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N-terminal formylation of ribosome-synthesized polypeptides is assumed to be among the most conserved features that distinguish the eubacterial line of descent from other living phyla. In order to assess the ancientness of this trait, def genes encoding polypeptide deformylase were characterized from four eubacterial species, Lactococcus lactis, Bacillus subtilis, Calothrix PCC7601 and Thermotoga maritima, taking advantage of the conditional viability of the def mutants of Escherichia coli. Altogether, eight sequences of polypeptide deformylase have been obtained from all the eubacterial sources which were investigated, either through systematic genome sequence analysis or through genetic screening, yielding a highly homologous family. A gene putatively encoding Met-tRNAi formyltransferase, fmt, was found downstream of the deformylase gene except in L. lactis, Mycoplasma genitalium, Calothrix PCC7601 and T. maritima. These results argue strongly for the ancestral character of N-terminal formylation in eubacteria. Most of the wide deviations of amino acid usage observed in def-and fmt-encoded proteins among species is best accounted for by the nucleotide composition of genomes. Furthermore, the species of origin of each protein appears to be more recognizable than its function, considering only its amino acid composition.

Introduction

N-terminal formylation is a metabolic trait that distinguishes eubacteria from other living organisms [START_REF] Kozak | Comparison of initiation of protein synthesis in prokaryotes, eucaryotes and organelles[END_REF]. Translation initiation with a formylmethionine primer has however been directly established only in a limited number of cases (reviewed by [START_REF] Lengyel | Mechanism of protein biosynthesis[END_REF], in particular in the chloroplast and mitochondria of eukaryotes, corroborating their endosymbiotic origin. The generalization of a common process to the entire eubacterial line of descent was inferred from indirect evidence pertaining to features of initiator tRNAs (compiled by [START_REF] Sprinzl | Compilation of tRNA sequences and sequences of tRNA genes[END_REF], primary among which the C1:A72 mismatch that is recognized by Met-tRNAi formyltransferase (for a review, see [START_REF] Rajbhandary | Initiator transfer RNAs[END_REF]. A straightforward indication of N-terminal formylation is provided by the bio-chemical characterization of a formylated species of Met-tRNAi [START_REF] Marcker | N-Formyl-methionyl-S-RNA[END_REF], although this determination can be experimentally exacting. We thus opted for the genetic characterization of a related component of translational initiation with f-Met-tRNAi, i.e. the deformylase enzyme. Activity of this enzyme was demonstrated to be vital in Escherichia coli, as its absence blocks further processing of N-terminal methionine [START_REF] Chang | Methionine aminopeptidase gene of Escherichia coli is essential for cell growth[END_REF]. We reported that mutants lacking the def gene but expressing the fmt gene were unable to grow in Mueller-Hinton plus thymidine medium unless folate metabolism was blocked, e.g. with trimethoprim [START_REF] Mazel | Genetic characterization of polypeptide deformylase, a distinctive enzyme of eubacterial translation[END_REF]. This conditional viability thus provided a convenient selection screen for heterologous def genes, with which we have now explored the eubacterial kingdom. Thermotoga maritima, which 16 S rRNA taxonomy analysis de-AEnes as belonging to one of the deepest branches in this line of descent [START_REF] Woese | Bacterial evolution[END_REF], appeared as a tempting target for investigation. The cyanobacterium Calothrix PCC7601 was also studied because this organism is known to switch to a specialized metabolic regime for sparing methionine and other sulphur metabolites [START_REF] Mazel | Adaptative eradication of methionine and cysteine from cyanobacterial light-harvesting proteins[END_REF], which may further constrain translation initiation. The AErmicute Bacillus subtilis was also selected for investigation, because deformylase activity is bound to ribosomes in its cells unlike E. coli [START_REF] Takeda | Protein chain initiation and deformylation in B. subtilis homogenates[END_REF]), a feature that might require additional determinants in the structure of the enzyme. All attempted clonings resulted in the characterization of a def gene whose products were similar to E. coli deformylase. The whole set of deformylase sequences, which include, in addition to the sequences elucidated by complete genome analysis of Haemophilus inluenzae [START_REF] Fleischmann | Whole-genome random sequencing and assembly of Haemophilus inØuenzae Rd[END_REF] and Mycoplasma genitalium [START_REF] Fraser | The minimal gene complement of Mycoplasma genitalium[END_REF], those of Lactococcus lactis [START_REF] Cancilla | Lactococcus lactis glyceraldehyde-3-phosphate dehydrogenase gene, gap: further evidence for strongly biased codon usage in glycolytic pathway genes[END_REF], Thermus thermophilus [START_REF] Meinnel | Characterization of the Thermus thermophilus locus encoding peptide deformylase and methionyl-tRNA Met f formyltransferase[END_REF], and those elucidated in this work, form a homologous family. This strongly argues for the ancestral state of N-terminal formylation in eubacteria. In addition, analysis of deformylase sequences reveals an amino acid usage strongly biased by constraints of DNA metabolism.

