Selective proliferation of regulatory and signal transduction domains in a multicellular versus a unicellular eukaryote revealed by whole proteome analysis 

There is a dramatic increase in developmental complexity in a multicellular eukaryote, such as the worm, compared to a unicellular eukaryote, such as yeast. Unlike yeast, the worm has a number of specialized, committed cell types with their distinct and mutually coordinated programs of gene expression. Such coordination ensures the adequate functioning of the animal’s organs. The differentiation of the cell types in the animal is achieved through an elaborate developmental program which in the case of C. elegans, has been explored in great detail(1, 2, 3, 4, 5). In contrast the yeast exhibits a dynamic adaptation to its environment by switching on different gene batteries in response to nutrient status, oxygen tension, mating pheromones and other factors(6, 7, 8, 9, 10).   It is widely believed and indeed seems inevitable that the physical basis of the developmental complexity of a multicellular eukaryote is a system of  protein regulators and signal transducers that is significantly more complex than that in unicellular organisms(11). By comparing the complete protein sets of yeast and C. elegans, we now for the first time have the opportunity to track down the differences in the mode of gene regulation and signal transduction between unicellular and multicellular eukaryotes. There are several distinct trends in the evolution of regulatory proteins of multicellular eukaryotes as opposed to the simpler forms such as the yeast. The most important of these seem to be: i) invention of new regulatory domains; ii) evolution of new domain architectures from pre-existing domains; ii) expansion of specific domain families by series of duplications. While animals have a very large number of regulatory proteins, the number of distinct enzymatic, nucleic acid-binding and protein-protein interaction domains that make them up is relatively small. We choose therefore to define a representative, though not comprehensive list of  the most prominent domains involved in broadly defined regulation of cellular processes and signal transduction, to produce accurate counts in the yeast and worm proteomes for each of them, and to compare the domain architectures of the respective proteins (Note: Methods). 

There are relatively small but important sets of regulatory and signal transduction domains that are found in C. elegans but not in yeast, and vice versa (Table 1).  Clearly, the worm domains not found in yeast can be linked to the new layers of complexity in signal transduction that accompanies multicellularity. The most obvious examples are extracellular signaling and adhesion molecules, such as EGF domains, Cadherin domains, secreted peptide first messengers (insulin and bombesin-like peptides), certain integral membrane proteins, such as voltage- and ligand-gated channels (e.g. the degenerins). Also prominently figuring in this animal-specific class of regulatory domains are nuclear proteins involved in transcription regulation, such as the ligand-dependent nuclear hormone receptors and the T-box transcription factors. The genes coding for these classes of signaling domains apparently have evolved only in animals, and have already undergone varying degrees of duplication (quite extensive in the case of NHR and EGF domains, and limited in the case of the T- box and the insulin-like peptides) in such a simple multicellular organism as C. elegans. Another important, though quantitatively modest, group of regulators found in the worm but not in yeast includes the components of the programmed cell death machinery (e. g. the caspases, the caspase recruitment domain and the death domain). Yeast encodes its own small set of  unique (that is, apparently fungal-specific) regulatory domains (Table 1), of which the most prominent one is the C6 finger, a  DNA-binding domain.

The majority of the signaling domains, however, are detected in both yeast and worm. The present analysis that employed a sensitive method for domain detection (Note: Methods) amended the list of such conserved domains by discovering the yeast counterparts of several domains that have been thought to be unique for animals. Examples of important domains that have not been previously detected in yeast include MATH, POZ, SH2, and arrestin (Table 1).

