Evolution of aminoacyl-tRNA synthetases – analysis of synapomorphies and phylogenetic trees reveals a complex history of horizontal gene transfer events
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Abstract

Phylogenetic analysis of aminoacyl-tRNA synthetases (aaRS) of all 20 specificities from completely sequenced bacterial, archaeal and eukaryotic genomes reveals a complex evolutionary picture. Detailed analysis of the domain architecture of aaRS delineated a network of partially conserved domains that is even more elaborate than previously suspected. Several unexpected evolutionary connections were identified, including the apparent origin of the -subunit of bacterial GlyRS from the HD superfamily of hydrolases, a common domain present in bacterial AspRS and in the B subunit of archaeal glutamyl-tRNA amidotransferases, and another previously undetected domain shared by a subset of TyrRS, guanosine polyphosphate hydrolases and synthetases, and a family of GTPases. Examination of domain architectures and multiple alignments for most of the aaRS specificities resulted in the delineation of synapomorphies – unique characters, such as extra domains or inserts, - that partition each set of aaRS into two or more distinct and apparently monophyletic groups. This partitioning was used to root phylogenetic trees. The topologies of the resulting rooted trees for all specificities of aaRS are compatible with the evolutionary “standard model” whereby the earliest radiation event separated bacteria from the common ancestor of archaea and eukaryotes, which was followed by the divergence of the latter two divisions of life. For almost all specificities, however, this simple scheme is confounded by multiple events of displacement of bacterial aaRS by their eukaryotic or, less frequently, archaeal counterparts. Displacement of ancestral euakryotic aaRS genes by bacterial ones, presumably of mitochondrial origin, also was observed for 3 aaRS. By contrast, there was no convincing evidence of displacement of archaeal aaRS by bacterial ones. There was a clear, although not absolute correlation between the likelihood of the displacement of aaRS genes and bacterial lifestyle. The bacterial groups in which displacement by eukaryotic genes is most common are those that include primarily or exclusively parasites and symbionts. Among the 19 aaRS in the spirochaetes, 11 seem to have been displaced by the eukaryotic or archaeal counterparts, and 3 such displacements were observed in Chlamydia, Mycobacteria, Mycoplasma and -Proteobacteria each. Unlike the primary radiation events between the 3 main divisions of life, that were readily traceable through the phylogenetic analysis of aaRS, no consistent large-scale bacterial phylogeny could be established. In part, this may be due to numerous additional displacement events among bacterial lineages. We argue that, although differential gene loss events might have contributed to the evolution of some of the aaRS, this is not a viable alternative to horizontal gene transfer as the principal evolutionary force in this gene class. Indeed, a scenario based primarily on differential gene loss would have to assume that the last common ancestor of the extant life forms contained duplications of the majority of the encoding aaRS and even triplications of some of them, which would result in a translation system much more complex than the modern one.

Introduction

Aminoacyl-tRNA synthetases (aaRS) are key components of the protein translation machinery that perform two basic reactions: i) activation of amino acids via the formation of aminoacyl adenylates and ii) linking of activated amino acid to the cognate tRNAs. Altogether, aaRS specific for each of the 20 amino acids have been identified, and there are two structurally distinct and apparently unrelated classes of aaRS, each encompassing 10 specificities[Cusack, 1995 #948; Cusack, 1997 #947; Cusack, 1990 #950; Cusack, 1991 #949; Eriani, 1990 #945; Eriani, 1995 #944]. The two classes have different modes of aminoacylation: aaRS of class I aminoacylate the 3’OH of the cognate tRNA whereas those that belong to class II aminoacylate 2’OH (with one exception). Each class contains a conserved core domain which is involved in ATP binding and hydrolysis and combines with a variety of additional domains that determine the specificity of interactions with the cognate amino acid and tRNA[Delarue, 1993 #951][Cusack, 1995 #948; Cusack, 1997 #947]. The core domain of class I contains a parallel -sheet and is a distinct version of the nucleotide-binding Rossmann fold[Moras, 1992 #953] whereas the class II core is based on a mixed -sheet similar to that found in biotin synthases[Artymiuk, 1994 #952]. The extra domains of aaRS are either inserted into distinct loops within the core domain or appended to the N- and C-termini of the core. These accessory domains show remarkable diversity, resulting in a complex, modular domain architecture which is largely amino acid-specific, although some domains are common in aaRS of different specificities.

Thus aaRS of the same specificity typically are highly conserved, whereas those with different specificities show only limited conservation within each class which is mostly confined to the core, ATP pyrophosphatase domain. There are only three apparent exceptions to this rule: i) Gln-RS, unlike other aaRS, shows a limited taxonomic distribution and appears to be specifically related to a subset of  Glu-RS[Freist, 1997 #955; Freist, 1997 #956][Siatecka, 1998 #957], ii) the same type of relationship has been described for Asn-RS and Asp-RS[Shiba, 1998 #954], and iii) there are two types of lysyl-RS that belong to class I and class II, respectively, and appear to be unrelated to each other[Siatecka, 1998 #957; Ibba, 1997 #169; Ibba, 1997 #909; Koonin, 1998 #189]. Of the 20 amino acids incorporated into proteins, aaRS for 17 appear to be strictly universal, that is they are encoded by all organisms for which genome sequences are available. The exceptions are Gln-RS that is missing in most bacteria and archaea, Asn-RS missing in most archaeal and several bacterial species, and Cys-RS that so far has not been identified in two archaea[Doolittle, 1998 #958; Koonin, 1998 #189]. The mechanism for post-aminoacylation formation of Gln and Asn via transamidation of  tRNAs charged with Glu and Asp, respectively, has been characterized[Wilcox, 1968 #959][Curnow, 1996 #879]. The mechanism of cysteine incorporation into proteins in those archaea that lack CysRS remains a mystery. These exceptions notwithstanding, the ubiquity of aaRS indicates that they have evolved by serial duplication and have locked into the distinct specificities already in the last common ancestor (LCA) of all extant life forms. 