Results

Selection screen for deformylase genes and identification of ORF211 from Lactococcus lactis as a def gene An E. coli strain encoding an active Met-tRNAi transformylase grows only if deformylase is also active or if the endogenous supply of its 10-formyl-THF is blocked [START_REF] Mazel | Genetic characterization of polypeptide deformylase, a distinctive enzyme of eubacterial translation[END_REF]; otherwise, growth is arrested by accumulation of N-formylated proteins. The strain b2174, bearing a deletion of the def and fmt genes in its chromosome and carrying the multicopy plasmid pFMT expressing fmt and tet can be propagated in MH medium plus thymidine, trimethoprim and tetracycline. This medium includes nutrients which can be converted into the AEve metabolites derived from the tetrahydrofolate coenzyme (see Figure 1). Trimethoprim inhibition of dihydrofolate reductase ensures that formyl-THF is not synthesized, thereby preventing N-terminal formylation, and tetracycline ensures that the fmt bearing plasmid is not lost over successive generations. The multiplicity of the plasmid expressing fmt in strain b2174 prevented loss of formyltransferase by mutation. Transforming the b2174 Def ˇstrain with a compatible plasmid carrying foreign DNA inserts will not result in viable clones in medium containing tetracycline but lacking trimethoprim unless accumulation of N-formylated proteins is prevented, e.g. by expression of a deformylase gene (Figure 1).

This selection screen was applied to the ORF211 from L. lactis, neighbouring the gap gene encoding the glyceraldehyde-3-phosphate dehydrogenase [START_REF] Cancilla | Lactococcus lactis glyceraldehyde-3-phosphate dehydrogenase gene, gap: further evidence for strongly biased codon usage in glycolytic pathway genes[END_REF], which displays a clear resemblance to the E. coli def gene. The host plasmid of ORF211, pJDC9, was reconstructed by deleting the EcoRI insert from the ORF211 bearing plasmid pMU5521 [START_REF] Cancilla | Lactococcus lactis glyceraldehyde-3-phosphate dehydrogenase gene, gap: further evidence for strongly biased codon usage in glycolytic pathway genes[END_REF]. Transformation of the b2174 Def ˇstrain with pMU5521 resulted in clones able to grow without trimethoprim in MH medium plus tetracycline, unlike pJDC9 transformants of b2174 which remained trimethoprim dependent. The identity of a gene encoding a deformylase gene in the b2174 Def ˇstrain can be conAErmed by taking advantage of the methionine auxotrophy of this strain. Indeed, deformylase activity is required for retrieving methionine from certain formylated peptides [START_REF] Mazel | Genetic characterization of polypeptide deformylase, a distinctive enzyme of eubacterial translation[END_REF]. It was found accordingly that pMU5521, unlike pJDC9, conferred to b2174 the ability to grow on minimal medium with f-Met-Ala as a methionine source. These results strongly suggest that ORF211 from the genome of L. lactis is a deformylase gene.