A numerical comparison shows that in most cases, the number of proteins with the given domain in the worm and in yeast is about the same when normalized by the total gene numbers (Table 1 and Fig. 1). Against this background, the dramatic expansion of several domains in the worm was immediately apparent (Fig. 1). These domains with a disproportionate excess in the worm include: i) a small, distinct set of protein-protein interaction domains, such as the MATH, POZ, PDZ, LIM and FN3 domains; ii) the phosphotyrosine signaling system – tyrosine kinases, phosphotyrosine phosphatases, SH2 and PTB (two types of phosphotyrosine-binding domains; the PTB domain was not detected in yeast); iii) the cNMP-dependent signaling system – the cNMP cyclases, phosphodiesterases, and cNMP-binding domains; iv) homeodomains; v) calmodulin-type EF-hand domains; vi) potassium channels; vii) 7TM receptors.  Notably, the MATH and POZ domains whose range of functions remains to be clarified, showed the quantitatively greatest expansion in the worm (Table 1 and Fig. 1). There is no comparable domain expansion in yeast, though a modest excess of several domains, for example GATA fingers or acetylases and deacetylases, was observed  (Table 1 and Fig. 1). It must be noted, however, that in certain cases, such as for example the C2H2 Zn finger domain-containing proteins, the numerous yeast and C. elegans proteins  form  intraspecies groups, suggesting independent series of duplications.

A further, more detailed comparison of proteins containing the signaling domains indicates that only a minority of them appear to be true orthologs(12, 13) with a conserved domain architecture; this was observed even for domains whose number is proportional to the total gene number in each of the two genomes (Table 1 and Fig. 2). Some domain constellations are remarkably stable in evolution, being inherited vertically in all eukaryotic lineages where information is available, for example the combination of a MATH domain  with ubiquitin hydrolase or the combination of SH2 with two distinct nucleic acid-binding domains (S1 and helix hairpin helix) in the transcription factor SPT6 and its orthologs (EMB-5 in C. elegans) (Fig. 2). The general governing principle of the evolution of multidomain signaling proteins, however, appears to be independent reshuffling and accretion of domains in different lineages. A definitive analysis of evolution by domain accretion remains to be performed but anecdotal evidence from a number of comparisons indicates that the extent of accretion tends to be considerably greater in the worm than it is in yeast (Fig. 2). Certain domain combinations that are key to the animal signal transduction pathways, such as for example the combination of SH2, SH3 and protein kinase, are missing in yeast. The same is true of  a number of domain architectures that consist entirely of protein-protein interaction domains, such as for example the combination of  the POZ domain with MATH or KELCH (Fig. 2). Both of these architectures are conserved in animals but the POZ-MATH combination, which may be important in chromatin organization as shown for the human SPOP protein(14), is particularly common in the worm, suggesting a relatively recent series of duplications. 

The comparison of the complete protein sets of yeast and the nematode may start providing answers to two major biological questions: i) what are the key molecular novelties that made the evolution of multicellular animals possible and what are the evolutionary mechanisms leading to these innovations; ii) from the conserved features, what can be inferred regarding the genome layout and lifestyle of the common ancestor of animals and fungi. With respect to the first question, it appears almost certain that the contribution of  the new and expanded signal-transducing domain and novel domain architectures produced by their combination has been highly significant if not decisive. There certainly are other differences between the gene complements of yeast and C. elegans, e.g. the apparent absence of certain metabolic pathways in each of them (Watanabe et al., unpublished observation), but it is hard to imagine that these have much to do with the increased complexity of the regulatory curcuits that is necessary for the multicellular level of organization. By contrast, the role of some of the newly invented or significantly expanded signal transduction domains, such as for example the tyrosine phosphorylation pathway, the calmodulins and particularly the homeodomains, in achieving this complexity is transparent. Exactly how are the other domains that have undergone remarkable expansion, e.g. POZ and MATH, involved in the forms of signal transduction required for the development and functioning of a multicellular organisms, is less clear. Generally, it appears likely that multiple, diverged copies of these domains provide the diversity of protein-protein interactions, particularly those involved in transcription complex formation and chromatin remodeling, that are required for specific patterns of signal transduction in different cell types and at different developmental stages. 

