The domain architecture and evolutionary history of eukaryotic chromatin associated proteins.

Intoduction.

The eukaryotes have been separated from other life forms in traditional taxonomic schemes based on their unique organelle the nucleus. The nucleus much houses of  the eukaryotic cell’s coding DNA and is the center of replication, transcription and the early stages of RNA processing.  The nucleus thus has two closely linked biological components namely- 1) the structural proteins which package the great lengths of genomic DNA into a discrete superstructure and 2) the functional complexes which bring about replication, transcription, RNA processing and their regulation. In the recent years the unveiling of a new domain of life namely the archaea has resulted in an enormous boost to understanding of eukaryotic orgins. Interestingly, these anucleate archaea share with the eukaryotes some of the primary structural and functional components of the nucleus involved in all the above mentioned activities. These include the histones involved in DNA packaging, the DNA polymerase and RNA polymerase subunits the basal transcription factors and the regulators of DNA replication. Given these relationships,  the origin and  functional relevance of the eukaryotic nucleus  is not entirely straight forward. However, a closer look at the regulatory components of the eukaryotic nuclear material- chromatin suggests that there is an enormous diversity of novel proteins which may restricted to eukaryotes or certain lineages  within them. Further even those components shared with the archaea have undergone evolution with certain clear trends. 

 In order to get further gleanings on these issues we have conducted a systematic survey of domains found in the chromosomal proteins of eukaryotes. As result we present evidence that the eukaryotic nucleus hs indeed evolved some funadamentally disitinct features which have affected the evoution of all other associated components such as the replication and transcription machinery. Further we also provide evidence for these novel nuclear components having a fundamental role in the evolution of genetic circuits regulating the body plans of multicellular eukaryotes.

In order to carry out this analysis we identified based on the now extensive literature the components of the eukaryotic nucleus, separated them first into the basal machinery components and regulatory components and systematically analyzed the domains in these proteins using local alignment searches. In this work we primarily concentrated on the regulatory components and accessory machinery in the eukaryotic nucleus rather than going into depth into basic components such as the histones, RNA and DNA polymerases; turning to them only where necessary. While the two are clearly very closely related latter category of proteins are more highly conserved, easily detectable across taxa and there have been previous works which have addressed them in a fairly satisfactory way.  

Our basic strategy in the seqeunce analysis of these proteins was as below:

1) All the proteins were checked for globular domains using the 3 filtering regimes of SEG, COILS and PHDHTMPRED for masking low complexity, colied coil and transmembrane regions respectively 

2) These globular domains were then subjected to a detailed analysis using the PSI-BLAST program to detect statistically significant similarities to other proteins. The expectation value cut off used for inclusion into the profile formed by PSI-BLAST was set as .01. 

3)Further,  PSI-BLAST was usaed to generate profiles of known domains and these were used to detect subtle occurances of these domains and assess their significance.

4) Finally groups of orthologs of proteins with each of the different domains typical of chromosomal proteins were constructed using the criteria of symmtery in BLAST hits in reciprocal searches, phylogenetic trees and domain organization.

The eukaryotic chromosomal proteins and their constituent domains.

DNA in the the commonly linear chromosomes of eukaryotes is intricately packaged primarily using the structural proteins known as the core histones with a globular domain and long basic tails. These histones form the classic octamer stucture around which the DNA is wound in a helical conformation. The globular heads of all the histones are stucturally and evolutionarily related and contain the helical hand shake fold. Most operations which characterize the eukaryotic nucleus are centered around this basic histone DNA-unit the octamer. One of the main organizational issuse is the means of ordering this repetitive array into the miniscule 3 dimensions of the nucleus. This ordering can be expected to be a multi-step process and one of lower level steps in many eukaryotes uses an additional  histone H1 which binds the linker regions between the octamers. Further, many other proteins namely the High Mobilty Group (HMG) proteins have been implicated in the process of higher order organization. Apart from these static organizational issues there are also the problems associated with the assembly loading of complexes which directly deal with DNA namely the DNA and RNA polymerase complexes. 

