carotenoid were loaded in each lane.
Proteins were detected by silver staining.
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DISCUSSION

The results presented in this paper establish that ORF
CT1992 encodes the BChl ¢ synthase of C. tepidum. To avoid
future confusion associated with the ambiguous and inappro-
priate locus assignments previously suggested, bchG2 and
bchGe (22, 48), which would imply that CT7992 is allelic with
the bchG gene encoding BChl a synthase when in fact their
products catalyze different reactions, we suggest that the locus
designation bchK be used to specify genes encoding BChl ¢
synthases.

The BChl ¢ synthases from C. tepidum and Chloroflexus
aurantiacus show 34% identity and 55% similarity whereas the
BChl a synthases show 39% identity and 57% similarity. In
contrast, BchK and BchG from C. tepidum show 24% identity
and 42% similarity while BchK and BchG from Chloroflexus
aurantiacus show 30% identity and 51% similarity. The Chl a
synthases (ChlG) from C. fepidum and Synechocystis sp. strain
PCC 6803 show 35% identity and 55% similarity. Both BChl
synthases of Chloroflexus aurantiacus have been overproduced
in E. coli and enzymatically characterized (34). The results
from these studies support the conclusion that BchG2 is a
BChl ¢ synthase while BchG is a BChl a synthase. Since our
studies clearly establish that BchK is a BChl ¢ synthase and
since BchG2 is most closely related in sequence and function
to BchK, it seems appropriate that the bchG2 gene of Chlo-
roflexus aurantiacus should also be redesignated bchK as dis-
cussed above. Final confirmation of the identity of the bchG2
gene product in Chloroflexus aurantiacus could be obtained by
using it in complementation studies of the bchK mutant of C.
tepidum described here. Such complementation would also
give interesting information on the specificity for the esterify-
ing alcohol, since BChl ¢ in Chloroflexus aurantiacus is pre-
dominantly esterified with stearol (2, 31) while BChl ¢ in C.
tepidum is predominantly esterified with farnesol (38).

Although it cannot be ruled out that minor modifications
such as the methylations at the C-8, C-12, and C-20 positions
of the tetrapyrrole ring occur after the esterification, the es-
terification catalyzed by BchK is probably the last step in the
BChl ¢ biosynthetic pathway by analogy with the Chl a and
BChl a biosynthetic pathways (40). Since the pheophorbides in
the bchK mutant seemed to be methylated to a variable extent,
the C-8 and C-12 methyltransferases probably act on nonest-
erified precursors of BChl c¢. BChl ¢ is found to be esterified
with a variety of long-chain alcohols in green sulfur bacteria,
although species esterified with farnesol are typically most
abundant (6, 38). However, the substrate specificity of the
BChl ¢ synthase of C. tepidum for long-chain alcohols appears
not to be very high, since other alcohols such as phytol or
geranylgeraniol are easily incorporated into BChl ¢ if these
alcohols are supplied to the cells in the culture medium (38).
The predominance of farnesol as the esterifying alcohol of
BChl ¢ under standard laboratory growth conditions may thus
simply reflect that this alcohol is abundant in cells under such
growth conditions.

The observations that BChl ¢ is nonessential and that vari-
ous pheophorbide intermediates accumulate which are not
toxic to C. tepidum allow the possibility that all other genes
unique for BChl ¢ biosynthesis may also be identified by gene
inactivation. These genes most likely include a BchE cyclase
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specific for BChl ¢, a C-20 methyltransferase (for BChl d to
BChl ¢ conversion), a BchF hydratase for the introduction of
the hydroxyl group at the C-3' position, and C-8 and C-12
methyltransferases which probably also belong to the BchE
family (7).

