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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 
cDNA. 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. (Riidiger 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 Chla, h 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 a number of the open reading frames present in 
this region allowed the assigment of several of these 
ORFs to specific enzymes in the bacteri0chlorophyll 
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 bchI 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 Eml (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, 2GEA1, which was completely 
sequenced. By sequence comparison we found that the 
gene immediately downstream of Em], 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 material 

Arabidopsis thaliana (L.) Heynh seeds, ecotype Columbia (Col-0), 
were obtained from Dr. Jer6me 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 2GEA1 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 ExoIII deletions 
(Henikoff 1984). Sequence of the complementary strand was estab- 
lished using selected oligonucleotides spaced every 250 bp. 

A 2.4 kbp AatII-EcoRI restriction fragment overlapping a large 
part of the region containing the putative chlorophyll 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 2 Zap II 
and kindly provided by Dr Martin Kreis (Orsay, France). Some 

Fig. 1 Map of the ?~GEA1 
genomic clone. Representative 
restriction sites: El, EcoRI; E5, 
EcoRV; A, AatII; B, BarnHI. 
Positions of the Era! and G4 
genes are indicated by arrows. 
The enlarged portion of the clone 
shows the AatII- EcoRI fragment 
used as the probe for isolation of 
cDNAs corresponding to G4 
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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 ixg 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 1 x SSC, 
0.1% w/v SDS. For DNA digests, restriction enzymes were chosen 
that have no cleavage site in the G4 gene (BamHI, HindIII, XhoI), 
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 
72 h in water in petri dishes under continuous light. RNA was 
electrophoresed (10 gg 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 2GEA1 is 13 738 bp in 
length and contains the Eml gene previously described 
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1 TATTTGTATTTTTATTGTTAAATTTTATGATTTC ACCCGGTATATATCATC C CATATTAATATTAGATTTATTTTTTC-GG 80 

81 CTTTATTTC-GGTTTTCGATTTAAAC TGGGC CCATTC TGC TTCAATGAAACCC T A A T C ~ F F F I ~  TTTGGATTT 160 

161 AAACCGGC42CCATTC TGC TTCAATGAAGGTC C TTTGTCC AAC AAAAC TAACATCCGACACAAC TAGTATrC-C CAAGAGGA 240 

241 TC GTGCCACATGGCAGTTA~TCAAAGGCCGC CAAAAC TGTAACGTAGACATTAC TTATC TC CGGTAACGG~CAACC 320 

321 AC TCGTTTC C C GAAACAGCAACTCACAGAC TCACACC AC TCCAGTC TCC GGC ~fAAC TAC CAC CAGAG~CGATTC TCTCT 400 

............... G4 cDNA ....................... 

401 TCCGTCGGTTC TATGAC TTCGATTC TCAACAC TGTC TCCACCATCCAC TC TTCCAGAGTTACCTC CGTCGATCGAGTCGG 480 

1 ............. M T S I L N T V S T I H S S R V T S V D R V G 23 

481 AGTCC TCTC TC TTCGGAATTC GGATTCC GTTGAGTTC AC TC GCCGC-CGTTC TGGTTTC TCGAC GTTGATC TAC GAATC AC 560 

24 V L S L R N S D S V E F T R R R S G F S T L I Y E S 49 

561 CCGGTAGTTAGCATTC TGTTGGATAGATTGATGAATGTTTTC TTCGATT~'£'I"I'I~I"TTAC TGATC TTGTTGTGGATC TC TC 640 

50 P -. ....................................... INTRON I .............................. 50 

641 GTAGGGCGGAGATTTGTTGTGCGTGC GGCGGAGAC TGATAC TGATAAAGGTATGATTTTTTAGTTGTT','I'TAT~ TCT 720 

51 ... G R R F V V R A A E T D T D K-. ................................ 65 

721 C TC TTCAAAATTC TC 'I'I'I"ICAAACAC TGTGGC GTTTGAATTTCCGAC GGCAGTTAAATC TCAGACACC TGACAAGGCACC 800 

66 ...INTRON II ........................................ V K S Q T P D K A P 75 

801 AGCCGGTGGTTCAAGCATTAACCAGCTTCTCGGTATCAAAGGAGCATCTCAAGAAACTGTAATTTTGTTCATCTCCTCAG 880 

76 A G G S S I N Q L L G I K G A S Q E T ...................... 94 

881 AATCTTTTAAATTATCATATTTGTGGATAATGATGTGTTAGTTTAGGAATi"i"iCCTACTAAAGGTAATCTCTTTTGAGGA 960 

.................................... INTRON III .................................. 

961 CAAGTC TTGTTTI~AGCTTAGAAATGATGTGAAAATGTrGTTTGTTAGC TAAAAAGAGTTTGTTGTTATATTC TGTATTC 1040 

o..ooo.ooo.o....o.oooo.ooo ..... o .... °.. .... °. ..... .o.°o ........... . ............. 

