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Abstract During the course of an Arabidopsis thaliana
genome sequencing project, we identified a gene, G4,
with a derived amino acid sequence showing homology
to the product of the Rhodobacter capsulatus bchG
locus which is involved in the esterification of bacterio-
chlorophyllide with geranylgeraniol. The relationship
between this gene and bchG was confirmed by the
isolation and analysis of a corresponding full-length
¢DNA. Comparison of genomic and cDNA sequences
indicated that the gene is made up of 14 exons, some of
them being very short. Southern and Northern ana-
lyses showed that this sequence represents a single-
copy gene and its transcript is detected only in green or
greening tissues. Both homologies and expression data
suggest that this gene encodes a chlorophyll synthetase,
one of the last enzymes of chlorophyll biosynthesis, and
thus represents a new example of a nuclear gene encod-
ing an enzyme of this pathway in higher plants.
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Introduction

In studies on chlorophyll biosynthesis in higher plants,
the term “chlorophyll synthetase” was used first to
describe an enzyme different from chlorophyllase,
which was associated with etioplast membrane frac-
tions isolated from etiolated oat seedlings, and which
was responsible for the light-independent esterification
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of chlorophyllide a to chlorophyll a. (Rildiger et al.
1980). These authors showed that chlorophyll syn-
thetase preferentially used as substrates the diphos-
phate derivatives of geranylgeraniol (GGPP) or phytol
(PPP). This final step in chlorophyll biosynthesis was
further characterized in spinach chloroplasts (Soll and
Schultz 1981; Soll et al. 1983). It was shown that chloro-
phyll synthetase is firmly bound to the thylakoid mem-
brane, where the enzyme catalyzes the esterification
of chlorophyllide a with GGPP, yielding Chlgg, which
is converted to Chlp, by a subsequent reduction of
geranylgeraniol to phytol.

In photosynthetic bacteria of the genus Rhodobacter,
the essential loci involved in bacteriochlorophyll a bio-
synthesis are clustered in a 46 kb region of the chromo-
some (for a review, see Bauer et al. 1993). Sequence
analyses and studies of insertional or directed muta-
tions in 2 number of the open reading frames present in
this region allowed the assigment of several of these
ORFs to specific enzymes in the bacteriochlorophyll
biosynthetic pathway (for a review, see Bollivar et al.
1994a). ORF304 (Alberti 1991; EMBL sequence sub-
mission, accession number Z11165), also termed bchG
(Taylor et al. 1993), was demonstrated to encode
the chlorophyll synthase required for the esterification
of bacteriochlorophyllide a with GG (Bollivar et al.
1994b). Although the catalytic activity of BchG protein
remains to be demonstrated in vitro, this polypeptide
represents the prokaryotic homolog of chlorophyll
synthetase, the enzymatic activity which was described
in higher plants by Riidiger and coworkers (1980). To
date, only nuclear genes involved in the early steps of
chlorophyll biosynthesis in higher plants have been
isolated (Koncz et al. 1990, 1992; Hudson et al. 1993).
They encode proteins that show homology to the prod-
ucts of the Rhodobacter bchl and bchH genes necessary
for chelation of magnesium by protoporphyrin IX,
a key step in bacteriochlorophyll biosynthesis.

As part of the European genome sequencing effort to
identify new genes in Arabidopsis thaliana, we have



sequenced the regions surrounding the gene encoding
the late embryogenesis protein Em1 (Gaubier et al.
1993) which has been mapped on chromosome 3. The
Eml gene was located in the 13.7 kb insert of a lambda
phage genomic clone, AGEA1, which was completely
sequenced. By sequence comparison we found that the
gene immediately downstream of Eml, on the opposite
strand, provisionally named G4, presented some sim-
ilarity to the ORF304 (or bchG gene) located within the
Rhodobacter capsulatus photosynthesis gene cluster.
A fragment of the plant gene was used to isolate a full-
length A. thaliana cDNA clone. Amino acid compari-
son of the encoded polypeptide with that derived from
the R. capsulatus bchG gene reveals highly conserved
motifs which strongly suggest that the A. thaliana G4
gene described here encodes a chlorophyll synthetase.

Materials and methods

Plant materijal

Arabidopsis thaliana (L.) Heynh seeds, ecotype Columbia (Col-0),
were obtained from Dr. Jerdme Giraudat (ISV, Gif-sur-Yvette,
France). The plants were grown in a growth chamber on sterile peat.
Organs for DNA or RNA extraction were collected, frozen in liquid
nitrogen and stored at — 80° C.