Bacillus subtilis

A genomic library was constructed from B. subtilis strain 168 into plasmid pTZ18R and propagated in the E. coli strain GT869, from which it was retrieved for subsequent selection screening after transforming the b2174 Def ˇstrain. Transformants were plated on MH medium containing tetracycline, ampicillin, thymidine and trimethoprim to estimate the total population size of transformants, which amounted to about 15,000 (see Table 1). Plating on the same medium but lacking thymidine and trimethoprim afforded two clones that could prevent or withstand accumulation of N-formylated proteins. Both clones were found to grow on minimal medium with f-Met-Ala as a source of methionine, indicating that they harboured a deformylase gene. The inserts from the two plasmids were found to be identical as established by restriction analysis and spanned 3.9 kbp (Figure 2). Further analysis was conducted using one of these two plasmids, pBS1. Sequencing of the insert revealed the presence of four open reading frames (ORFs) in the same orientation (Figure 2), 577, 160, 317 and 239 codons long, respectively. The AErst one displays 37% identity with the priA gene from E.coli, encoding the factor Y of the primosome [START_REF] Nurse | Molecular cloning and DNA sequence analysis of Escherichia coli priA, the gene encoding the primosomal protein replication factor Y[END_REF]. The second ORF started with a TTG codon, a situation often encountered in B. subtilis [START_REF] Green | tRNA, tRNA processing, and aminoacyl-tRNA synthetases. In Bacillus subtilis and Other Gram-positive Bacteria[END_REF]. The 160 amino acid long protein sequence, deduced from it, showed 44% identity with the def gene product of E. coli (Figure 3). The protein sequence of the third ORF shared 44% identity with Met-tRNAi transformylase of E.coli (Figure 4). The insert ended with a fourth 3 0 -truncated ORF of 239 codons showing 28% identity with the protein sequence deduced from ORF HI0624 of H. inØuenzae, 451 codons long. Incidentally, sequencing of the fmt downstream region from E. coli revealed a unique gene of 429 codons, which we designate as sun, showing extensive similarity to ORFs equivalently located in H. inØuenzae and B. subtilis, and corresponding to a fusion of the fmu and fmv ORFs, recognized previously [START_REF] Meinnel | Characterization of the Thermus thermophilus locus encoding peptide deformylase and methionyl-tRNA Met f formyltransferase[END_REF]. Moreover, the protein sequences deduced from these genes are similar to the E. coli nusB gene product, which is known to interact with the ribosomal protein S10 in the transcription antitermination complex [START_REF] Nodwell | Recognition of boxA antiterminator RNA by E. coli antitermination factors NusB and ribosomal protein S10[END_REF]. Shortening the 3.9 kbp insert by subcloning with EcoRV and PstI, which bracket the def-homologue, resulted in a 1035 bp insert still conferring the Def á phenotype (pBS10 in Figure 2). On the other hand, truncating the def-homologue by subcloning the DraI-SacI fragment in pTZ18 (pBS11 in Figure 2) abolished this phenotype. The same construct expresses a full size fmt-homologue, which, just as E. coli fmt, cannot be propagated in the (def-fmt) strain b2098 unless trimethoprim and thymidine are added to the growth medium (Figure 1). Genomic DNA from B. subtilis strain 168 cut by SacI was probed with the 1035 bp EcoRV-PstI fragment from the pBS1 insert, resulting in only one detectable band of about 3.5 kbp by Southern blot hybridization (data not shown). 

Calothrix PCC7601

A genomic library was constructed from Calothrix strain PCC7601 into the plasmid pUC13 and propagated in the E. coli strain GT869, from which it was retrieved for subsequent selection screening after transforming the b2174 Def ˇstrain. Transformants were plated on MH medium containing tetracycline, ampicillin, thymidine and trimethoprim to estimate the total population size of transformants, which amounted to about 200,000 (Table 1). Plating on the same medium, but lacking thymidine and trimethoprim, afforded 22 clones that could prevent or withstand accumulation of N-formylated proteins. Among those, four clones could also grow on minimal medium with f-Met-Ala as source of methionine, indicating that they harboured deformylase genes. Those clones unable to grow under these conditions were found to contain no fmt bearing plasmid pFMT even though they were resistant to tetracycline. An illegitimate recombination event leading to integration of the pFMT plasmid and inactivating fmt, but maintaining tet, is likely at the origin of these clones, but was not further investigated. It was established, by restriction analysis, that the inserts from the four Def á plasmids overlapped, sharing a 1.3 kbp EcoRV-KpnI fragment. A 1656 bp segment encompassing this overlap was sequenced from the plasmid pCAL164, as shown in Figure 2. A large ORF, corresponding to a putative gene of 187 codons starting with ATG, was recognized as specifying a protein sequence with 42% identity the def gene product of E. coli (Figure 3). This ORF was bracketed by two truncated ORFs in opposite orientation. One of these matched an ORF pre-viously described in E. coli but whose function is unknown (accession number P32701). Shortening the 4.2 kbp fragment from pCAL164 by subcloning with XbaI resulted in a 1561 bp insert still conferring the Def á phenotype. The EcoRV-KpnI fragment from pCAL164, encompassing the def gene, was used to probe genomic DNA from Calothrix 7601 cut by XbaI, resulting in only one detectable band of about 1.6 kbp, by Southern blot hybridization, even at low stringency (data not shown).