For several reasons, aaRS appear to be an excellent choice of a gene sampling for an analysis of the forces that are in action in gene and genome evolution on a large time-scale. 

1. The set of aaRS is naturally defined by the 20 specificities required for protein synthesis. 

2. aaRS are ubiquitous (with the exceptions mentioned above) and essential, therefore a gene encoding an aaRS generally cannot be lost in evolution unless it is displaced by another gene that encodes a different form of aaRS of the same specificity. 

3. aaRS typically do not form paralogous families with the same specificity – only a few isolated duplications of this type have been noticed. This significantly reduces ambiguity in phylogenetic analysis. 

4. As long as the specificity is conserved - and apparently this has been the case for at least 18 of the 20 aaRS (Gln-RS and possibly Asn-RS being the exceptions) - it seems unlikely that the aaRS genes have undergone major changes in evolutionary rates. 

5. Unlike, for example, ribosomal proteins, aaRS typically are not involved in complex interactions with multiple protein partners. The only interactions that are essential for their function are those with amino acids, ATP and the cognate tRNA (although exceptions are possible). Discrimination of cognate from non-cognate tRNAs by aaRS is complex process, the details of which differ for different specificities, but at least in some cases, aaRS are compatible with tRNAs even from phylogenetically distant organisms. Accordingly, there is at least some potential for horizontal transfer of aaRS genes in evolution. 

These considerations suggest that the topologies of the phylogenetic trees for aaRS would reflect, with a reasonable accuracy, the phylogenetic relationships among the respective organisms as well as possible horizontal gene transfer events. Furthermore, given the variety of modular domain arrangements seen in aaRS, phylogenetic analysis may shed light on the modes whereby such modules are acquired and exchanged during evolution. 

AaRS have been among the most popular objects of molecular phylogenetic analysis, and a number of anomalies have been described, with regard to tree topologies compared to the topologies derived from the analysis of rRNAs and other molecules involved in translation. Phylogenetic analysis of aaRS is becoming increasingly interesting with the growth of the collection of complete genome sequences that currently consists of over 20 genomes of bacteria, archaea and eukaryotes. Because each of the aaRS is indispensable in the context of the modern-type translation system, this collection provides us with at least 17 sets of sequences of functionally equivalent and, in evolutionary terms, orthologous aaRS from all these diverse organisms. Although many sequences of aaRS have been available for a long time, complete genomes are critical for conducting a convincing evolutionary analysis. Indeed, only from complete genome sequences, the full information on all aaRS encoded by each species, including all possible paralogs, can be extracted. In a recent insightful overview, Doolittle and Handy note that the number of evolutionary anomalies rapidly grows with the increase in genome sequence information, resulting in a highly complex picture. 

Here we describe an attempt on a comprehensive analysis of the evolutionary patterns for all 20 sets of aaRS using, primarily, the available complete genome sequences. We pursued 2 principal goals: i) using the recently developed sensitive methods for sequence analysis, together with structural information, delineate as completely as possible the domain architecture of all aaRS; ii) generate phylogenetic trees for aaRS of all specificities using carefully constructed multiple alignments and, whenever feasible, determine the root position on the basis of unique features of domain architecture (synapomorphies). The results of phylogenetic analysis of each of the aaRS appear to be compatible with the “standard model” that postulates the original radiation of bacteria and archaea-eukaryotes, followed by the divergence of the latter two divisions. However, for at least 15 of the aaRS specificities, this straightforward scenario needs to be amended by including horizontal gene transfers, in some cases multiple ones, between major phylogenetic lineages, as well as acquisition, loss and exchange of accessory domains. Our general conclusion is that the available sequence information is sufficient for reconstructing the principal events in the evolution of most, if not all the aaRS. 

Materials and Methods

Databases and the aaRS sequence set. The databases used in this study were the non-redundant database (NR) at the National Center for Biotechnology Information (NIH, Bethesda) and a collection of aaRS sequences from completely sequenced genomes. The latter were initially extracted from the Genomes division of the Entrez system using the available genome annotation. Additionally, all the protein sequences from complete genomes were searched (see below) using the Escherichia coli aaRS sequences as queries, in order to detect any aaRS homologs that might have been mis-annotated. The aaRS sequence set used in this analysis included the entire complement of aaRS from 12 complete bacterial genomes, 4 archaeal genomes, and one eukaryotic genome, that of the yeast Saccharomyces cerevisiae. An attempt to use the aaRS complement from the other eukaryotic genome that recently has been (nearly) completed, that of the nematode Caenorhabditis elegans, was unsuccessful since several nematode aaRS were found to miss large regions conserved in other species, apparently due to exon misassembly. Therefore human aaRS sequences were included in the set for the analysis whenever available; otherwise the sequences from C. elegans or Arabidopsis thaliana were use as the second representative of the eukaryotes.

Sequence alignment and database searches. Multiple alignments of the aaRS sequences were initially constructed using the progressive alignment program ALITRE (Seledtsov et al., 1995). The alignments were then manually adjusted on the basis of the results of iterative PSI-BLAST searches (see below) and the boundaries of domains and secondary structure elements that were extracted from the aaRS structures present in the Protein Data Bank (PDB). All the sequences of aaRS domains other than the Class I and Class II cores, were cut out of the alignments and used as queries for iterative database search with the PSI-BLAST program. Briefly, this program constructs a position-dependent weight matrix (profile) from multiple alignments of BLAST hits that have an associated expectation value (e-value) above a certain cut-off and iterates the database search using this evolving profile as the new query. The statistical significance of the PSI-BLAST hits is assessed on the basis of the extreme value distribution statistics that originally has been developed by Karlin and Altschul for local alignments without gaps  and subsequently modified for gapped alignments. There is no analytical proof of the applicability of the Karlin-Altschul statistics for searches using profiles as queries, but extensive computer simulations have shown a near-perfect fit of the socre distribution obtained in such searches to the extreme value distribution. Accordingly, e-values reported by PSI-BLAST for each retrieved sequence at the iteration when its alignment with the query scores above the cut-off for the first time appear to be accurate estimates of the statistical significance; once a sequence is included in the profile, e-values reported for it (and its closely related homologs) at subsequent iterations become inflated and do not represent the statistical significance. In this analysis, only e-values recorded for for the first appearance of the given sequences above the cut-off were used to assess the statistical significance of database hits. Normally, the PSI-BLAST program was run to convergence, with the e-value of 0.01 used as the cut-off. The searches were normally run without filtering for regions of low compositional complexity, in order to avoid loss of information. However, in cases when apparent false-positives caused by low complexity were noticed upon examination of the search results, these regions in the query sequence were masked using the SEG program with the standard parameters.