1041 AGAATAAATGGAAGATTC GTC TTCAGC TTACAAAACC AGTCACTTGGCC TCC AC TGGTTTGGGGAGTC GTC TGTGGTGC T 1120 

95 .. N K W K I R L Q L T K P V T W P P L V W G V V C G A 120 

1121 GCTC-CTTCAGGTAATCATACGAACcTCTTTTGGATCATGCAATACTGTACAGAAAQ.i-~"i.i~TCATTTTCCTTCCAATTGT 1200 

121 A A S -. ............................... INTRON IV ............................ 123 

1201 TTCTTCTGGCAGGGAACTTTCATTGGACCCCAGAGGATGTTGCTAAGTCGATTCTTTGCATGATGATGTC~CT~T 1280 

124 ............ G N F H W T P E D V A K S I L C M M M S G P C 146 

1281 C TTAC TGGC TATACACAGGTC TGGTTTTACACAACAAAAAGC TGAC TTGTTC TTATTC TAGTGCATTTGC TTGGTGC TAC 1360 

147 L T G Y T Q .................................... INTRON V .................. 152 

1361 AATAAC CTAGACTTGTCGATTTCCAGACAATCAAC GAC TGGTATGATAGAGATATCGACGC AATTAATGAGC CATATCGT 1440 

153 .......................... T I N D W Y D R D I D A I N E P Y R 170 

1441 CCAATTCCATCTGGAGCAATATCAGAGCCAGAGGTAACTGAGACAGAACATTGTGAGc~i.£~"i~ATCTCTTTTGTGATTCTG 1520 

171 P I P S G A I S E P E ................................ INTRON VI ...... 181 

1521 ATTTCTC~TTACTC~TTAAAATGCAGGTTATTACACAAGTCTGGGTGCTATTATTGC-GAC93TCT~GTATTC-CTGGAATA 1600 

182 .......................... V I T Q V W V L L L G G L G I A G I 199 

1601 TTAGATGTGTGGGTAAGTTGGCC C TTC TGAC ATTAAC TAGTACAGTTAAAGGGCACATCAGA~ TAAAATCTTCC C T 1680 

200 L D V W ................................ INTRON VII ........................... 203 

1681 TATCAGGCAGGGCATACCAC TCC CAC TGTC TTC TATC TIk:-C TTTGGGAGGATCATTGC TATC TTATATATAC TC TGC TCC 1760 

204 ....... A G H T T P T V F Y L A L G G S L L S Y I Y S A P 228 

1761 /~2 C TC TTAAGGTAAG~"YT,'ATTCC TAAC TTCCAC TC TCTAGTGATAAGACAC TC CATC CAAGTTTTGGAGTTTTGAATAT 1840 

229 P L K ............................................. INTRON VIII .............. 231 

1841 CGATATCTCxAAC TGATCTCATTGCAGCTAAAACAAAATC-GATGC-GTTGGAAATTTTGCAC TTGGAGCAAGC TATATTAGT 1920 

232 ........................... L K Q N G W V G N F A L G A S Y I S 249 

1921 TI~,CCATGGTAAGATATC TC GTGTATCAATAATATATGGCGTTGTTC TCATC TCATTGATTTGTTTC TTGC TCAC TTGAC 2000 

250 L P W ...................................... INTRON IX ......................... 252 

2001 TGATA~TGGCCAAGCATTG~ACTCTTACGCCAGATGTTGTTGTTCTAACACTCTTGTACAGCATAGCTG 2080 

253 ...... - W A G Q A L F G T L T P D V V V L T L L Y S I A 276 

2081 GGGTACTCTTTTGGCAAACC.~z-i"i.ATGTTGCTTTTTTCGTTATCTGTTGTAATATGCTCTTC42TTCATGTTGTAC~TTTG 2160 

277 G ........................................ INTRON X .............................. 277 

2161 TGATAATGCAGTTAGGAATAGCCATTGTTAAC GAC TTCAAAAGTGTTGAAGGAGATAGAGCATTAGGACTTCAGTC TC TC 2240 

278 ............ L G I A 1 V N D F K S V E G D R A L G L Q S L 300 

2241 CCAGTAGC TTTTGGCACCGAAAC TGC AAAATGGATATGC GTTGGTGC TATAGAC ATTAC TCAGC TTTC TGTTGCC GGTAT 2320 

301 P V A F G T E T A K W I C V G A I D I T Q L S V A -.. • • 325 

2321 GTACTATCCACTGTTTTTGTGCAGCTGTGGCTTCTATTTCTTTTCCTTGATC~2ATCAACTGGATATTCACCAATGGTAA 2400 

o...o.o.o. .... .oo... o.oo...°o oo.o.o.o. .... o ..... o ............................... 