There seems to be a perceptible correlation between the presence and abundance of regulatory and signal transduction domains in yeast and the worm, and their respective lifestyles. The yeast shows minimal spatial and developmental complexity but has considerable flexibility in terms of environmental response. Accordingly, most of the known yeast transcriptional regulators, such as the expanded C6 finger class, the GATA type fingers and homeodomains, are involved in the control of metabolic pathways for amino acid biosynthesis, sugar utilization, and nitrogen and  phosphate metabolism(15, 16, 17), some of which are lacking in the worm. This response to the environment requires considerable signal transduction,  which is manifest in the prominent representation of protein kinases, small GTPases and associated signaling domains (Table 1).  By contrast, the animal life cycle involves development from the zygote, the end product being a multicellular organism with considerable spatial complexity. The formation of the animal body plan involves the use of positional information for the correct aggregation and migration of cells in development(11). This corrrelates with the expansion of several adhesion modules, such as FN3, Ig, LRR and EGF, as well as protein kinases with extracellular receptor domains. The prominent expansion of the PDZ domains also may be linked to these cell surface interactions as they associate with the C-terminal regions of membrane-associated peptides and help in the translocation of the signaling machinery (e.g. receptors and channels) to the adhesion foci and intercellular junctions(18, 19). In the same vein, the transcription factors of the worm largely participate in specifying cell fates rather than metabolic states of the same cell. One of the major components of the animal body plan is the nervous system which is involved in continuous signaling of the enviromental states. The development of the complex nervous system in animals correlates with the major expansion of ion channels and 7TM receptors (Table 1). 

The yeast-worm comparison highlights several distinct pathways for the evolution of innovations that form the basis of complex signal transduction systems. 

1. De novo invention of domains. As indicated above, several important regulatory domains, e.g. NHR, are not detectable in yeast at all. Barring the possibility that they all have been lost by yeast, these domains should have been “invented” at the onset of the evolution of multicellular animals. In reality, it appears most likely that such “invention” still has occurred via duplication of pre-existing domain with subsequent diversification but the evolution has been so rapid at some stages that no relationship is detectable by sequence comparison. The ancestral connections eventually may become apparent through structural comparisons; for example, structural analysis suggests that the NHR Zn finger may have evolved from the LIM domains(20) 

2. Recruitment of domains originally not involved in signal transduction. In several interesting cases, domains originally unrelated to signal transduction seem to have been recruited for important regulatory functions in animals. Examples include the HINT (Hedgehog-INTein) domain, and the PAIRED box and POU domains that apparently have been derived from "selfish elements". The HINT domain is found in a single copy in yeast where it appears to be a selfish genetic element (intein) in a vacuolar ATPase subunit gene. By contrast, in the worm it was found in 11 copies, always as a part of a molecule that is probably autocatalytically cleaved to produce an extracellular regulator (21). The further history of this domain includes the origin of Hedgehog, a key regulator of positional information in vertebrate and insect development. The history of  PAIRED box and POU domains, which are missing in yeast but prominent in the worm (predicted) transcription regulators, appears similar to that of HINT. These DNA-binding domains are specifically related to the helix-turn-helix domains of the transposases of animal and bacterial transposons(22), which probably indicates the route whereby they invaded the ancestral animal genome. 

3. Recruitment of regulatory domains for new forms of signaling. There are cases when a regulatory domain is conserved in yeast and C. elegans but a signal transduction pathway, to which it belongs in the worm, is not. Examples of this type of recruitment include the immunoglobulin, FN3, LRR and vWA domains. In yeast, these domains are found only in intracellular proteins, and are involved in DNA binding or intracellular protein- protein interaction, whereas in the worm they become prominent extracellular adhesion and signaling modules (Table 1). The SH2 domain may have some conserved functions in yeast and in the worm as indicated for example by the conservation of the domain architecture of SPT6 (Fig. 2), but the best known function of this domain, namely its role in the tyrosine phosphorylation signaling system, is clearly an innovation for which these domains have been recruited only in animals. This form of recruitment of pre-existing regulatory domains for new modes and locales of interactions in fact may be quite common but difficult to recognize for less thoroughly studied domains.

4. Amplification of pre-existing regulators and signaling systems. In many cases, it appears that an ancestor regulator or an entire signaling system retains its general function but acquires new specificities after a series of duplications. This applies to such central regulators as the DNA-binding homeodomains,  calcium-binding calmodulins, and the cNMP-based signal transduction system.