Isolation and sequencing of genomic and ¢cDNA clones

The genomic clone AGEA1 was isolated from an A. thaliana (Col-
umbia) library constructed in EMBL4 and kindly provided by Dr
Bernard Lescure (CNRS-INRA, Toulouse, France). This library was
constructed by insertion of partial Sau3A digests of genomic DNA
into the BamHI sites of the vector (Axelos et al. 1989). The nucleotide
sequence of the insert was determined on the first strand by the
dideoxynucleotide chain termination method on double-stranded
DNA (Chen and Seeburg 1985), using nested ExoIll deletions
(Henikoff 1984). Sequence of the complementary strand was estab-
lished using selected oligonucleotides spaced every 250 bp.

A 2.4 kbp AatlI-EcoRI restriction fragment overlapping a large
part of the region containing the putative chiorophyll synthetase
gene was isolated, labelled by random primer extension (Feinberg
and Vogelstein, 1983) and used as probe to screen an A. thaliana
(Columbia) green shoot cDNA library constructed in vector A Zap II
and kindly provided by Dr Martin Kreis (Orsay, France). Some

Fig. 1 Map of the AGEA1
genomic clone. Representative
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300,000 plaques were screened and positive plaques were selected by
three rounds of replating and hybridization. Fifteen positive clones
were finally recovered. One of these clones, containing the largest
insert corresponding to the expected length, was sequenced in its
entirety on both strands.

Southern and Northern blot analyses

Genomic DNA was isolated from A. thaliana (Columbia) plantlets as
described earlier (Dellaporta et al. 1983). Restricted DNA (2 pg per
digest) was resolved on an 0.8% agarose gel and transferred to
Hybond N membrane (Amersham) according to the supplier’s speci-
fications, then hybridized at 65°C with recommended solutions,
using as a probe the G4 cDNA labelled by random primer extension.

Subsequent washing of the membrane was performed at room
temperature in 2 x SSC, 0.1% w/v SDS, then at 65°C in 1x SSC,
0.1% w/v SDS. For DNA digests, restriction enzymes were chosen
that have no cleavage site in the G4 gene (BamHI, HindIII, Xhol),
one site (EcoRI) or more than one site (EcoRV).

Total RNA was extracted (Lee Downing et al. 1992) from various
A. thaliana (Columbia) organs: flower buds, flowers, immature (small
green), mid-stage (large green) and mature (yellow) siliques, dry
seeds, stems, mature leaves (rosette) from adult plants, leaves from
young plantlets, and seeds allowed to germinate for 5, 10, 30, 50 and
72h in water in petri dishes under continuous light. RNA was
electrophoresed (10 pg per sample) on 1% agarose-formaldehyde gel
(Sambrook et al. 1989) then transferred to Hybond N membrane
and hybridized with the labelled G4 cDNA at 42° C in the presence
of 50% v/v formamide. Washing of the membrane was performed as
for Southern blotting.

Sequence data analyses

Nucleotide and amino acid sequence analyses were done with the
BLAST program (Altschul et al. 1990) using the Blast Network
service at the NCBI. Polypeptide sequence alignments were ob-
tained using the CLUSTAL V software (Higgins and Sharp, 1988)
with its default parameters (gap penalty: 3, K-tuple: 1, no. of top
diagonals: 5, window size: 5, protein weight matrix: PAM 250).

Results and discussion

Characterization of the chlorophyll synthetase gene,
isolation and sequencing of the corresponding cDNA

The insert of the genomic clone AGEA1 is 13738 bp in
length and contains the Em1 gene previously described
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restriction sites: E1, EcoRI; E3,
EcoRV; A, Aatll; B, BamHIL.
Positions of the EmI and G4
genes are indicated by arrows.
The enlarged portion of the clone
shows the Aatll- EcoRI fragment
used as the probe for isolation of
c¢DNAs corresponding to G4
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TATTTGTATTTTTATTGTTAAATTTTATGAT TTCACCCGGTATATATCATCCCATATTAATATTAGATTTATTTTTIGGG 80

CTTTATTTGGGTTTTCGATTTAAACTGGGCCCATTC TGCTTCAATGAAACCCTAATGGGTTTTCTTTIGGGCTTTGGATTT 160

AAACCGGGCCCATTCTGCTTCAATGAAGGTCCTTTGTCCAACAAAACTAACATCCGACACAACTAGTATIGCCAAGAGGA 240
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Fig. 2 Nucleotide sequence of 2481
the G4 gene and its cognate

cDNA. The DNA sequence

extends to the 3’ end 2561
(underlined) of mRNA encoded
by the Eml gene indicated in 2641
Fig. 1. Dashed lines below the 326
genomic DNA sequence 2721
indicate the ends of the G4 340
cDNA clone. The translation
start of the G4 coding region is 2801
underlined. The amino acid 352
sequence obtained by 2881
translation of the cDNA 365
sequence is shown below the
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is marked by an asterisk 368
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poly (A)

TAGTTCTGTCACTTCTCTGCTITCAGAATGTTTITGTTTTC TGTAGTCGATTTTAACTAT TTTCATCACTTTTTGTATTG
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(Gaubier et al. 1993). Downstream of Em/, on the
opposite strand, sequential ORFs located on four con-
tiguous EcoRV fragments (Fig. 1) were compared to
the non-redundant peptide sequence databases, and
were found to match the polypeptide encoded by the
Rhodobacter capsulatus bchG gene, suggesting that
each corresponded to a different exon of the same gene.