2401 AGCACAAATTAATGAAGC TGAATCAACAAAGGCAAAACATAAAAGTACATTC TAATGAAATGAGC TAATGAAGAGGA~ 2480 

..................... . ............... . ........ o ..................... o ....... .... 

Fig. 2 Continued 



Fig. 2 Nucleotide sequence of 
the G4 gene and its cognate 
cDNA. The DNA sequence 
extends to the 3' end 
(underlined) of mRNA encoded 
by the Era1 gene indicated in 
Fig. 1. Dashed lines below the 
genomic DNA sequence 
indicate the ends of the G4 
cDNA clone. The translation 
start of the G4 coding region is 
underlined. The amino acid 
sequence obtained by 
translation of the cDNA 
sequence is shown below the 
DNA sequence. The stop codon 
is marked by an asterisk 
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2481 ATC TAC TTTTATGTTTCATTAGTGTGATTGATGGATTTI~ ATTTC ATGC TTC TAAAACAAGTATrI~TC AAC AGTGTC ATG 2560 

...... INTRON Xl ................................................................. 

2561 AAATAACAGAACTTATATCTTCATTTGTACTTTTACTAGTGGATGAGT•ACACAATCATTGTTATAGAACCAAATCAAAG 2640 

..... • .° .... • ....... .....0 .... °...... ...... ° ..... • ....... .°..°..° .......... . .... 

2641 GTAGAGATCATCATTAGTATATGTC TATTTTC4;FrC42AGGATATC TATTAGC ATC ~ C  C TTATTATGC GTTGGC G 2720 

326 ....................................... G Y L L A S G K P Y Y A L A 339 

2721 TTGGTTGC TTTGATCATTCC TCAGATTGTGTTCC AGGTAAAGACGTTAACAGTC TCACATTATAATTAATC AAA~ T~ 2800 

340 L V A L I I P Q I V F Q ............................... INTRON XII... 351 

2 8 0 1 ~ A C ~ A ~ T A C A C ~ T A T ~ C ~ A G T ~ T ~ ~ C C C ~ T A C ~ C G ~ A 2 8 8 0  

352 ......................................... F K Y F L K D P V K Y D V  364 

2881 AGTACC AGGTAAGTCAAC TTAGTACACATGTTTGTGTTC TTTTGAAATATC ~GAGGTC TCTTAATC AGAAGTTGC T 2960 

365 K Y Q .......................................... INTRON XIII ................... 367 

2 9 6 1 T G A A A C ~ A ~ A C ~ ~ A ~ C A T ~ ~ T A ~ T ~ C ~ A ~ A ~ A ~ 3 0 4 0  

368 ........................ A S A Q P F L V L G I F V T A L A S Q 3 8 6  

3041 CA~TGAAAGGCGTA~"~iGATGGC4`~fTTGTCGAAAC`CAG/K~GTGTTGACACATCAAATGT@C-GCAAGTGATGGCATC 3120 

3 8 7  H * . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3121 AA~TAGTTTAAAAGAT~.~W~TAAAATGTATGTACCGTTATTACTAGAAACAA~TCCTGT~GTATCAATTTAGCAAAA~GG 3200 
................................................................................ 

3201 C TGAGAAATTGTAATTGATGTTAC CGTATTTGCGC TC CATTTTrC~ ATTTCC TGC TC ATATCGAGGATTGGGGTTTATGT 3280 

...................................... poly(A) 

3281 TAGTTC TGTCACTTC TC TGC TTTCAGAATG~"I"I'I'I~ TGTAG~TTTYAAC TATTTTCATCACTTTTTGTATTG 3360 

3361 ATTC TAAACATGTATCCACATAAAAACAGTAATATACAAAAATGATACTTCC TCAAAC TTTTTATAATCTAAATC TAAC A 3440 

3441 ACTAC, C TAGTAACC CAACTAACTTCATACAATTAATTTGA AAAC TACAAAGAC TAGACTATACATATGTTATTTAAC AA 3520 

3521 C TTGAAAC TGTGTTATTAC TACC TGA~'I'TT'I"FI~ TATTC TACAGC CATTTGATATGC TGC AATCTTAACATATCAAGTC T 3600 

3601 CACGTTGTTGGACACAAC ATAC TATC AC AAGTAAGAC AC GAAGT AAAACCAACC GGCAAC 3660 

(Gaubier et al. 1993). Downstream of Era1, 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 2.4kb 
AatlI-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 Eml  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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A 
, T 

Ath MTS I L NTVSTI II SS RVTSVDRVGVL SLRNSDSV E F'I'RRRSGL~'S I'L £ Y ESPGI{I{FVVIIAAETDTD 

Rca ........................,....................................... 

v ................. Domainl ................. 
Ath KVKSQTPDKAPAGGSSINQLLGIKGASQET~ . . . . . .  NKWKIRLQLTKPVTWPPLVWGVVCGAA 
Rca ........................ MSAQDLSPSRRSIPEPRAMLELIKPVTWFPPMWAYLCGAV 

++*+ + *+* ***** • +*+ +*** 

................... Domainl l  ..................... t Y T 
Ath ASGNFHWTPEDVAKSILCMMMSGPCLTGYTQTINDWYDRDIDAINEPYRPIPSGAISEPEVITQ 
Rca SSNVPIW--ENKGVVVLGIVLAGPIVCGMSQAANDWCDRHVDAINEPHRPIPSGRIPG ...... 