Thermotoga maritima

A genomic library was constructed from T. maritima genomic DNA into the plasmid pUC13 and propagated in the E. coli strain GT869, from which it was retrieved for subsequent selection screening after transforming b2174. Transformants were plated on MH medium containing tetracycline, ampicillin, thymidine and trimethoprim to estimate the total population size of transformants, which amounted to about 200,000 (Table 1). Plating on the same medium but lacking thymidine and trimethoprim afforded 19 clones that could prevent or withstand accumulation of N-formylated proteins. Among those, seven clones could also grow on minimal medium with f-Met-Ala as source of methionine, indicating that they harboured deformylase genes. The clones unable to grow under these conditions were found to contain no pFMT plasmid even though they were resistant to tetracycline. Presumably, an illegitimate recombination event, leading to genomic integration of the pFMT plasmid and inactivation of fmt, but maintaining tet, is likely at the origin of these clones, but was not further considered. Of the seven plasmids iso- lated as possibly carrying a deformylase gene, pTM9 contained a 0.7 kbp insert that was spanned by the six other plasmids, which contained larger inserts. This insert was sequenced, yielding a truncated putative gene starting with an ATG preceded by a segment complementary to the T. maritima 16 S rRNA 3 0 terminus (accession number M21774) and interrupted after 139 codons at a Sau3AI site fused with the BamHI of the cloning vector. The deduced protein sequence matched the N terminus of the E. coli def gene product. None of the longer inserts in the remaining six plasmids extended farther than 0.6 kbp after that Sau3AI site. In order to complete the sequence of the def gene and of its 3 0 surroundings, a BamHI library was prepared from T. maritima DNA and cloned in pUC13. The resultant transformants in the Def ˇMet ˇstrain b2174 were scored as above for inserts conferring growth on MH medium lacking thymidine and trimethoprim, as well as on minimal medium supplemented with f-Met-Ala as a methionine source. Eleven clones out of about 50,000 transformants passed this double screen. They were found to contain an identical insert of 2.9 kbp. The sequence of the putative T. maritima def homologue could therefore be completed. This gene encodes a 164 amino acid protein showing 40% similarity to E. coli deformylase (Figure 3). That the T. maritima def homologue could be shortened while remaining functional is not without precedent, as we previously showed that the last six codons of the E. coli def gene carried on a multicopy plasmid can be removed without apparent change of phenotype [START_REF] Mazel | Genetic characterization of polypeptide deformylase, a distinctive enzyme of eubacterial translation[END_REF]. A downstream putative gene in the same orientation starting with GTG had the capacity to encode a 311 amino acid protein resembling the protease lysostaphins from Staphylococcus [START_REF] Recsei | Cloning, sequence, and expression of the lysostaphin gene from Staphylococcus simulans[END_REF] and homologous proteins [START_REF] Karow | Isolation and characterization of the Escherichia coli msbB gene, a multicopy suppressor of null mutations in the hightemperature requirement gene htrB[END_REF][START_REF] Ichikawa | A gene at 59 minutes on the Escherichia coli chromosome encodes a lipoprotein with unusual amino acid repeat sequences[END_REF][START_REF] Kovach | IdentiAEcation of a ToxR-activated gene, tagE, that lies within the accessory colonization factor gene cluster of Vibrio cholerae O395[END_REF][START_REF] Lange | The nlpD gene is located in an operon with rpoS on the Escherichia coli chromosome and encodes a novel lipoprotein with a potential function in cell wall formation[END_REF]. There was also a gene upstream of the def homologue in the same orientation which could be detected from its 97 3 0 -terminal codons as highly similar (36% identity) to surE from E. coli, a gene whose mutants were shown to be impaired in stationary phase survival [START_REF] Li | A new gene involved in stationary-phase survival located at 59 minutes on the Escherichia coli chromosome[END_REF]. The 0.7 kbp insert from the pTM9 insert was labelled to probe genomic DNA from T. maritima cut by BamHI, resulting in only one detectable band of about 2.9 kbp by Southern blot hybridization (data not shown).

Sequence analysis

Deformylase sequences from the eight eubacterial species so far elucidated exhibit three blocks of elevated resemblance. The N and C termini appear variable in length and sequence. Two of the three conserved blocks within the sequences were previously identiAEed as corresponding to a zinc coordination motif, whose critical residues, Cys149, His194 and His198 in Figure 3, were conAErmed by systematic mutagenesis (Meinnel et al., 1995). The third conserved block encompasses a motif with an aliphatic sequence following a glycine doublet GI/ VGLAAxQI/V/L, reminiscent of an external turn (see Figure 3). Beyond their sequence resemblance, the eight deformylase chains display a wide variation of amino acid usage (Table 2). The amino acid compositions of def and fmt encoded proteins have been subjected to correspondence analysis. The AErst two factors of the correspondence analysis accounted for 65.7% of the inertia of the amino acid compositions, 47% and 18.7% respectively. It is shown in Figure 5 that most of the variability in amino acid composition of def and fmt encoded proteins is correlated to the nucleotide composition Items were counted regardless of post-translational modiAEcations.

Polypeptide Deformylase in Eubacteria of genomes. Indeed, the value of the correlation coefAEcient beween the G á C content and the coordinates of the AErst factor of the correspondence analysis is 0.93. SigniAEcantly the second factor of the correspondence analysis discriminates between def and fmt encoded proteins (data not shown).

Variability associated with the genome chemical composition is thus twice as large as that associated with function.

