Aldolases of the DhnA family: a solution to the problem of pentose and hexose biosynthesis in archaea?
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Sir,

Sequencing of microbial genomes provides valuable information, which can be used to predict metabolic pathways that are present or absent in each particular organism (Koonin et al., 1997, Mol Microbiol 25: 619-637; Selkov et al., 1997, Gene 197: GC11-26; Koonin et al., 1998, Curr Opin Struct Biol 8: 355-363). The precision and completeness of such reconstructions depend on the organism’s metabolic repertoire, the number of genes, and the phylogenetic distance that separates the species in question from organisms whose metabolism is well understood, such as, for example, Escherichia coli. 

Reconstructing the intermediary metabolism of the archaea on the basis of the complete genome sequences turned out to be a particularly challenging task since many archaeal metabolic pathways differ significantly from those found in bacteria, which in part may reflect the extreme thermophilic environments in which these organisms thrive. Since Methanococcus jannaschii (Bult et al., 1996, Science 273: 1058-1073), Methanobacterium thermoautotrophicum (Smith et al., 1997, J Bacteriol 179: 7135-7155) and Archaeoglobus fulgidus (Klenk et al., 1997, Nature 390: 364-370) are autotrophs, they could be expected to possess biosynthetic pathways for most, if not all, amino acids, nucleotides, lipids, and, possibly, carbohydrates. Indeed, based on the results of protein sequence comparison, corresponding archaeal gene products could be assigned for most of the enzymes that form the biosynthetic pathways for all the amino acids, purines, pyrimidines, and several cofactors (Bult et al, 1996, ibid.; Smith et al., 1997, ibid; Klenk et al., 1997, ibid; Selkov et al., 1997, ibid; Koonin et al., 1997, 1998, ibid.; K. S. Makarova et al., unpublished observations). The comparative approach failed to identify the archaeal counterparts for several steps in some of these pathways (Selkov et al., 1997, ibid; Koonin et al., 1997, ibid), presumably because the respective reactions are catalyzed by archaea-specific enzymes. Several enzymes that seem to be unique for archaea indeed have been described, for example, ADP-dependent kinases (Kengen et al., ) or folate-independent AICAR transformylase (White, 1997, J Bacteriol 179: 3374-3377). For some of the apparent gaps in metabolic pathways, candidate enzymes could be suggested from the pool of the uncharacterized archaeal gene products that showed sequence similarity to various enzyme families. For example, while no gene for shikimate kinase of bacterial-eukaryotic type has been found in any of the archaeal genomes, shikimate phosphorylation (a required step in aromatic amino acid biosynthesis) in archaea is probably performed by one or more proteins that are predicted to possess kinase activity but whose specificity could not be predicted more precisely. 

In contrast to these generally identifiable biosynthetic pathways, carbohydrate biosynthesis in archaea remains largely enigmatic. While the tri-carbon portion of glycolysis seems to be universally represented in all archaeal genomes (Koonin et al., 1998, ibid.), the mechanisms of pentose and hexose formation have not been identified. In particular, no genes encoding class I or class II fructose 1,6-bisphosphate aldolase, which is required for both hexose and ribose biosynthesis, have been identified in any of the archaeal genomes, although aldolase activity has been demonstrated in some archaea (Krishnan and Altekar, 1991, Eur J Biochem 195: 343-350; Yu et al., 1994, J Bacteriol 176: 325-332).  M. thermoautotrophicum has a gene (MTH818) that encodes the ortholog of the bacterial deoxyribose-phosphate aldolase (the deoC gene product), which allows the formation of deoxyribose from glyceraldehyde-3-phosphate. The DeoC ortholog, however, is missing in the genomes of M. jannaschii, A. fulgidus and P. horikoshii. As ribose and deoxyribose biosynthesis appears to be an indispensable function for any autotroph, these observations indicate a significant gap in our understanding of archaeal metabolism.

The recent demonstration of a fructose bisphosphate aldolase activity in the product of the E. coli gene dhnA (Thomson et al., 1998, Biochem J 331: 437-445) originally mis-annotated as a homolog of the plant dehydrin family proteins, may at least partially resolve this conundrum. While our sequence analysis did not reveal any similarity between the E. coli DhnA and dehydrins (not shown), DhnA orthologs were readily detectable in each of the four completely sequenced archaeal genomes (Fig. 1). Remarkably, M. jannaschii and A. fulgidus each have two paralogous genes of this family, while M. thermoautotrophicum and P. horikoshii each possess one such gene. Searching the non-redundant protein sequence database at the NCBI using the gapped BLAST program (Altschul et al., 1997, Nucleic Acids Res. 25: 3389-3402) indicated that the products of these genes all showed highly significant sequence similarity (random expectation value, E < 10-6) to the E. coli DhnA sequence. The emerging new family of aldolases also includes the Chlamydia trachomatis protein CT215, a protein from the hyperthemophilic bacterium Aquifex aeolicus, and a second E. coli protein, YneB, which showed an even greater similarity to the archaeal homologs than DhnA (Fig. 1). The CT215 protein has been independently predicted to possess fructose bisphosphate aldolase activity on the basis of its limited similarity to other aldolases and the absence of a classical aldolase in the otherwise complete glycolytic pathway C. trachomatis (Stephens et al., 1998, Science 282: 754-759).  