Phylogenetic trees. For the purpose of phylogenetic tree construction, large inserts and ambiguously aligned regions were removed from the aaRS alignments. Phylogenetic trees were constructed using the PHYLIP package programs. First, 1000 bootstrap replications were obtained from each alignment using the SEQBOOT program. Distance matrices were computed using the PROTDIST program with the Dayhoff PAM distance option. Each set of 1000 distance matrices was analyzed using 3 tree-building methods - Fitch-Margoliash (FITCH program), neighbor-joining and UPGMA (both options of the NEIGHBOR program). Consensus trees and bootstrap support for each method were separately computed using the CONSENSE program. A global consensus topology was manually derived by collapsing internal branches that resulted in different branching orders in the Fitch-Margoliash and neighbor-joining trees. Nodes that were strongly supported by bootstrap analysis (>70%) under both of these methods were considered reliable. Branch lengths for the derived consensus topology were computed using Fitch-Margoliash method (FITCH program). The cluster dendrogram produced with the UPGMA method was used to infer the root position, in conjunction with the analysis of unique features of domain architecture (see Results and Discussion).

Other procedures. Protein secondary structure prediction was carried out using the PHD program, with multiple sequence alignments used as the input. Non-globular protein domains were predicted using the SEG program with the set of parameters optimized for this task (window length 45,  trigger complexity 3.4, extension complexity 3.75). Colied-coil domains were predicted using the COILS2 program. PDB files were manipulated using the InsightII program. Sequence retrieval and large-scale analysis were handled with the programs of the SEALS package.

Results and Discussion

Modular domain architectures of aaRS – previously undetected accessory domains and new occurrences of known domains

Careful examination of the multiple alignments of aaRS of all 20 specificities shows that each of them, without exception, has a complex, modular architecture (Figure 1). Furthermore, the accessory domains form a complex network that connects aaRS of different specificities. Many of these domains have been described in previous studies but using iterative profile searches with PSI-BLAST, we identified several previously undetected domains as well as new occurrences of known domains. Four domains are shared by aaRS of class I and class II (Figure 1A,B). These are: i) a predicted RNA-binding domain that is a distinct version of the OB-fold (EMAP domain) and is found in all archaeal and a subset of bacterial MetRS, some of the eukaryotic TyrRS (both of class I) and the (-subunit of PheRS (class II); ii) the “DALR” domain that is shared by 7 aaRS of class I and the -subunit of bacterial GlyRS (class II); iii) a small domain that is predicted to possess a coiled-coil structure but nevertheless is highly specific to aaRS and readily detectable by iterative database searches without any false positives; this domain is present in animal TrpRS, MetRS and GlnRS (class I) and HisRS, ProRS and GlyRS (class II); iv) a small C-terminal domain (designated “C-V/I/G” in Figure 1A,B) shared by ValRS, eukaryotic and archaeal IleRS (class I) and archaeal and eukaryotic GlyRS (class II). 

All these domains have been described previously, by combination of sequence and structural analysis, but with the exception of the EMAP domain that has been analyzed in considerable detail (see also discussion below), the present study expanded the range of aaRS that contain each of them. In particular, the domain that we designated “DALR”, after a partially conserved pattern of amino acid residues, has been recognized in ArgRS (designated Add-2), MetRS and the RS for the 3 aliphatic amino acids but, to our knowledge, not in CysRS, class I LysRS or the -subunit of the bacterial GlyRS. The detection of the “DALR” domain in these additional sets of aaRS makes it the most widespread domain in aaRS, after the 2 core domains. It is an -helical domain that has been implicated in anticodon-binding. In this regard, the presence of the “DALR” domain in the class I LysRS is especially interesting since this aaRS also contains an anicodon-binding domain shared with GluRS (Figure 1A). The combination of these two domains may indicate a complex mode of anticodon-binding by the LysRS.  

Other connections between accessory domains are confined within class I or class II. In particular, there is a remarkable colinearity of the domain arrangements in class I aaRS that are specific for aliphatic amino acids (Val, Ile, and Leu) and methionine. In addition to the aforementioned C-terminal DALR domain, these aaRS share a large common insert in the core that contains 5 motifs subject to partial deletion or rearrangement (Figure 1A). Furthermore, all ValRS and subsets of aaRS for each of the other 3 amino acids in this subclass of class I aaRS also contain an inserted Zn-ribbon motif; a similar motif is inserted also in Class I LysRS (Figure 1A). Another domain typical of class I is the insert shared by GluRS, GlnRS and CysRS (Figure 1A). In class II, the most common domains, after the core, are the (/(-structured anticodon-binding domain found in HisRS, ThrRS, ProRS as well as eukaryotic and archaeal GlyRS, and the OB-fold anticodon-binding domain present in AspRS, AsnRS and LysRS (Figure 1B). The other accessory domains are found in aaRS of one or two specificities.