Phylogenetic analysis

The currently available set of eight deformylase sequences was aligned using the program PILEUP and the least variant stack of 140 conserved residues subjected to classiAEcation using the neighbour method [START_REF] Saitou | The neighbor-joining method: a new method for reconstructing phylogenetic trees[END_REF]. Three groups are well deAEned, according to the bootstraps scores comprising, respectively, T. thermophilus and T. maritima (bootstrap score 954), M. genitalium and L. lactis (bootstrap score 968), and E. coli and H. inØuenzae (bootstrap score 1000). Ambiguities in the placement of AErmicutes and cyanobacteria was recurrently encountered in separate studies. As apparent in Figure 6, phylogenetic trees of eubacterial species derived from sequences of small subunit rRNAs [START_REF] Woese | Bacterial evolution[END_REF], translation elongation factors [START_REF] Baldauf | The root of the universal tree and the origin of eukaryotes based on elongation factor phylogeny[END_REF] and deformylases are not consistent, even though these molecules act in the same biological function. The only AErm conclusion that can be drawn from these trees is the early branching of the Thermotoga line of descent.

Discussion

A genetic segment capable of replacing the def gene in E. coli could be cloned from the genomes of the three eubacterial species that we investigated, B. subtilis, Calothrix PCC7601 and T. maritima. These genetic segments also allowed a def metA double mutant to grow with f-Met-Ala as the methionine source just as the E.coli def gene itself. ORF of L. lactis also satisAEed this criterion. The genes thus elucidated from B. subtilis, Calothrix, T. maritima and L. lactis were found to be similar in size and sequence to those previously characterized in E. coli and T. thermophilus as well as to the HI0622 gene from H. inØuenzae and the MG106 gene from M. genitalium discovered through systematic genome sequencing [START_REF] Fleischmann | Whole-genome random sequencing and assembly of Haemophilus inØuenzae Rd[END_REF][START_REF] Fraser | The minimal gene complement of Mycoplasma genitalium[END_REF]. def homologues in the two latter species were found to be unique within their entire genomes. No additional homologues in the B. subtilis, Calothrix and T. maritima genomes could be detected by hybridization experiments, just as for E. coli [START_REF] Mazel | Genetic characterization of polypeptide deformylase, a distinctive enzyme of eubacterial translation[END_REF]. It can be inferred from the present survey that a deformylase gene has been present in the genomes of eubacteria since the divergence of the Thermotoga branch [START_REF] Woese | Bacterial evolution[END_REF]. Whether the last common ancestor of all extant organisms used a formyl group remains an open question. In this context, we note that no gene homologous to def or to fmt could be found in the entire genome of the archaebacterium Methanococcus jannaschii [START_REF] Bult | Complete genome sequence of the methanogenic archaeon, Methanococcus jannaschii[END_REF]. Thorough computer searches for homologous proteins failed to match proteins beyond the zinc peptidase family, as previously mentioned by Meinnel & Blanquet (1995) (data not shown). The genetic origin of deformylase thus remains in limbo.

The neighbourhood of the def genes of the eight eubacterial species appears to vary, def being concatenated in a 5 0 -def-fmt-3 0 structure with the Met-Figure 6. Comparative phylogenies reconstructed from small: A, subunit rRNA [START_REF] Woese | Bacterial evolution[END_REF]; B, elongation factors [START_REF] Baldauf | The root of the universal tree and the origin of eukaryotes based on elongation factor phylogeny[END_REF]; C, protein sequences encoded by the def gene. Branch lengths are not proportional to the computed evolutionary distances. tRNAi formyltransferase gene in T. thermophilus, B. subtilis, E. coli and H. inØuenzae. That this organisation constitutes an operon in those organisms, as demonstrated in E. coli [START_REF] Meinnel | The Escherichia coli fmt gene, encoding methionyl-tRNA Met f formyltransferase, escapes metabolic control[END_REF], stems from the proximity or overlap of genes in the same orientation (Figure 2). One may reasonably suppose that the def-fmt operon was already present in the last common ancestor of Thermus, proteobacteria and AErmicutes (Figure 6). According to this hypothesis, the operon structure would have disintegrated during evolution of the lactic bacteria-Mycoplasma cluster in the AErmicute phylum as well as in the cyanobacterial phylum. A third gene, sun, similar to nusB from E. coli is found to closely follow the def-fmt operon in E. coli, H. inØuenzae and B. subtilis, but not in T. thermophilus. Again, there is no evidence to decide whether the 5 0 -def-fmt-sun-3 0 operon structure was already present in the last common ancestor of T. thermophilus, proteobacteria and AErmicutes, but it was probably in the last common ancestor of proteobacteria and AErmicutes.

