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The sequence of the Chloroflexus aurantiacus open reading frame thought to be the C. aurantiacus homolog
of the Rhodobacter capsulatus bchG gene is reported. The BchG gene product catalyzes esterification of
bacteriochlorophyllide a by geranylgeraniol-PP; during bacteriochlorophyll a biosynthesis. Homologs from
Arabidopsis thaliana, Synechocystis sp. strain PCC6803, and C. aurantiacus were identified in database searches.
Profile analysis identified three related polyprenyltransferase enzymes which attach an aliphatic alcohol PP,
to an aromatic substrate. This suggests a broader relationship between chlorophyll synthases and other
polyprenyltransferases.

BchG in Rhodobacter capsulatus is involved in the biosyn-
thesis of bacteriochlorophyll a, catalyzing the esterification of
bacteriochlorophyllide a with geranylgeraniol (10). The alco-
hol moiety is then reduced in steps to phytol, the chain found
in the mature bacteriochlorophyll a of most bacteria. Plants

use a similar pathway for the biosynthesis of chlorophyll a in
etiolated membranes (26, 28) with the enzyme chlorophyll
synthase. Green plants appear to be esterified directly with
phytol (25). Other chlorophylls and bacteriochlorophylls use
other substrates in the esterification reaction (27, 29).
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FIG. 1. Nucleotide sequence and derived amino acid sequence of the C. aurantiacus bchG gene and surrounding regions. The sequence shown starts slightly after

the stop codon from the upstream cytochrome c-554 gene. A putative Shine-Delgarno sequence (underlined) lies directly upstream of the predicted start codon. The
first arrow above the nucleotide sequence (nucleotide 1745) indicates the end of the previous sequencing work (13). The second arrow above the nucleotide sequence
(nucleotide 2463) marks the EcoRI site at the end of the cloned NarI-EcoRI fragment and the beginning of the pUC19 sequence (double-underlined sequence). The
underlined amino acid sequences show the highest levels of identity between the C. aurantiacus and R. capsulatus BchG proteins in a GAP (17) alignment. The stop

codon is indicated by an asterisk.
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FIG. 2. Hydrophobicity plots for the identified polyprenyltransferases. (A) C.
aurantiacus BchG (311 amino acids [aa]); (B) R. capsulatus BchG (304 aa); (C)
chlorophyll synthase G4 from A. thaliana, aa 67 to 387 (321 aa); (D) chlorophyll
synthase from Synechocystis sp. strain PCC6803 (324 aa); (E) the second bacte-
riochlorophyll synthase, BchG2, from C. aurantiacus (305 aa); (F) UbiA from E.
coli (290 aa); (G) Coq2 from S. cerevisiae, aa 57 to 372 (317 aa); (H) MenA from
E. coli (308 aa). The plots were generated by using the PEPPLOT (17) program
and the complete amino acid sequences from all proteins, except the chlorophyll
synthase from A. thaliana and Coq2 from S. cerevisiae. The predictions for these
two proteins do not include the proposed transit peptide for each protein or the
serine-rich domain in Coq2. The plots show the Kyte and Doolittle (20) (thin
lines) and Engelman et al. (14) (thick lines) hydrophobicity predictions. Positive
values are hydrophobic, and negative values are hydrophilic.

Chloroflexus aurantiacus is esterified with phytol on bacterio-
chlorophyll a and predominantly with stearol on bacteriochlo-
rophyll c. However, there is a low substrate specificity for the
esterifying alcohol attached to bacteriochlorophyll ¢ in C. au-
rantiacus (15, 21).

C. aurantiacus occupies a unique evolutionary position
among photosynthetic bacteria. 16S rRNA sequence compar-
isons suggest that this organism diverged early from other
photosynthetic organisms (34). However, a comparison of
pheophytin-quinone-type reaction centers places C. aurantia-
cus much closer to purple bacteria (6, 8). One suggested ex-
planation for this discrepancy involves the lateral transfer of
genes involved in photosynthesis. Even within the photosyn-
thetic apparatus, the evolutionary history of C. aurantiacus is
unclear. While the peripheral chlorosome antenna system is
similar to that of green sulfur bacteria, the reaction center and
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FIG. 3. PILEUP (17) dendrogram of the polyprenyltransferases identified in
the legend to Fig. 2.

integral membrane light-harvesting antenna complex (LHI)
resemble those of the purple photosynthetic bacteria (3, 9, 35).
Therefore, an analysis of photosynthetic genes from this or-
ganism offers a unique view into the evolution of photosynthe-
sis. We have cloned and sequenced a gene from C. aurantiacus
that is highly homologous to bchG in R. capsulatus.