Several aaRS contain domains that are conserved in other classes of proteins, both involved in translation and performing very different functions. The EMAP domain, so designated after the cytokine …??, in which it comprises a C-terminal portion, is found, in addition to the aaRS, also in a variety of bacterial and eukaryotic protein, most of them with unknown functions. One protein containing this domain that has been functionally characterized, however, is the yeast Arp1 which is a tRNA-binding cofactor of TyrRS (??). Thus the EMAP domain seems to be a relatively straightforward case whereby a domain can function in translation either as distinct subunit of a complex or as an integral part of an aaRS (the role of this domain in the cytokine and other proteins, however, remains a mystery). Another similar situation is seen in bacterial TyrRS which, instead of the EMAP domain, contains a different type of predicted RNA-binding domain that belongs to a domain family typified by the ribosomal protein S4 (Marcus et al., 1998; Aravind, Koonin, 1999). The role of the glutathione S-transferase domain, which is present in eukaryotic MetRS and GluRS, is much less clear. This domain also has been identified in two eukaryotic translation elongation factors, EF-1( and EF-1(, and thus its distinct function in translation is likely but the nature of this function remains to be elucidated experimentally.

In the course of the present analysis of aaRS, we identified 3 additional domains that belong in this category. The first one is a domain that is inserted in the core of bacterial AspRS and in the B subunit (GatB) of archaeal glutamyl-tRNA amidotransferases [hereinafter GAD domain, after GatB-AaRS-for-Asp(D)]. In archaeal GatB proteins, the GAD domain also forms an insert that is readily detectable by comparison with the bacterial counterparts (data not shown). The GAD domain consists of approximately 120 amino acid residues and is predicted to possess an -helical structure (Figures 1B, 2A). GatB is not the catalytic subunit of the glutamyl-tRNA amidotransferases (which is GatA) and is expected to be involved in tRNA recognition. The function of the GAD domain may have to do with cognate tRNA discrimination but what it might do exactly remains puzzling, given the phyletic distribution of GatB proteins and aaRS of the relevant specificities (Table 1). Since Pyrococcus horikoshii that, unlike other archaea, encodes a AsnRS, does not have the GAD-domain-containing version of GatB, it appears that the latter is responsible for the recognition of tRNAGlu by the archaeal transamidase complex. One possible function of the GAD domain could be shielding tRNAAsp in bacteria and tRNAGlu in the archaea from mischarging with asparagine. 

The second new domain is shared by eukaryotic and some of the bacterial ThrRS, a distinct family of GTPases (the Obg family) and guanosine polyphosphate hydrolase (SpoT) and synthetase (RelA), which are involved in stringent response in bacteria (hereinafter TGS domain; Figures 1B, 2B). TGS is a small domain of approximately ?? amino acid residues predicted to possess a predominantly -sheet structure. There is no direct information on the functions of the TGS domain but its presence in two types of regulatory proteins (the GTPases and SpoT-RelA) might suggest a ligand-binding, regulatory role. 

Finally, we observed that the (-subunit of bacterial GlyRS contains a domain that is distantly but statistically significantly related to the recently described HD-superfamily of hydrolases (Figure 1B, 2C; Aravind, Koonin, 1998). The principal predicted catalytic residues of the HD-hydrolases (the histidine-aspartate doublet that is the namesake of the superfamily) are missing in GlyRS-( although other aspartates implicated in metal-chelating are conserved(??), which resembles the conservation pattern seen in the guanosine polyphosphate synthetases (RelA) (Fig. 2C; Aravind, Koonin, 1998).  …(details on GlyRS here). Another interesting aspect of these observations is that they make the (-subunit of the bacterial GlyRS the only aaRS subunit that does not contain the core domain of either class I or class II (Figure 1A,B).

Taken together, all these observations reinforce the notion that aaRS are prone to recruiting domains from other types of proteins and hence acquire additional functional capabilities. Those domain recruitment events that are readily recognizable as such are lineage-specific, although some seem to be quite ancient, such as  the acquisition of the GAD and EMAP domains. Other domains that we now consider to be integral parts of aaRS, such as those involved in anticodon-binding, might well have evolved in the same fashion very early in evolution but the sources are not readily identifiable anymore. “Horizontal evolution” of aaRS, that is transfer of domains between aaRS of different specificity has been discussed, and indeed, it seems likely that the observed mosaic of domains in part has been generated by recombination between aaRS genes themselves, as opposed to independent acquisition of domains. The presence of the “DALR” domain in the -subunit of GlyRS (see above) may be one example of this type of an evolutionary event.

Synapomorphies in aaRS and their use as phylogenetic markers

For many gene families, analysis of unique shared features of proteins, or synapomorphies, can be used as an important complement to the traditional phylogenetic analysis. Such synapomorphies typically are unique domains, domain arrangements or insertions/deletions within a domain that are found in a particular phylogenetic division but not in others. Analysis of synapomorphies is often straightforward and is not plagued by ambiguities that so affect the traditional phylogenetic trees (such as, among others, unequal evolutionary rates). However, this alternative approach to evolutionary studies has its own share of dangers, primarily associated with the use, as phylogenetic markers, of characters that are much more likely to be independent acquisitions or losses. In the course of the present study, we attempted to systematically delineate the true synapomorphies by combining examination of their domain architectures and their phyletic distribution with sequence similarity analysis and tree construction. Our primary interest was in the possibility of using synapomorphies for rooting phylogenetic trees since (unless a molecular clock is assumed) trees themselves do not allow one to infer the root position.

With the two exceptions of ValRS and CysRS, all ubiquitous aaRS have more than one distinct domain architecture (Fig. 1A,B). Such distinctions do not exist in Class I LysRS and in the bacterial-type GlyRS either but these have limited phyletic distribution (Figure 1A,B, and see discussion below). In fact, the complete conservation of the elaborate domain architecture of ValRS, which has 7 distinct domains, including the core (Figure 1A), in all studied life forms is remarkable and seems unexpected given the diversity of domain organizations seen in the other aaRS.