Polypeptide deformylase is expected to be an abundant protein of eubacteria considering that the bulk of the proteins condensed on ribosomes is processed by this enzyme. As such, it provides a probe for studying metabolic constraints in the natural design of proteins [START_REF] Mazel | Adaptative eradication of methionine and cysteine from cyanobacterial light-harvesting proteins[END_REF][START_REF] Gandbhir | Convergent evolution of amino acid usage in archaebacterial and eubacterial lineages adapted to high salt[END_REF]. One expects that statistics of elemental composition will reveal such metabolic constraints. B. subtilis deformylase stands as the most frugal version, requiring the lowest amounts of N, C and S atoms (Table 2). Its small size does not entirely account for this economy, because the average numbers of N, C and S atoms per amino acid also appear lower for B. subtilis deformylase. Considering that organisms of the Bacillus lineage have been evolving as soil inhabitants for geological times, metabolic optimisation seems a plausible explanation for the trimming of their deformylase. By contrast, the deviation of the nucleotide composition of genes can be invoked for explaining the richness of other species in certain amino acids, as discovered by [START_REF] Sueoka | Correlation between base composition of deoxyribonucleic acid and amino acid composition of protein[END_REF]. The correlation found between the amino acid composition of fmt and def products and the G á C genome content (Figure 5) leaves little doubt that DNA metabolism is a prominent force shaping protein structure. It can apply to the extent of accumulating as much as an overall 37.5% of Asn, Lys, Ile, Tyr and Phe codons (all encodable with only A and T) in M. genitalium deformylase to be compared to 16.6% for the enzyme of the G á C-biased T. thermophilus. The high methionine and cysteine content of Calothrix deformylase may appear surprising if one considers that it must be expressed under conditions of sulphur scarcity [START_REF] Mazel | Adaptative eradication of methionine and cysteine from cyanobacterial light-harvesting proteins[END_REF]). However, it cannot be excluded that N-terminal formylation is suspended under such conditions, with concomitant switching off of deformylase production. Other metabolic constraints on amino acid composition may deserve investigation. For instance, the fact that M. genitalium and L. lactis obtain their amino acids from their eukaryotic hosts rather than by synthesizing them may reverberate in the organization of their genomes, as suggested by the excess of carbon content in their deformylases (Table 2). It will be interesting to see whether imprints of amino acid usage can be tracked along food chains of ecosystems by systematic sequence analysis of abundant proteins. Nevertheless, the present analysis suggests that protein composition is primarily determined by genome nucleotide composition and secondarily by protein function.

Experimental Procedures

Culture conditions E. coli strains were routinely propagated in Luria-Bertain (LB) or Mueller-Hinton (MH) rich media [START_REF] Miller | Experiments in Molecular Genetics[END_REF]. Growth tests were performed in MS minimal medium [START_REF] Richaud | Directed evolution of bosynthetic pathways. Recruitment of cysteine thioethers for constructing the cell wall of Escherichia coli[END_REF], to which were added 2 g/l of glucose and, when necessary, amino acids (L-methionine and L-threonine) or peptides at 1 mM concentration, thiamine at 3 ⇥ 10 ˇ6 M. When required, antibiotics were used at the following concentrations: ampicillin, 100 mg/ l; kanamycin 25 mg/l; tetracycline 15 mg/l; chloramphenicol, 25 mg/l. Trimethoprim was used at 100 mg/l in LB medium supplemented with 0.3 mM thymidine. Agar (Difco) was added at the concentration of 15 g/l for preparing plates. T. maritima was cultivated as recommended by the institution from which it was obtained (Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Mascheroder Weg 1b, D-3300 Braunschweig, Germany). Culture conditions of Calothrix PCC 7601 were as described previously [START_REF] Mazel | Green light induces transcription of the phycoerythrin operon in the cyanobacterium Calothrix 7601[END_REF] Escherichia coli strains and plasmids

The E. coli K-12 strain GT869 [START_REF] Parsot | Evolution of biosynthetic pathways: a common ancestor for threonine synthase, threonine dehydratase and D-serine dehydratase[END_REF] was used for routine propagation of plasmids. b2174 was constructed by transformation of b2098 (relevant genotype: metA::kan thrB thi (def-fmt)::cat; [START_REF] Mazel | Genetic characterization of polypeptide deformylase, a distinctive enzyme of eubacterial translation[END_REF] with plasmid pFMT, a pRK415 derivative (tet) bearing fmt [START_REF] Mazel | Genetic characterization of polypeptide deformylase, a distinctive enzyme of eubacterial translation[END_REF]. pUC18 and pTZ18R were purchased from Pharmacia. pMU5521 [START_REF] Cancilla | Lactococcus lactis glyceraldehyde-3-phosphate dehydrogenase gene, gap: further evidence for strongly biased codon usage in glycolytic pathway genes[END_REF] was kindly provided by Dr B. Davidson (University of Melbourne, Australia).