The matters of chromosomal dynamics during the progression of the cell cycle and the assembly of histones onto newly replicted DNA also directly related to the basic structure and function. Recent studies have pointed out that there are various enzymes which modify, disrupt and reconstruct the basic histone-DNA complexes and are central to all these above mentioned dynamic processes.  From the earliest times observers of intra-nuclear structure have noticed a pattern of differential compaction of chromosomal regions with the progression of the cell cycle and in different developmental stages and cell types in multicellular eukaryotes. The proteins involved in these events have been characterized as result of the genetic studies on the SIR, SWI and SNF genes in yeast Saccharomyces and the sex determination, Polycomb and Trithorax gene groups in Drosophila melanogaster. Most of these gene products happen to encode proteins which modify the histone-octamer and its interactions with DNA  or affect higher order organization of chromatin. The eukaryotic basal transcription factors though similar to archaeal ones use a variety of adaptors which include the TBP associated factors or the TAFs which like the above proteins have been found to possess chromatin modifying activities.

Thus several lines of independent study have converged on an set of regulatory proteins, alluded to above, which appear to act by organizing the basic histone DNA complex into higher order structures and facilitate their dynamics  and interaction with other essential DNA interactinng machinery. In the below discussion we dissect these very proteins and attempt to understand their origin and evolution. 

The domains found in the eukaryotic chromosomal proteins can be divided into 2 broad functional catagories- the enzymatic domains and interaction mediating domains. A single protein may combine one or more of these domains in different orders. 

Enzymatic domains:

Functional studies on chromatin and sequence analysis of the proteins involved have primarily defined 7 major enzymatic activities which are associated with the modification of chromatin in eukaryotes 1) ATPases 2) Acetylases 3) Deacetylases 4) Nucleases 5) Ubiquitination and proteolysis 6) Phosphorylation 7) DNA methylation. Several other less studied but probably very key enzymatic activities other than the above 4  such as the ubiquitin system, proteases, kinases and phosphatases are present in the chromatin.

The ATPases:  The ATPases found in chromatin are principally the SWI/SNF ATPases of  the Helicase Superfamily II. These are defined by seven conserved motifs which span a N-terminal P-loop type ATP binding domain and a similar  C-terminal (/( domain with nucleic acid binding properties. These proteins have been shown to be parts of large functional complexes such as Swi/Snf, RSC, NURF, CHRAC and ACF and re-position the histone octamers in an ATP dependent fashion. Sequence studies show that there are 16 members of this family in yeast and the majority of these have orthologs in animals (C elegans, vertebrates and Drosophila , table 1). The detection of several of these orthologous lines of descent even in the incomplete genome of the plant Arabidopsis suggests that even in the common ancestor of the crown group there was a diversification of this family followed by vertical conservation there after. Evidence for early proliferation in the eukaryotes is suggested by the presence of multiple members of this family in the available sequences of the pre-crown group eukaryote- Plasmodium falciparum. 

Experimental evidence points out that different members of this family are principle catalytic components of different nucleosome repositioning motors. The presence of very different adaptor domains combined with the SFII ATPase domain proteins suggests that they are likely to be functional in very specific context. For example the yeast RSC which is necessary for mitotic growth while the SWI/SNF complex which is non-essential for survival but necessary for the expression of certain gene sets. Similarly some of these proteins RAD-5 have been implicated in DNA repair like which suggests that they may be remodel chromatin to provide access to the repair factors.

Sequence comparisons show that the SWI2 domains are ancient domains represented in all the 3 superkingdoms of life and large DNA viruses. This suggest that from a very early period they have been involved in remodelling of DNA protein complexes and consistent with this the bacterial proteins have been shown to components of the RNA polymerase complex or particpate in DNA repair. While there was an early derivation of all the classes represented in the crown group the phylogeny of ATPase domains is consistent with the unique interaction domains found in each subgroup (Table 1). In the multicellular eukaryotes there have been some duplications followed by additions of new interaction domains. 