Many but not all of the distinct features of the aaRS domain architectures shown in Figure 1 appear to be valid synapomorphies. Consider for example MetRS for which 5 distinct domain arrangements are discernible. The EMAP domain does not seem to be a useful marker for large-scale phylogenetic analysis. This domain is present in the archaeal MetRS and those from several diverse groups of bacteria but not in other bacteria or eukaryotes (Figure 1A). This distribution does not reflect at all the observed hierarchy of sequence similarity since the archaeal MetRS being a compact cluster well separated from bacteria whereas those of the bacterial MetRS that do possess the EMAP domain do not from such a cluster. Neither does the distribution of the EMAP domain correspond to the topologies of the trees constructed using the neighbor-joining and Fitch-Margoliash methods (Figure 3). Thus the phyletic pattern seen for the EMAP domain may be explained by lineage-specific losses, independent acquisitions or a combination thereof. On general grounds, one would probably suspect that independent recruitment of the same domain by MetRS in phylogenetically distant taxa is unlikely and accordingly, one would be tempted to speculate that this domain was present in the ancestral version of MetRS. However, since the EMAP domain has been detected also in subsets of TyrRS and PheRS, it appears likely that under conditions not yet understood, this domain may confer a selective advantage to aaRS of different specificities. Thus it is not a far-fetched idea that the EMAP domain might have been recruited at least twice in the course of evolution of MetRS. Among the other domains found in MetRS, the glutathione S-transferase domain and the C-terminal coiled-coil domain (Figure 1A) could be valid phylogenetic markers but these would be useful only to examine the evolution within the euakryotic crown group. By contrast, the Zn-ribbon motif, which is inserted in the middle of the domain typical of the aliphatic aaRS in the archaeal, eukaryotic and some of the bacterial MetRS seems to be a perfect synapomorphy that allows one to position the root of the tree (Figure 3).

In some of the other aaRS, the synapomorphies may be so prominent that they alone seem to constitute a solid basis for partitioning a particular specificity into two evolutionarily distinct classes. It is well known that the majority of bacteria have a GlyRS that consists of two unrelated subunits (see also the above discussion of the domain architecture of the (-subunit) and is completely distinct from the enzyme found in eukaryotes, archaea and a small subset of bacteria. Aside from this anomaly and the exceptional situation with LysRS (see above), the most striking is the case of IleRS where the distinction between the eukaryotic, archaeal and a small subset of bacterial enzymes, on one hand, and the rest of the bacterial ones, on the other hand, involves 4 distinct domains (Figure 1A). One of these (the Zn-ribbon) is differently located in the two sets of IleRS, two others – the VIC domain and the CVIG domain – are present only in the eukaryotic-archaeal subset, and finally, the more specific C-terminal domains are conserved within each set but not between them. Notably, in this case the arrangement of three of these domains, namely the Zn-ribbon and the VIC and CVIG domains, is exactly the same in the eukaryotic-archaeal IleRS and in the ValRS (Figure 1A), so the ancestral domain architecture can be predicted with considerable confidence. Another case of a highly convincing synapomorphy is the TyrRS where the bacterial enzyme contains, in a conserved arrangement, two domains (the -helical anticodon-binding domain and the S4 domain) that are missing in the euakryotic-archaeal set (Figure 1A). 

Altogether, synapomorphies that seemed to be valid phylogenetic markers allowing us to establish or corroborate the primary evolutionary partitioning (the root of the tree) in the given set of aaRS were found in 14 of the 20 specificities (Figure 1A,B). This indicates that at least for aaRS, synapomorphies are a major source of evolutionary information that must be carefully reconciled with other lines of evidence, in order to produce credible evolutionary scenarios.

Phylogenetic trees and evolutionary scenarios for aaRS

We used the multiple alignments of the conserved portions of the aaRS of all 20 specificities to generate distance matrices and construct phylogenetic trees using the neighbor-joining, Fitch-Margoliash and UPGMA methods. For each of these methods, 1000 bootstrap replications were performed, in order to evaluate the statistical significance of the results, and the consensus topology was derived. The three consensus topologies were then combined (see Materials and Methods for details) to produce the final trees shown in Figure 3. The principal partitioning (the root position) was derived by combining evidence from the analysis of synapomorphies (see above), the rooting suggested by UPGMA and the length of the internal branches in the tree produced by other methods. 

We believe that the most notable outcome of this analysis is that, with one or two exceptions, the trees produced by these procedures are compatible with the analysis of the synapomorphies and are readily interpretable, at least in terms of the relationships between the three primary divisions of life – bacteria, archaea and eukaryotes (Figure 3 and Table 2). The majority of the trees can be best interpreted in the framework of what Doolittle and Handy aptly call the “standard model”, that is the grand evolutionary scheme, according to which the primary radiation separates bacteria and the common ancestor of archaea and eukaryotes. Clearly, however, the standard model requires major amendments. There are only 3 trees, curiously all from class I, that conform to the standard model precisely, namely, those for LeuRS, TyrRS and TrpRS (this does not exclude very interesting events in the evolution of these aaRS; see table 2 and discussion below). The remaining trees fall into two categories: i) those in which eukaryotic aaRS cluster with the bacterial ones, to the exclusion of the archaea, namely ValRS, AlaRS and ThrRS, and ii) those in which varying subsets of bacterial aaRS invade the eukaryotic-archaeal cluster – all the rest except for LysRS and CysRS (Figure 3). In the case of LysRS, the 3 divisions of life do not belong to the same tree, and so, by definition, the standard model does not apply. In part, this is true also of CysRS as only some of the archaea have it (see above). The CysRS tree is poorly resolved and there are no synapomorphies to complement it but on the basis of the internal branch length, the most likely root position seems to be between the eukaryotic branch and the rest of the tree that includes the two archaeal CysRS along with the bacterial ones (Figure 3).