Sequencing of the C. aurantiacus bchG gene. The bchG gene
was isolated as a second open reading frame (orfl) discovered
during the cloning and sequencing of the cytochrome c-554
gene in C. aurantiacus (13). orfl was partially sequenced but
showed no homology to any sequence in the database at that
time.

The C. aurantiacus bchG gene was sequenced by using a
Sequenase version 2.0 sequencing kit (Amersham) according
to the manufacturer’s protocol for double-stranded sequenc-
ing. Escherichia coli DHS5a containing the previously described
pCEN12 plasmid (13) was grown overnight in Luria broth plus
ampicillin in 10-ml cultures. Plasmid DNA was isolated by an
alkaline lysis procedure and then purified through differential
precipitation in a solution of 0.5% cetyltrimethylammonium
bromide (Sigma Chemical Co., St. Louis, Mo.) (12). Portions
of the final sequence were confirmed with a Perkin-Elmer/
Applied Biosystems (Foster City, Calif.) 377 DNA sequencer
by using a PRISM DyeDeoxy terminator cycle sequencing kit
(Perkin-Elmer/Applied Biosystems). For the plasmids isolated,
a QIAGEN:-tip 20 (QIAGEN Inc., Chatsworth, Calif.) mini-
column was used according to the manufacturer’s instructions.

Figure 1 shows the nucleotide sequence and the predicted
amino acid sequence of bchG of C. aurantiacus. The sequenced
region contains an open reading frame of 933 nucleotides,
generating a protein with a predicted molecular mass of 33.6
kDa. The predicted amino acid sequence has a high degree of
identity with R. capsulatus BchG. An alignment was generated
by using the GAP program from the Genetics Computer
Group analysis package (17) with the default settings. This
alignment has a quality score of 243.7 (average random score,
101.8 = 4.5), a percent similarity of 69.5%, and a percent
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Ci. aur. BehG 35
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FIG. 4. Amino acid sequence alignment of BchG proteins from C. aurantiacus (Cf. aur.) and R. capsulatus (Rb. cap.), G4 from A. thaliana (A. thal.), chlorophyll
synthase from Synechocystis sp. strain PCC6803 (Syn. 6803), a partial sequence of chlorophyll synthase from rice, BchG2 from C. aurantiacus, UbiA from E. coli, Coq2
from S. cerevisiae, and MenA from E. coli. The alignment was generated by using CLUSTALW 1.5 (33) from the BCM Search Launcher WWW site and SeqVu, a
Macintosh shareware program from the Garvan Institute of Medical Research (Sydney, Australia). Regions of homology are shaded in gray, and regions of identity
are boxed. Gaps in the alignment are indicated by dashes. There is a single black bar under each region containing a potential transmembrane helix. Helix predictions
were made by using the hydrophobic predictions from Fig. 2, as well as the TMAP (24) and TMpred (19) WWW sites. Only seven helices are shown; the eighth is located
in the C-terminal region not included in this figure. There is a double bar under the region homologous to polyprenyltransferase domain II.

identity of 46.6% (data not shown). There are several areas in
this alignment that show especially high levels of identity.
Amino acids 33 to 53, 90 to 106, and 194 to 216 from C.
aurantiacus have percent identities of 61.9, 88.2, and 78.3%),
respectively, with their aligned counterparts in R. capsulatus.
These regions are underlined in Fig. 1.

Sequence comparisons. Database searches using the highly
homologous regions of the C. aurantiacus BchG sequence were
conducted. The searches were done with the BLASTP and
TBLASTN programs of the BLAST server (2). These searches
identified three proteins. The three proteins are a putative
chlorophyll synthase (G4) from Arabidopsis thaliana (GenBank
accession no. U19382) (16), a hypothetical protein translation
from the genomic sequence of Synechocystis sp. strain PCC6803
(DDBJ accession no. D64001), and the product from an open
reading frame upstream of the csmM and csmN genes of C.
aurantiacus (EMBL accession no. Z34000) (23). All three have
identities to the R. capsulatus bchG gene. Two partial cDNA-
expressed sequence tags, one from A. thaliana (EMBL acces-
sion no. Z34566) and the other from rice (DDBJ accession no.

D48639), were also identified. The A. thaliana sequence is
identical to that of the G4 synthase gene.