In order to identify the entire coding sequence and to
delineate the exon and intron positions, the 2.4 kb
Aatll-EcoRI restriction fragment overlapping a large
part of this region (Fig. 1) was used as probe to isolate
a full-length cognate cDNA clone.

Sequences of the 3.6 kb genomic region containing
the putative gene, of its corresponding cDNA and of
the predicted translation product are shown in Fig. 2.
The ¢cDNA sequence is 1413 nucleotides (nt) long. It
contains a methionine-initiated ORF of 1161 nt, encod-
ing a protein of 387 amino acids, of predicted molecular
weight 42 kDa. A stop codon is found 36 nt upstream
of this methionine, indicating that the cDNA contains
the full-length coding sequence. The 3’ untranslated
region is relatively short (195 nt) and no classical poly-
adenylation signal can be found before the poly (A)
tract. Downstream from the 3’ end of the cDNA se-
quence, at 406 nt, is found the 3’ end (on the opposite
strand) of the Em! gene transcript. In the 5’ non-tran-
scribed region of the gene, no typical TATA box was
found at the usual distance upstream from the begining
of the cDNA sequence. The closest one is located

370 bp upstream of the ATG. The mRNA correspond-
ing to the cDNA sequence comprises 14 exon se-
quences, the shortest one contains 45 nt (exon 2) and
the longest 208 nt (exon 1). Exon sequences share com-
plete identity with the cDNA sequence. The intronic
sequences are generally short, the smallest (intron VI) is
73 nt long, close to the minimal length requirement of
between 70 and 73 nt for efficient splicing of plant
introns (Goodall and Filipowicz 1990).

Amino acid sequence comparison of the A. thaliana G4
sequence to the Rhodobacter capsulatus ORF304
(bchG gene)

An alignment of the G4-encoded polypeptide with the
polypeptide encoded by bchG is shown in Fig. 3A.
Positions of introns are indicated in order to delineate
exons in the G4 protein sequence. Alignment of the
whole R. capsulatus protein, which contains 304
amino acids, begins at residue 90 of the G4 protein,
after which 33.6% amino acid sequence identity and
61% amino acid sequence similarity are found between
both proteins.

Three domains are particularly well conserved, with
60% (domains I and III) to 75% (domain II) amino
acid identity. The existence of these very closely related
domains in both proteins, together with the existence,
between them, of common stretches of conservative
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amino acid replacements, strongly suggest that the A.
thaliana G4 protein is homologous to the bacterial
bchG protein sequence.

The first 89 N-terminal residues of the A. thaliana
protein are without conterpart in the bacterial protein.
These residues correspond to the two first exons and
the major part of the third exon. They could represent
a composite targeting sequence comprising sequen-
tially cleavable peptides necessary for protein translo-
cation from the cytoplasm to the thylakoid membrane,
as expected for a nuclear encoded, plastid chlorophyll
synthetase (Soll et al. 1983; Lindsten et al. 1990). This
possibility was evaluated by analyzing the G4 amino

Fig. 3A Protein sequence alignment between the G4-encoded pro-
tein of Arabidopsis thaliana (Ath) and the bchG-encoded protein of
Rhodobacter capsulatus (Rca). Identical residues are indicated by
asterisks, conservative replacements by crosses, and deletions (gaps)
by dashes. Positions of introns in the A. thaliana gene sequence are
shown with arrowheads. The three conserved domains are indicated
by dashed lines above the protein sequences. B Comparison of
hydropathic plots of G4 and bchG proteins. C Alignment of the
three conserved domains found in the A. thaliana G4 protein (Ath),
the R. capsulatus BchG protein (Rca) and in a protein of unknown
function (Niedermeier 1994; Genbank accession number Z34000,
ORF 2) of Chloroflexus aurantiacus (Cau). Identical residues are
indicated by asterisks and conservative replacements by crosses.
Residues at the begining and at the end of each domain are num-
bered according to their position in the corresponding protein
sequence
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acid sequence with the Psort computer program
(Nakai and Kanehisa 1992). Results predicted a chloro-
plast thylakoid membrane protein with a 73% prob-
ability.

Hydropathic plots comparison of plant and bacterial
proteins (Fig. 3B) shows that the A. thaliana protein
profile strongly resembles the bacterial protein profile
(excluding the long amino-terminal sequence), with an
hydrophobic domain distribution consistent with a
transmembrane protein. This similarity of hydropathy
profiles again argues for functional similarity between
the two proteins.