The eukaryotic-bacterial affinity seen in three aaRS is readily explained by displacement of the original eukaryotic gene by a cognate bacterial version, in all likelihood, the mitochondrial gene transferred to the nuclear genome. In one case, that of ThrRs, this has been preceded by a duplication of the mitochondrial gene (Figure 3). By contrast, displacement of the mitochondrial enzyme by the ancestral eukaryotic one seems to have occurred in the evolution of HisRS and SerRS, in the latter case following a duplication (Figure 3).

The predominant pattern in the aaRS phylogenies, which is seen in 12 out of the 20 specificities, is partitioning into two major groups, one of which includes archaea, eukaryotes and a subset of bacteria, and the second one the rest of bacteria (Figure 3 and Table 2). Three, not necessarily exclusive explanations can be proposed for this pattern: i) tree-construction artifacts, ii) differential, lineage-specific gene loss and iii) horizontal gene transfer, typically resulting in the displacement of the original aaRS gene. 

We believe that there are at least 3 compelling arguments that rule out a major contribution of tree-building artifacts. These are: i) the primary partitioning in most of the trees is supported by synapomorphies, ii) there is equally good bootstrap support for expected, conventional groupings, such as the tight clustering of the 4 archaea, and unexpected ones that involve bacteria placed into the eukaryotic-archaeal part of the tree (Figure 3), iii) the set of bacteria that show the strongest tendency to cluster with eukaryotes is obviously non-random and includes parasitic groups, such as Spirochaetes and Chlamydia. 

Lineage-specific gene loss has been discussed as a possible alternative to horizontal gene transfer as the principal explanation of the anomalies in the evolution of aaRS (Doolittle, Handy). We believe that examination of the emerging complete evolutionary picture (Figure 3, Table 2 and 3) indicates that this is not a realistic possibility. Indeed, given that clustering of a subset of bacteria with eukaryotes (and/or archaea) is observed for the majority of the aaRS, the lineage-specific gene loss theory would imply that the last common ancestor (LCA) of all extant life forms contained diverged duplicates of the majority of aaRS genes, which would have been differentially lost in different lineages during subsequent evolution. Should these duplications occur in the LCA itself, most likely as a genome-scale duplication, rather than a series of single-gene duplications, the subsequent divergence must have been accompanied by adaptation of the two versions to distinct functional niches. If that was the case, there would be selective pressure to maintain both versions, along with likely advantages of shedding one, and we would be sure to expect relics of the original duplication persisting in at least some species and some aaRS specificities. But such traces are conspicuously missing. 

It is instructive to consider two cases that at a superficial glance, might have been considered evidence supporting the primordial duplication theory. The first one involves the two unrelated types of LysRS, one of which belongs to class I and the other one to class II. It has been noted (Doolittle, Handy) that if an organism was found that encoded both types, this would support the differential loss theory. In fact, a genome of such an organism is available – the spirochaete Treponema pallidum. A closer analysis shows, however, that T. pallidum encodes a distinct type of LysRS – the small “X” form comprised of the core domain alone (Figure 1A) – that is present, in addition to the typical bacterial LysRS, in g-Proteobacteria, and Aquifex. Applying the differential loss theory, one would be forced to conclude that the LCA encoded 3 LysRS – the class I enzyme and two distinct forms of the class II enzyme. It seems clear that dissemination of the “X form” gene by horizontal transfer is a more realistic explanation for the observed phyletic distribution of LysRS.

<is this the case?!> The presence of two versions of HisRS, both the typical bacterial form and the archaeal-eukaryotic one, in Aquifex, Synechocystis and Bacillus also might appear best compatible with the differential gene loss theory. This theory would predict, however, that the archaeal-eukaryotic version, being direct heritage of the LCA, should not cluster with either eukaryotic or archaeal HisRS. In reality, however, reliable clustering with archaea was observed (Figure 3) which again makes horizontal transfer, in this case from an archaeal source, a natural explanation. 

Thus the version of the differential gene loss theory based on massive duplication followed by adaptive divergence does not seem to find any support in the available data on the phyletic distribution of aaRS. A different form of this theory would postulate that the divergence of the two types of the aaRS occurred by speciation, rather than by intergenomic duplication, at a pre-LCA stage of evolution. This could have been followed by fusion of cells carrying different versions, leading to a metastable state that would then evolve by rapid divergence, with stochastic loss of one of the two types of aaRS in different lineages. This hypothesis (setting aside its somewhat extravagant nature) could be compatible with the lack of known life forms retaining the hypothetical ancient duplications. However, it would be hard pressed to account for the non-random set of the bacterial species that invade the archaeal-eukaryotic part of the phylogenetic trees for the aaRS (Figure 3 and Table 3). Indeed, the main contribution to this invasion is from bacterial groups that include parasites and symbionts, namely spirochaetes, chlamydiae, and to a lesser extent mycobacteria and mycoplasma (Table 3). The differential gene loss theory offers no explanation why these groups of bacteria should have lost the aaRS versions retained by the majority of bacteria. By contrast, it is obvious that bacteria of these groups had a greater opportunity to acquire eukaryotic genes due to their long-term and intimate contact with their eukaryotic hosts.

Thus multiple horizontal gene transfers, typically resulting in the displacement of the original aaRS genes in the recipient lineage, seem to have made the principal contributions to the deviations of the phylogenetic trees for the aaRS from the standard model. Most of the tree topologies are readily explained by a small number horizontal transfer events; two trees, namely MetRS and ArgRS, present a complex but seemingly interpretable picture, and two – SerRS and CysRS – are difficult to interpret (Table 2). The lateral gene flux has been highly non-random. As already indicated, by far the greatest number of such events involved gene transfer from eukaryotes to bacterial lineages that consist primarily or (so far) exclusively of parasitic and symbiotic organisms (Table 3). In two cases, those of SerRS and GluRS, the spirochaetes seem to have acquired the eukaryotic mitochondrial gene; chlamydial GluRS appears to be of the same origin (Figure 3). The mitochondrial SerRS gene apparently has evolved by duplication of the ancestral eukaryotic gene whereas mitochondrial GluRS fits in the bacterial part of the tree as it is generally typical of mitochondrial aaRS (Figure 3). In fact, we may be underestimating the gene flux from eukaryotes to bacteria since more instances of mitochondrial gene transfer might have gone unnoticed, given the uncertainties in bacterial phylogeny. 