Further, iterative database searches using the PSI-BLAST program (Altschul et al., 1997, Nucleic Acids Res 25: 3389-3402) demonstrated moderate but statistically significant similarity between the DhnA family and a variety of enzymes that possess the triose phosphate isomerase (TIM)-barrel structure, including class II fructose-bisphosphate aldolases. For example, a search initiated with the YneB sequence as the query and a relatively restrictive cut-off for inclusion of sequences into the profiles (E < 0.001) retrieved the tryptophan synthase -chain, a TIM-barrel protein whose structure has been solved (PDB code 2TSY), on the 2nd iteration. Thus the proteins of the DhnA family are predicted to possess a TIM-barrel structure similarly to other aldolases. The same structure was predicted also for the DeoC family aldolases as shown by an iterative search initiated with the M. thermoautotrophicum DeoC sequence which retrieved the DhnA family (for example, the DhnA ortholog from M. jannaschii was detected with an E-value of 0.005 in the 2nd iteration), and subsequently, other TIM barrels enzymes. 

A multiple alignment of the DhnA-like aldolases with class II fructose-bisphosphate aldolases and DeoC shows conservation of all structural elements typical of a TIM-barrel, the main difference being an -helix and a loop inserted after -3 in class II enzymes (Fig. 1 and data not shown). Interestingly, although the DhnA is a class I, that is metal-independent, aldolase (Thomson et al., ibid.), the new family shows a greater similarity to class II than to other class I aldolases. Predictably, however, the amino acid residues that are involved in metal-binding in class II aldolases are mostly missing in the DhnA family and in DeoC  (Fig. 1). By contrast, the Schiff-base forming Lys-236 of DhnA (Thomson et al., ibid.) is conserved in these enzymes (Fig. 1).

The aldolase activity of the archaeal homologs of DhnA is confidently predicted but the exact substrate specificities of these enzymes remain to be determined experimentally. Perhaps the most straightforward interpretation is that in M. jannashii and A. fulgidus, one of the members of this family is a fructose bisphosphate aldolase, whereas the other one is a deoxyribose phosphate aldolase. By this logic, the single members of this family in M. thermoautotrophicum (which also encodes DeoC) and P. horikoshii may be predicted to possess fructose bisphosphate aldolase activity. This distribution of enzymatic activities would account for the formation of hexoses from trioses in all archaea and for the synthesis of deoxyribose from glyceraldehyde-3-phosphate in 3 species (except for P. horikoshii). Although archaea do not seem to have a complete pentose-phosphate cycle, it seems possible that pentoses, including ribose, are produced by decarboxylation of one the hexoses. Alternatively or additionally, the DhnA-like aldolases in archaea could be used for carbohydrate inter-conversions in a variant of the Calvin cycle (Shively et al., 1998, Ann Rev Microbiol 52: 191-230). This would explain the presence of the Calvin cycle enzyme ribulose 1,5-bisphosphate carboxylase (RubisCO) in the genomes of M. jannaschii (MJ1235, see Watson and Tabita, 1997, FEMS Microbiol Lett 146: 13-22), A. fulgidus (AF1638), and P. horikoshii (PH0939). Whatever their exact role, experimental studies on the DhnA-like aldolases in archaea can be expected to make a significant contribution to our understanding of archaeal metabolism.

Legend to THE figure.

Figure 1. The family of DhnA-related predicted aldolases from Bacteria and Archaea.

The alignment was constructed from the PSI-BLAST (Altschul et al., 1997, Nucleic Acids Res 25: 3389-3402) outputs. The proteins are listed under their names in complete genomes (left column) and their unique gene identification (gi) numbers in the GenBank protein database (right column); the numbers indicate distances to the ends of each protein and the distances between the aligned segments. The blocks of sequences separated by blank lines are, from top to bottom: archaeal and  bacterial DhnA homologs, DhnA and its ortholog from Chlamydia trachomatis, bacterial and archaeal DeoC, and a selection of class II aldolases. The names of enzymes with experimentally characterized fructose bisphosphate aldolase activity are in bold. Species name abbreviations are as follows: MJ, M. jannaschii; MTH, M. thermoautotrophicum; AF, A. fulgidus; aq, A. aeolicus; PH, P. horikoshii; Ec, E. coli; CT, C. trachomatis; Bs, Bacillus subtilis; Xf, Xanthobacter flavus; Af, Alcaligenes eutrophus. Reverse shading indicates conserved amino acid residues that are involved in Schiff-base formation (blue shading) in DhnA (Thomson et al, 1998, Biochem J 331: 437-445), or in metal binding (red shading) in E. coli class II aldolase (Blom et al., 1996, Nature Struct Biol 3: 856-862; Cooper et al., 1996, Structure 4: 1303-1315). Yellow shading indicates conserved uncharged amino acid residues . Conserved Pro, Gly, Ala and Ser residues are shown in green, other conserved residues in blue. The structural assignments and residue numbers are from the crystal structure of E. coli fructose bisphosphate aldolase (PDB code 1ZEN);  indicates -helix and  indicates -strand.
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