BChl ¢ biosynthesis is very strongly inhibited by anaesthetic
gases, such as ethylene, acetylene, and nitrous oxide (10, 26).
When Chlorobium sp. cultures are treated with such inhibitors,
cellular levels of BChl ¢ can drop to as little as 10% of the
levels found in control cells. A recent study has shown that the
synthesis and accumulation of chlorosome envelope proteins
are essentially unchanged in cells treated with acetylene (43).
These results, as well as studies by Oelze and coworkers in
Chloroflexus aurantiacus (8, 9), are consistent with the idea that
chlorosome envelopes and their component proteins are con-
stitutively synthesized and then filled with BChls as required by
the cells. The results reported here indicate that chlorosome
envelopes containing CsmA and perhaps other chlorosome
proteins are synthesized in the bchK mutant and that carote-
noids, isoprenoid quinones, and BChl a are imported into
these carotenosomes even in the complete absence of BChl c.

The bchK mutant has some immediate advantages to offer in
the study of green bacteria. The high BChl ¢ absorption nor-
mally found in the wild type obscures the absorption from the
various minor BChl a species. The bchK mutant is therefore
suitable for optical studies of these species. For example, elec-
tron and excitation transfer kinetics in the reaction center and
peripheral antennae may be more easily investigated in whole
cells and subcellular preparations of the bchK mutant. The
ability to perform measurements on whole cells is important,
since breakage of the cells is likely to disrupt at least some of
the normal electron and excitation transfer pathways (this has
already been shown to be a problem with the FMO antenna
protein and reaction centers [20, 24]). In addition, the possi-
bility of isolating chlorosomes without BChl ¢ will allow new
approaches to investigate the roles and localization of carote-
noids and BChl a in chlorosomes and to determine whether the
798-nm-absorbing BChl a species of chlorosomes is protein
bound as suggested by Sakuragi et al. (32).

All green sulfur bacteria isolated so far from natural sources
possess chlorosomes and BChl ¢, d, or e. However, our finding
that BChl ¢ is not necessary for photosynthetic growth of C.
tepidum suggests that there may naturally exist photosynthetic
“orange sulfur bacteria.” These bacteria would be closely re-
lated to green sulfur bacteria, would lack chlorosomes and
BChl ¢, and would thus mainly rely on BChl a proteins as
light-harvesting antennae. Such bacteria could thrive in sul-
fide-rich environments similar to those preferred by green sul-
fur bacteria except that they would possibly require a much
higher light intensity to sustain reasonable growth rates. Inter-
estingly, such bacteria that are phylogenetically related to the
green filamentous bacteria have already been identified and
isolated (4, 17, 29). Heliothrix oregonensis (29) and Roseiflexus
castenholzii (17) are photoheterotrophs isolated from hot
springs in Oregon and Japan, respectively. These organisms
share many properties with Chloroflexus aurantiacus but lack
chlorosomes and BChl ¢, synthesize only carotenoids and BChl
a as photosynthetic pigments, and are distantly related to Chlo-
roflexus aurantiacus on the basis of molecular taxonomic mark-
ers. Other red, anoxygenic photoheterotrophs have more re-
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cently been described in alkaline hot springs of Yellowstone
National Park (4).

It seems likely that chlorosomes may have been exchanged
by horizontal gene transfer between the otherwise distantly
related green sulfur bacteria and green filamentous bacteria.
However, it is not clear whether it was an ancestor of Chloro-
bium or of Chloroflexus which first evolved chlorosomes. The
low sequence similarity and early branching in the phylogenetic
tree of BchK between C. tepidum and Chloroflexus aurantiacus
(Fig. 2) suggest that the chlorosome was exchanged early in
evolution between the ancestors of these two bacteria. This
idea is also supported by the low sequence similarity of the
predominant chlorosome protein CsmA in these bacteria (only
27% identical) and by the fact that the composition of the
remaining chlorosome proteins is significantly different (14).
Since ancestors of Chloroflexus spp. could probably grow che-
moorganotrophically as well as photoheterotrophically and
photoautotrophically, we favor the hypothesis that chloro-
somes were evolved by an ancestor of Chlorobium sp. that was
phenotypically similar to the bchK mutant of C. fepidum. Since
a Chlorobium-like, obligate photoautotroph with properties
similar to those of the bchK mutant of C. tepidum would have
been much more constrained metabolically than a Chlo-
roflexus-like ancestor, such an organism would have been sub-
ject to very powerful selection pressure to evolve a more effi-
cient light-harvesting antenna as oxygen began to appear on
Earth.
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