It has been suggested that the anomalies observed in some of the aaRS trees, particularly for IleRS, can be explained by just one horizontal gene transfer from eukaryotes, with subsequent dissemination among bacteria. This is a plausible idea which is compatible with the reliable clustering of all bacterial species that are suspected to have acquired the respective eukaryotic gene in the IleRS tree and in the HisRS tree (Figure 3). Furthermore, the bacterial groups that are most prone to horizontal transfer from eukaryotes – the spirochaetes and chlamydiae – also form clusters in the CysRS and TrpRS trees, which suggests gene exchange between them, although in these cases, horizontal transport from eukaryotes is not suspected (Figure 3). The topology of the trees for MetRS, ArgRS and Asp-AsnRS, however, are not readily compatible with this possibility and rather suggest multiple transfers of eukaryotic genes into different bacterial species (Figure 3). 

Gene transfer from archaea to bacteria has been much less prominent (Table 2). The apparent transfer of HisRS from archaea to bacteria has already been discussed. Other events of this type involve Class I LysRS, PheRS and possibly MetRS (Table 2). Class I LysRS most likely evolved in archaea and has been horizontally transferred to bacteria. Notably, the tree topology, which is strongly supported by bootstrap analysis, suggests 2 independent transfer events – from Euryarchaea to the spirochaetes and from Crenarchaea to rickettsiae (Figure 3). The remarkable aspect of the evolutionary scenario for PheRS is that in most bacteria, including the spirochaetes, the genes for ( and ( subunits form an operon, whereas in the archaea, which apparently donated both genes to the spirochaetes, they are not adjacent. It appears likely that the operon organization is ancestral and an archaeon containing this operon might be eventually found. 

Other types of inter-division transfer appear to be very rare. Only for CysRS, which is present in two of the 4 completely sequenced archaeal genomes, and for the AsnRS, so far identified only in P. horikoshii, horizontal gene transfer from bacteria seems to be a distinct possibility. In addition, the TrpRS of P. horikoshii apparently has been acquired from eukaryotes (Figure 3). This limited extent of aaRS gene exchange between bacteria and archaea appears rather unexpected, given the prominence of horizontal transfer from eukaryotes to bacteria, and also the apparently considerable exchange of other genes between archaea and bacteria (Koonin et al., 1997; Aravind et al. ,1998; Makarova et al., 1999). The most straightforward explanation is that bacterial aaRS are generally poorly compatible with archaeal tRNAs (??). 

Unlike the relationship between the three primary division of life that could be resolved for the majority of aaRS in support of the modified standard model, no consistent, large-scale bacterial phylogeny emerged from the aaRS trees. In and by itself, this is not surprising since inconsistent tree topologies have been frequently observed for different bacterial genes. In the majority of the aaRS  trees, the bacterial part shows, more or less,  a star-topology, with no or little statistical support for any particular relationship between the major lineages (Figure 3). The trees for TyrRS, TrpRS and LeuRS are exceptional in that strongly supported – but different in each case – partitioning of the bacteria into two clusters is observed (Figure 3). In the rest of the trees, the only clusters that are consistently seen are the terminal branches, namely the two species of (-proteobacteria (E. coli and H. influenzae), spirochaetes (B. burgdorferi and T. pallidum) and mycoplasmas (M. genitalium and M. pneumoniae). Interestingly, E. coli and H. influenzae behave differently in the TyrRS tree, whereas the two spirochaetes show different affinities in the ProRS and ThrRS trees, in addition to the aforementioned presence of the “X” form of LysRS in Treponema but not Borrelia (Figure 3). In each of these cases, the members of the respective pair of related species cluster, with a good bootstrap support, with other bacteria. For example, in the ThrRS tree, the Treponema protein clusters with (-Proteobacteria whereas the one from Borrelia clusters with Aquifex and Mycobacterium (Fig. 3). Other unexpected but statistically supported bacterial clusters seen in the trees for AspRS (Bacillus-Synechocystis) and HisRS (spirochaetes-Helicobacter); clustering of spirochaetes with chlamydiae mentioned above belongs in the same category. These observations seem to clearly indicate horizontal transfer of some of the aaRS genes between distant bacterial species. It seems likely that additional, more ancient gene transfer events are obscured by the star topology. Generally, the observed topologies in the bacterial partitions of the aaRS trees seem to be the product of rapid, early divergence of the major lineages followed by horizontal gene transfer events, only a few of which can be specifically  pinpointed. 

With regard to the evolutionary histories of individual aaRS, phylogenetic analysis seems to clarify the scenario for aspartate and asparagine. Eukaryotes encode both a cytoplasmic and a mitochondrial aaRS for each of these amino acids; archaea typically lack AsnRS (so far the only exception is P. horikoshii) and incorporate asparagine into proteins via the transamidation route, whereas the majority of bacteria encode AsnRS. The tree topology indicates that AsnRS originally evolved by duplication of eukaryotic AspRS, which was followed by horizontal transfer (probably multiple events) into bacteria and at least one archaea species (Figure 3 and Table 2). 

Evolutionary scenarios for CysRS and SerRS remain uncertain. There is a correlation between the absence of CysRS and the presence of an unusual, highly diverged SerRS in some of the archaea (M. jannaschii and M. thermoautotrophicum). The apparent rapid evolution of SerRS in this subset of archaea might be due to the acquisition of dual specificity for tRNASer and tRNACys or even a triple specificity that might also involve the tRNA for selenocysteine [discussed in more detail elsewhere (Makarova et al., 1999)]. A postaminocylation mechanism for the formation of cysteine in the archaea via trans-sulfurylation of serine has been postulated but remains to be demonstrated experimentally.