With respect to the regulatory and signal transduction systems of the hypothetical common ancestor of the crown group eukaryotes, the present comparisons clearly indicate that the majority of known signaling domains were already encoded in this ancestral genome. Inspection of the set of conserved domains and proteins suggests that several key components of signal transduction pathways and whole regulatory systems must have already been functioning. These include, among others, the Ras-type GTPases accompanied by their activators and exchange factors, serine/threonine protein kinases coupled with proteins containing the phosphoserine-binding FHA domain, the ubiquitin system for controlled proteolysis, and more generally, the central cell cycle control machinery based on phosphorylation an degradation of cyclins. Furthermore, there are entire classes of regulators, such as AAA-like ATPases and SWI/SNF helicases, that are present in nearly equal numbers in yeast and in the worm (Table 1), and in most cases show one-to-one orthologous relationships. It appears that these are ancient regulators whose evolution had been mainly completed by the time of the common ancestor of the crown group, if not earlier. Beyond these conserved systems, however, the comparison of the domain architectures of regulators and signal transducers shows evidence of extensive rearrangement (Fig. 2) and leads to the somewhat pessimistic conclusion that it is difficult to reconstruct the exact layout of most of the ancient regulators.  

A notable observation is the small number of orthologous transcription factors in yeast and the worm. In particular, the major transcriptional regulators of the metabolic pathways in yeast, namely the C6 fingers, are  fungal-specific, and conversely, several subfamilies of homeodomains and other transcriptional regulators involved in development are unique to animals. Even the C2H2 fingers, which are well represented in both lineages, appear to have evolved by independent gene expansions. This is consistent with the preliminary information from the plant genome (L. A., unpublished observations) and suggests that the common ancestral genome of the eukaryotic crown group encoded only a few of the transcription regulators present in the extant organisms. There may be two equally interesting, alternative explanations for this observation: i) the common ancestor had a very small repertoire of transcription regulators, and ii) the ancient transcriptional regulators have been displaced by novel ones that have evolved along each lineage.

While far from the complete picture, even this first comparison between two eukaryotic genomes leads to a number of interesting clues as to the nature of ancient signal transduction systems and the innovations involved in the origin of multicellular animals. It is expected that with new eukaryotic genomes, such as those of Schizosaccharomyces, Arabidopsis and Drosophila, being sequenced, it will be possible to construct realistic, parsimonious scenarios explaining the evolution of the eukaryotic life.

Figure legends

Figure 1. Normalized counts of the common regulatory and signal transduction domains in yeast and the nematode C. elegans.
The data are from Table 1. The axes show the number of proteins with the given domain per 1000 genes. 1 – POZ domains; 2 – EGF; 3 - MATH domain; 4 – phosphotyrosine phosphatase; 5 – homeodomains; 6 – leucine-rich repeats; 7 – calmodulin; 8 – PDZ domains; 9 – voltage-gated channels; 10 – ankyrin repeats; 11 – RING domain; 12 – C6 fingers; 13 – nuclear hormone receptors; 14 – AAA-type ATPases. Protein kinases and WD40 domains are not included.

Figure 2. Selected domain architectures of proteins containing the common regulatory and signal transduction domains.

The left portion of the figure shows the domain arrangements unique for yeast, the central part shows conserved architectures, and the right part shows combinations found only in the worm. The bottom panel shows the dictionary of domains. The figure is approximately to scale. 

Note: Methods

In order to obtain robust counts of the proteins containing regulatory and signal transduction domains in C. elegans and yeast, representative sequences of the domains present in the SMART database(23) as well as several additional domains were compared to the non-redundant protein database (NCBI, NIH, Bethesda) using the PSI-BLAST program(24). The program was run to convergence with the e-value cut-off of  0.01 for inclusion of sequences in the position-dependent weight matrix that is constructed at each iteration. The final matrix obtained at convergence was saved after each search. These matrices were then used to search the yeast and C. elegans protein sequence sets. Typically, several matrices were used for each domain, in order to ensure the complete delineation of the respective superfamily. The e-value of 0.01 or better when adjusted to the size of the non-redundant database generally was used as the criterion of domain recognition but the search results were further scrutinized manually for the conservation of patterns typical of the domains as well as with respect to the number of  recognized domains in each protein and their location in the protein sequence.
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