Construction of genomic libraries

DNA from the B. subtilis strain 168 was a gift from Dr T. Msadek (Unite ¬ de Biochimie Microbienne, Institut Pasteur, France). This DNA was digested by SacI and mixed with an approximately equimolar amount of pTZ18R digested with SacI and dephosphorylated. The DNA of T. maritima was isolated as described for M. sociabilis [START_REF] Lauerer | Methanothermus sociabilis sp. nov., a second species within the Methanothermaceae growing at 97 C. System[END_REF] except that French press disruption of cells was omitted. The DNA of Calothrix PCC7601 was isolated as described previously [START_REF] Mazel | Green light induces transcription of the phycoerythrin operon in the cyanobacterium Calothrix 7601[END_REF]. The DNA from T. maritima and Calothrix were partially digested with restriction endonuclease Sau3AI, and independently mixed with an approximately equimolar amount of pUC18 digested with BamHI and dephosphorylated (Pharmacia). An amount (1 mg of each of the three DNA mixtures was incubated with phage T4 DNA ligase for 18 hours at 8 C, and then 1/10 of the mix was used to transform the E. coli strain GT869 by electropora-tion following a standard procedure [START_REF] Dower | High efAEciency transformation of E. coli by high voltage electroporation[END_REF]. A total of about 5 ⇥ 10 5 ampicillin-resistant transformants were thus obtained and pooled together for each library. Total plasmid DNA was prepared on QIAGENtip 500 according to the manufacturer's instructions (QIAGEN GmBH). Samples of each library were then used to transform b2174 by electroporation (T. maritima and Calothrix libraries) or by the CaCl 2 method (B. subtilis library), and subjected to selection as described in Results. Restriction enzymes and T4 DNA ligase were purchased from either Boehringer or Biolabs. Minipreparation of plasmid DNA, transformation, and restriction enzyme analyses were carried out according to the methods described by [START_REF] Sambrook | Molecular Cloning[END_REF].

DNA sequence determination and computer analysis DNA fragments were excised from plasmids at convenient restriction sites and ligated in pTZ18R in both orientations. Unidirectional deletions were performed with the Rapid Deletion System (IBI) adapted to pTZ18R as previously described [START_REF] Mazel | A multigene family in Calothrix sp. PCC 7601 encodes phycocyanin, the major component of the cyanobacterial light harvesting antenna[END_REF]. The nucleotide sequences of deleted clones in both orientations were obtained by the dideoxy chain termination method using Taq DNA polymerase (Perkin-Elmer) Øuorescent dideoxynucleotides and selected oligonucleotide primers. The sequences were determined on an Applied Biosystems 373 ABI DNA sequencer. Sequence data were stored and combined using the software of the Institut Pasteur computer facilities. Similarities of nucleic acid sequences and their putative translation products were searched in the EMBL data library, GenBank and Swissprot using the FASTA [START_REF] Lipman | Rapid and sensitive protein similarity searches[END_REF] or BLAST [START_REF] Altschul | Basic local alignment search tool[END_REF] programs. Amino acid protein sequence alignments have been produced using the PILEUP program (Genetics Computer Group, 1994). Phylogenetic analysis were performed using the NJ method [START_REF] Saitou | The neighbor-joining method: a new method for reconstructing phylogenetic trees[END_REF], and bootstrap scores were computed from 1000 independent trials.

The sequences have been deposited to the EMBL database under the following accession numbers: Y10304 (B. subtilis); Y10305 (Calothrix PCC7601); Y10306 (T. maritima); Y10307 (E. coli sun gene).

Statistical methods

The amino acid compositions of Def and Fmt were subjected to correspondence analysis as implemented in the BMDP Statistical Software [START_REF] Dixon | BMDP Statistical Software Manual (([END_REF].

Figure 1 .