In comparing the G4 protein with databases, we also
found significant homologies with another complete
polypeptide of unknown function encoded by a gene of
the green filamentous bacterium Chloroflexus auran-
tiacus (Niedermeier 1994; Genbank accession number
734000, ORF 2). This polypeptide also contains 304
amino acids and is described by the author as 31.5%
identical and 59.8% similar to the BchG protein of
Rhodobacter capsulatus. Tts corresponding gene is
located upstream from two genes encoding proteins of
the chlorosome (Niedermeier et al. 1994). The amino
acid sequence of this polypeptide is 37% identical and
61.7% similar to the G4 protein, and the alignment of
both proteins also starts after the putative §9-amino
acid targeting sequence of the plant protein (not
shown). The three conserved domains are present in the
C. aurantiacus protein, as shown in Fig. 3C, suggesting
that this protein is a C. aurantiacus homolog of the
R. capsulatus BchG protein and of the A. thaliana G4
protein.

S2 S3 DS st
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Fig. 4A Southern blot analysis of the G4 gene. Genomic DNA
(2 ng) digested with BamHI (lane 1), EcoRI (lane 2), EcoRV (lane 3),
HindIII (lane 4) or Xhol (lane 5) was analyzed on an 0.8% agarose
gel, transferred on to a membrane and hybridized with radiolabel-
led G4 ¢cDNA. B Northern blot analysis of G4 gene expression.
Radiolabelled G4 ¢cDNA was hybridized to 10 ug of total RNA
extracted from flower buds (FB), flowers (F), small green siliques
(S1), mid stage green siliques (S2), mature siliques (S3), dry seeds
(DS), stems (St), leaves from young plantlets (YL), rosette leaves
from adult plants (ML), or seeds allowed to germinate for 5 h (G1),
10 h (G2), 30 h (G3), 50 h (G4) and 72 h (G5)

Gene copy number and transcript analysis

In order to estimate the copy number of the G4 gene,
a genomic digest of Columbia ecotype DNA was
probed with the cognate cDNA. As shown in figure 4A,
autoradiography of the membrane reveals hybridizing
fragments indicating the existence of a single G4 gene
copy in the genome of A. thaliana. The BamHI, HindI11
and Xhol digests show only one hybridizing fragment.
The EcoRI digest shows one 5.7 kb fragment contain-
ing 90% of the G4 gene, the 2.7 kb fragment containing
the last 10% of the hybridizing sequences is not visible.
The EcoRV digest shows four expected gene fragments,
3.3,2.1,0.75 and 0.43 kb in length, with labelling inten-
sities directly related to their representation in the
transcribed sequence; the smallest expected fragment
(91 bp) is not visible because it has migrated out of the
0.8% agarose gel.

In order to analyze the expression pattern of the G4
gene, total RNA was prepared from various parts of
A. thaliana plants and used for Northern blot analysis
with the G4 cDNA as probe. Autoradiography of the
membrane (Fig. 4B) showed a unique transcript with
a size corresponding to that of the cDNA probe
(1.4 kb). G4 mRNA was detected, at a low level, in green
tissues: flower buds and flowers, stems and leaves, and
in greening cotyledons of seeds after 30 h of hydration
and illumination. The transcript was also detectable in
the total RNA of immature and mid-stage siliques after
overexposure of the membrane (not shown) but not in
the RNA of mature siliques, dry seeds, or 5 and 10-h
germinated seeds. Nevertheless, expression of the G4
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gene is not strictly light-dependent since a partial G4
cDNA has been isolated recently from an A. thaliana
¢DNA library of 5-day-old etiolated seedlings grown
in vitro (Desprez et al. Genbank accession number
734566). The presence of such a transcript in etiolated
plantlets is in agreement with the previous observations
that chlorophyll synthetase is present in etioplasts as
well as in chloroplasts (Ridiger, 1992).

Definitive evidence that this gene encodes the chloro-
phyll synthetase awaits the production of the recom-
binant G4 protein and in vitro demonstration of its
enzymatic activity with the appropriate substrates.
This might be difficult because substrates are not com-
mercially available and because the protein may re-
quire other proteins or a membrane environment for
activity. It is also interesting to note that the Em/ gene
maps in the vicinity of the colour mutant ck-6 (chlorina)
(Fischerova 1975; Relichova 1976)) which was mapped
on chromosome 3 (Koornneef et al. 1983) and it is
tempting to speculate that the ch-6 mutation affects the
G4 gene, although this could only be clearly demon-
strated by complementation of the mutant. The de-
tailed characterization of the cDNA and the sequence
of this gene now opens up all these lines of research.
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