Conclusions

Comparison of the complete sets of aaRS from diverse species of bacteria, archaea and eukaryotes reveals a number of unique domain architectures. Despite numerous studies on aaRS, several previously undetected domains could be identified using improved methods of sequence analysis. The exact functions of these domains and the mode of their interaction with the aaRS core remain to be determined by combination of structural and biochemical studies.  Some of the distinct domain arrangements appear to be valid synapomorphies, i.e. define monophyletic groups within a given aaRS specificity. 

Combined with traditional phylogenetic trees, analysis of these synapomorphies allows the generation of relatively simple evolutionary scenarios for most of the aaRS. All these scenarios are based on the standard model of evolution for the translation system, which postulates an original radiation of bacteria and the common ancestor of archaea and eukaryotes. This standard model is strongly supported by the phylogenetic analysis of aaRS, both qualitatively – at the level of synapomorphies, and quantitatively – by the stiatistical analysis of phylogenetic trees. 

The simple scheme of evolution suggested by the standard model however, is confounded by a variety of apparent horizontal gene transfers. The principal types of such event are horizontal transfer of eukaryotic aaRS genes into bacteria, resulting in the displacement of the respective ancestral bacterial genes, and displacement of original eukaryotic genes by mitochondrial genes transferred to the nuclear genome. Instances of likely horizontal transfer of aaRS genes from archaea to bacteria also were detected but these are less common. There were no clear indications of horizontal transfer of aaRS genes from bacteria to archaea, although 2 likely cases of a eukaryotic gene acquired by an archaeon were detected. In addition, several clear-cut instances of gene transfer between major bacterial lineages were detected, and it appears that more might be obscured by the star topology of the bacterial trees.

The influx of eukaryotic aaRS genes into the bacterial world has been non-random. The fraction of transferred eukaryotic genes is the greatest in bacterial groups that consist predominantly or exclusively of parasites or symbionts, particularly the spirochaetes. Thus horizontal gene transfer seems to have been a major force in the evolution of aaRS but some routes have been strongly favored (e.g. from eukaryotes to spirochaetes) whereas other have been (nearly) prohibited (from bacteria to archaea). Further genome sequencing, for example of non-thermophilic and particularly symbiotic archaea, is expected be revealing in terms of the nature of these preferences and restrictions – which of them simply correlate with the intensity of contact between two particular taxa, and which stem from intrinsic features of the translation system, such as compatibility (or lack thereof) between aaRS and the cognate tRNAs. 

Differential gene loss has been proposed as a possible explanation for unexpected evolutionary patterns in the evolution of aaRS (and other genes), such as deviations from the standard model. Examination of the phyletic patterns and phylogenetic trees for the entire set of 20 aaRS, however, does not reveal traces of a large-scale ancient duplication which would be a critical assumption of the differential gene loss theory. Furthermore, this theory does not account for the apparent preferential acquisition of eukaryotic aaRS genes by parasitic bacteria. 

The standard model of the evolutionary relationships between the 3 primary divisions of life applies only to a minority of genes, primarily those that encode proteins involved in the genome expression. Many other genes show radically different evolutionary patterns, with the archaeal genes clustering with bacterial orthologs, to the exclusion of eukaryotes. Detailed phylogenetic analysis of these genes, similar to the analysis of the aaRS described here, will help in achieving a general understanding of the role of horizontal gene transfer, gene displacement, and differential gene loss in evolution.

Figure legends

Figure 1. Domain architectures of aaRS.

(A) Class I aaRS

(B) Class II aaRS

For each specificity, all distinct domain architectures are shown. The abbreviated names of the species names in which the given domain arrangement was observed are given to the right of each scheme. Domain name abbreviations: A1-5, distinct modules detectable in the large insert typical of the aaRS for aliphatic amino acids; ACB, anticodon-binding domain; GST, glutathione S-transferase; ins, insert; Zn, Zn ribbon motif; 

Species name abbreviations: Aa – Aquifex aeolicus, Af- Archaeoglobus fulgidus, Bb – Borrelia burgdorferi, Bs- Bacillus subtilis, , Ce – Caenorhabditis elegans, Dm – Drosophila melanogaster, Hs – Homo sapiens, Ct – Chlamydia trachomatis, Ec- Escherischia coli, Hi – Haemophilus influenzae, Hp – Helicobacter pylori, Ll – Lactococcus lactis, Mj-  Methanococcus jannaschii, Mpn – Mycoplasma pneumoniae, Mta- Methanobacterium thermoautotrophicum, Mtu- Mycobacterium tuberculosis, Mpn- Mycoplasma pneumoniae, Pf – Pyrococcus furiosus, Ph – Pyrococcus horikoshii, Pv- Phaseolus vulgaris, Sag – Streptococcus agalactiae, St- Streptococcus thermophilus, Sag- Streptococcus agalactiae, Sc- Saccharomyces cerevisiae, Sp- Schizosaccharomyces pombe, Ss – Synechocystis sp, St – Streptococcus thermophilus, Tp – Treponema pallidum.
Figure 2. Previously undetected domain conservation in aaRS and proteins of other functions. 

(A) The GAD domain in bacterial AspRS and archaeal glutamyl-tRNA amdiotrnasferases (GatB)

(B) The TGS domain in ThrRS, guanosine polyphosphatases (SpoT) and G-proteins

(C) The inactivated HD hydrolase domain in bacterial GlyRS -subunit

Figure 3. Phylogenetic trees for the aaRS. 

Large black dot denotes putative root position. Red dots mark reliable nodes (bootstrap probabilities >0.7 for three methods). Three-letter species labels are as in Figure 1. Labels for archaeal proteins are shown in magenta, eukaryotic cytoplasmic - in red, eukaryotic organellar - in blue, eukaryotic without indication of origin - in green, bacterial - in black.
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