 1 Figure1. Conditional viability of deformylase-deAEcient strains of Escherichia coli. A, The metabolic pathway leading from dihydrofolate (DHF) to amino free polypeptides (pp) condensed on ribosomes via tetrahydrofolate (THF), 5,10methylene-tetrahydrofolate (m-THF), 10-formyl-tetrahydrofolate (f-THF), initiator formyl-methionyl-tRNA (f-Met-tRNA) and N-formyl-polypeptides (f-Met-pp) is shown, together with afferent reactions producing thymidylate (dTMP) from deoxyuridylate (dUMP) and from thymidine (dT, written in ghost letters to indicate its trace quantities in metabolism). The broken arrow represents the direct condensation of unformylated initiator Met-tRNAi into polypeptides, presumed to occur marginally. E. coli genes commanding the catalysis of individual reactions of the pathway are shown in italics. B, Deletion of the def gene results in cell death by accumulation of formylated polypeptides (written in large letters). C, The growth of a def mutant is however restored if the production of tetrahydrofolate is blocked by inhibition of folA-encoded dihydrofolate reductase by trimethoprim (Trim, written as underlined to indicate its exogenous supply). Growth under such conditions of tetrahydrofolate shortage requires an exogenous supply of thymidine as well as other factors (glycine, pantoate, inosylate, methionine) which can be synthesized from the nutrients of Mueller-Hinton medium, and are omitted here for the sake of clarity. Translation is primed by unformylated Met-tRNAi. Active def genes from heterologous origins can thus be cloned in a def mutant of E. coli, propagated in Mueller-Hinton medium plus trimethoprim and thymidine as in C, by selection for growth of the transformants in the absence of the two latter compounds as in A.

Figure 2 .

 2 Figure 2. Physical maps of homologous def loci. Unsequenced parts of the different inserts are shown by dotted lines. Genes and ORFs are indicated by boxes, and identiAEed by their names when known. Each bold line indicates the smallest insert generated by recloning and conferring the Def á phenotype. The grey line indicates the B. subtilis subclone with Def ˇFmt á phenotype, as discussed in the text.

Figure 3 .

 3 Figure 3. Comparison of polypeptide deformylase sequences. Tth, Thermus thermophilus; Tma, Thermotoga maritima; Eco, Escherichia coli; Hin, Haemophilus inØuenzae; Bsu, Bacillus subtilis; Cal, Calothrix PCC7601; Mge, Mycoplasma genitalium; Lla, Lactococcus lactis. Identical residues are shown by *, and conservative replacement by _.

Figure 4 .

 4 Figure 4. Comparison of Met-tRNAi transformylase sequences. See abbreviations and symbols in Figure 3.

Figure 5 .

 5 Figure 5. Correlation between the amino acid composition of def and fmt gene products and the nucleotide composition of genomes. The genome G á C% of each organism has been plotted against the AErst factor of the correspondence analysis of the amino acid composition of each protein. Open squares, def products; AElled triangles, fmt products.

  

Table 1 .

 1 Deformylase gene cloning

			Species	
		Bacillus			
		subtilis	Calothrix	Thermotoga	Lactococcus
		strain 168	PCC7601	maritima	lactis
	Genetic source	Genomic library	Genomic library	Genomic library	Recombinant
					plasmid
	Restriction enzyme	SacI	Sau3AI partial	Sau3AI partial	EcoRI
	Estimated number of different	1.5 ⇥ 10 4	2 ⇥ 10 5	2 ⇥ 10 5	1
	transformants				
	Number of clones	2	22	19	1
	complementing Def Fmt			
	+ strains				
	Number of clones	2	4	7	1
	able to grow with				
	fMet-Ala as source				
	of methionine				
	Representative				
	plasmid	pBS1	pCAL164	pTM9	pMU5521
	Length of insert (kb)	3.9	4.2	0.7	1.9

Table 2 .

 2 Chemical composition of deformylase proteins

					Species			
		Mge	Lla	Hin	Cal	Bsu	Tma	Eco	Tth
	Genome								
	G á C (%)	32	37	38	42	43	44	50	66
	Amino acids								
	Gly	12	15	10	8	13	10	8	15
	Ala	9	13	10	13	13	9	12	15
	Ser	8	7	4	7	4	4	5	5
	Pro	10	10	7	14	6	8	7	11
	Val	7	20	13	18	16	16	14	17
	Thr	13	4	7	5	9	6	3	3
	Cys	4	2	3	3	1	1	2	1
	Ile	25	18	19	13	8	14	15	7
	Leu	20	15	18	21	15	12	20	23
	Asn	12	12	5	9	3	5	3	2
	Asp	10	15	15	13	14	8	12	7
	Gln	10	6	8	11	4	4	9	6
	Lys	23	15	15	16	12	12	11	7
	Glu	13	21	12	11	14	18	20	29
	Met	4	11	3	5	6	5	5	4
	His	4	7	3	4	3	3	4	2
	Phe	13	3	5	2	6	8	3	8
	Arg	4	9	8	9	8	15	14	22
	Tyr	8	7	4	5	5	6	2	8
	Trp	7	1	0	0	0	0	0	0
	Total	216	211	169	187	160	164	169	192
	Elements								
	H	1795	1675	1397	1530	1265	1374	1410	1573
	C	1169	1045	853	929	789	855	849	986
	N	288	286	227	258	209	236	242	277
	O	313	319	251	272	241	241	255	288
	S	8	13	6	8	7	6	7	5
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