The five protein sequences were aligned with the PILEUP
program of the Genetics Computer Group package (17). The
multiple sequence file produced was run through the PRO-
FILEMAKE and PROFILESEARCH programs (17, 18).
Three related protein sequences, MenA (Swiss-Prot accession
no. P26601) and UbiA (Swiss-Prot accession no. P32166) from
E. coli and Coq2 (Swiss-Prot accession no. P32378) from Sac-
charomyces cerevisiae, were identified. UbiA and Coq2 are
homologs involved in ubiquinone biosynthesis (5, 22, 32), and
MenA is involved in menaquinone biosynthesis (31). These
enzymes are polyprenyltransferases that attach an aliphatic
alcohol PP; to an aromatic substrate. This suggests a broader
relationship between chlorophyll synthases and other polypre-
nyltransferases.

Comparisons of the hydrophobic predictions of these amino
acid sequences (Fig. 2) strongly suggest that all of these pro-
teins are integral membrane proteins. The plots show an es-
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sentially identical pattern with eight putative membrane-span-
ning regions.

The PILEUP (17) multiple sequence alignment of these
eight proteins produces the dendrogram shown in Fig. 3. The
dendrogram shows the pairwise clustering relationships of
these eight proteins. The BchG sequences from R. capsulatus
and C. aurantiacus and the chlorophyll synthases from A. thali-
ana and Synechocystis sp. strain PCC6803 cluster together, with
BchG2 as the next nearest neighbor. This is interesting for two
reasons. First, C. aurantiacus contains two bacteriochlorophylls
with different esterifying alcohols. Second, BchG?2 is clustered
with two genes that code for proteins associated with the pe-
ripheral antenna system (and therefore bacteriochlorophyll ¢)
and BchG is located near genes coding for proteins associated
with the bacterial reaction center and core antenna (and there-
fore bacteriochlorophyll a). This suggests that bchG codes for
the synthase that produces bacteriochlorophyll a and that the
bchG2 gene product produces bacteriochlorophyll c.

Figure 4 shows the multiple sequence alignment but does
not contain the C- and N-terminal ends. The partial protein
sequence from rice has also been included in this alignment. In
this alignment, regions of homology are shaded and regions of
identity are boxed.

Sequence comparisons of many polyprenyl synthase en-
zymes revealed three conserved domains (4, 11). Of these
three, domain II (region above double bar in Fig. 4) has been
found in a broad range of proteins that catalyze the conden-
sation of a polyprenyl group to a variety of substrates. Domain
II has been suggested to be the binding site of the polyprenyl
PP; (5, 22, 32). There are many regions throughout the se-
quence alignment that show surprising degrees of identity,
considering the wide range of organisms and functions repre-
sented. There are 10 absolutely conserved residues; half of
them are in or near domain II. Greater identity is shown only
if the chlorophyll synthase proteins are compared. There are
45 identical residues; 15 are in or near domain II. This region
also contains the DDXXD motif proposed to be responsible
for the binding of the divalent cations (Mg®" or Mn**) re-
quired for the catalytic activities of polyprenyltransferases (4,
11). Our sequence alignment suggests that this motif is actually
DRXXD. The requirement of chlorophyll synthase for diva-
lent cations has not been investigated. The conserved regions
may be useful in identifying chlorophyll synthase genes from
other organisms through PCR or as targets in site-directed
mutagenesis experiments.

In R. capsulatus, the proteins involved in the biosynthetic
pathway of bacteriochlorophyll a are encoded by genes located
in a 45-kb region of the chromosome called the photosynthesis
gene cluster (1). This cluster is bordered on one side by the L
and M subunits of the reaction center and the structural pro-
teins for the LHI antenna complex and on the other by the H
subunit of the reaction center. bchG lies approximately halfway
through the cluster. The positioning of bchG is very different in
C. aurantiacus. bchG begins directly downstream of the genes
encoding cytochrome ¢-554 and the structural proteins of the
core antenna. The genes for the C. aurantiacus reaction center
L and M subunits are a significant distance away (greater than
3 kb) (30). There is no H subunit in the C. aurantiacus reaction
center, just as there is no tetraheme cytochrome (cytochrome
¢-554) in the R. capsulatus reaction center. Further studies may
be very revealing, since most of the information collected from
studies of other photosynthetic bacteria suggests a clustering of
the photosynthetic genes, as seen in R. capsulatus (1, 7, 30).

Nucleotide sequence accession number. The sequence data
presented here has been submitted to the GenBank database
and assigned accession number U43963.
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