+, , ,+ + +* ++++** + * +,+ *** **++****** ****** ,+ 

I T 
Ath VWVLLLG-GLGIAGILDVWAGHTTPTVFYLALGGSLLSYIYSAPPLKLKQNGWVGNFALGASYI 

Rca LWGLYIAIAMSLLSLVVGWQL--GSWGFVATLLGVAAAWAYSVEPIRLKRSGWWGPGLVGLAYE 
+, , ++ ++++ +++ * + * +, , + ** ,++**++** , +. +* 

ATH 

Rca 

.................... Domainl l l  ...................... f T 
S L P N W A G Q A . L F - - - G T L T P D - - V V V L T L L ¥ S I A G L G I A I V N D F K S V E G D R A J ~ G L Q S L P V A F G T E  
GLPWITGAAVLLATADTSPGFPIVMMATLYALGAHGIMTINDFKAIEGDRKLGIKSLPAVYGPE 
+*** +* *++ 4 +*+ +*+++ **++++ ** +****++**** **++*** +* * 

! T T 
Ath TAKWICVGAIDITQLSVAGYLLASGKPYYALALVALIIPQIVFQFKYFLKDPVKYDVKYQASAQ 
Rca VAAKIACTVMGLAQALVITMLYLFSKPYIIATAVLVLLCGQF-WAMSVWMRDPEGKAPWYNGTGV 

• , ++++, , , +*** , .++ .+ *+ ++** *++++ 

Ath PFLVLGIFVTALASQH 
Rca VMYVSGMMITAFAIRGFTV 

, .+ +**+* + 

B 

3 

2 
1 

0 

-1 

-2 

-3 

100 200  3 0 0  

' G 4  ' '  L . . . .  I . . . .  I ' " ' " l  ~ ' ' '  ~ . . . .  I ' ~ ' '  i ' ' '  

100 200  3 0 0  

100  200  300  

3 -  b c h G  ~ . 

1 ,hs~ 
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-2 
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[ t T t l l t l r l t t J t l t z t l l t  t [ t l l ~ z x l  

100 200  300  

3 

2 

1 

0 

-1 
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-3 

3 

2 

1 

0 

-1 
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-3 

C 

domain I 

Ath i01 LQLTKPVTWPPLVWGVVCGAAASG 124 

Rca 20 LELIKPVTWFPPMWAYLCGAVSSN 43 

Cau 18 IELADPVTWISPVLVCFCGALASG 41 
++* **** + + +*** +* 

domain II 

Ath 154 INDWYDRDIDAINEPYRPIPSGAI 177 

Rca 71 ANDWCDRHVDAINEPHRPIPSGRI 94 

Cau 75 INDYFDRDLDAINDFQRPIPAGII 98 
** **++****+, ****+* • 

domain III 

Ath 282 VNDFKSVEGDRALGLQSLPVAFGTE 307 

Rca 198 INDFKAIEGDRKLGIKSLPAVYGPE 222 
Cau 198 LNDIKSVEGDRKLGLQSLTVAIGVK 222 

+**+*++**** **++**+++ * 

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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Fig.4A Southern blot analysis of the 64 gene. Genomic DNA 
(2 gg) digested with BamHI (lane 1), EcoRI (lane 2), EcoRV (lane 3), 
HindIII (lane 4) or XhoI (lane 5) was analyzed on an 0.8% agarose 
gel, transferred on to a membrane and hybridized with radiolabel- 
led 64 cDNA. B Northern blot analysis of 64 gene expression. 
Radiolabelled G4 cDNA was hybridized to 10 ttg of total RNA 
extracted from flower buds (FB), flowers (F), small green siliques 
(S1), mid stage green siliques ($2), mature siliques ($3), 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 (62), 30 h (63), 50 h (64) and 72 h (65) 

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 
Z34000, 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. Its 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 89-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. 

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 6 4  gene 
copy in the genome of A. thaliana. The BamHI,  HindII I  
and X h o I  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 E c o R V  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 64  
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). 6 4  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 
cDNA library of 5-day-old etiolated seedlings grown 
in vitro (Desprez et al. Genbank accession number 
Z34566). 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 (Rfidiger, 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 Eml gene 
maps in the vicinity of the colour mutant  ch-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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