Apart from the SWI/SNF proteins there are other proteins which belong to the classic superfamily II helicases and have a possiblre role in chromatin. These proteins include DHH1 (see below), SGS (possible role in repair) and Mle (which may have a dual role in chromatin and RNA processing).  As a part of our sequence studies we showed that the strawberry notch protein which has been identified as a component of the Notch pathway and is highly conserved in the animals, plants and the bacterium Sphingomonas is a member of the SFII superfamily with a modified P-loop motif and with specific relationships with the Swi2/Snf2 ATPases. Given the nuclear localization of Sno and its role in transcriptional regulation it is very possible that it function

Amidst, the other ATPase family members associated with the chromatin are AAA+ superfamily ATPases. One of these Orc1 is part of the conserved ORC complex and participates in the assembly of the replication machinery. While orthologous proteins are seen in the archaea the eukaryotic proteins have an additional unique adaptor domain at the N-terminus which is found in other chromosomal proteins (see below) and possibly helps to load the ATPase domain to chromatin. Interestingly, a member of the ORC family with an inactive ATPase domain SIR3 in yeast has been shown to be necessary for chromatin condensation and repression.  There is another highly conserved classic AAA ATPase seen in the 2 yeast and C elegans combines the bromodomain with ATPase domain and is likely to be involved in an as yet unspecified role in chromatin restructuring.

ABC ATPases of the SMC1 family with a long coiled coil insert between the Walker A and Walker B motifs  play a prominent role in the process of chromatin condensation and are ancient conserved proteins which were functional in a similar capacity right from the common ancestor of life forms. They appear to be vertically conserved over evolution and in the eukaryotes have undergone a proliferation followed by some funcional diversification. In particular the SMC proteins form an evolutionarily conserved condensing complex which function in mitotic chromosomes, dosage compensation and DNA recombination. Given that they bind DNA it is very likely that they elicit their action by directly introducing long range loops in the DNA.

The Acetylases and the Deacetylases:

The histone of the eukaryotes have long tails with multiple lysines which confer on them a strong positive charge and allow them to form salt bridges with the DNA. The association of the histones with DNA is regulated by the enzyme which add and remove an acetyl group to the epsilon- NH2 group of lysine and there by alter its charge. The classic acetyl transferases are Acetyl-CoA dependent enzymes with an (/( fold typical of the acyl-transferases and act on a wide range fo amino groups in different substrates. In addtion to modifying the histones the lysine in transcription factors and other proteins. Experimental studies have identified a histone-acetyltransferase GCN5 which has an additional bromodomain and is conserved in the crown group of eukaryotes and ciliates.  Solo protein acetyltransferases such ARD1 and MAK3 which act on histones amidst other proteins suggests that they may function in general protein modification pathways and are conserved in bacteria and archaea. Sequence comparisons have helped in uncovering several novel acetyltransferases some of which correspond to genes with prominent chromatin related phenotypes in yeast and Drosophila suggesting that they act on histones or other chromosomal proteins. These novel include SPT10 and  ESA1 (combined with a chromodomain) in yeast, MOF in Drosophila. Similar proteins like MOZ with additional histone 1, ZNF and PHD finger proteins and TIP160 and 2 uncharacterized acetyltransfersases in Arabidopsis with PHD fingers are predicted to play a role in chromosomal function.

Another interesting acetyltransferase which we uncovered is highly conserved in archaeae, eukaryotes and also seen in E coli and combines in the C-terminal acetyltransferase domain with an ATPase domain. The role if any of this dual function enzyme eukaryotic chromatin would merit investigation. Most of the archaeal and bacterial genomes encode several acetyltransferases many of which hint an evolutionary history of horizontal transfer. The many of the acetylases from eukaryotes especially those combined adaptor domains like GCN5 and ESA1 show a strong tendency for vertical conservation. However there are some proteins which may have arisen through horizontal transfer from bacteria into the fungal line like SPT10 or a family of C elegans specific acetyltransferases.  

It is considerable interest to note that several eukaryotic transcriptional adaptor proteins like CBF/P300 TAFII250 and its orthologs are demostrated to be acetyltransferases but there is no statistically significant relationship between any domain in these proteins and the classic acetyl transferase domains. Hence the origin of the enzymatic activity in these proteins is entirely a mystery.

All the  well studied deacetylases unlike the eukaryotic acetylases do not show much sequence diversity or combination with additional domains. The deacetylases like the acetylases are an ancient family of proteins which are represented in  all the 3 superkingdoms of life and act on a variety of amino-acetyl compounds in the prokaryotes such as acetylpolyamine. It appears that just as the amino-group acetyltransferases these deacetylases were recruited to act on protein acetylamino groups. Most deacetylases are devoid of any  additional domains in striking contrast to quite a few of the acetylases.  However, recently a human protein (gi: 3776071) has been uncovered which appears to have a duplication of the Histone deacetylase domain (also conserved in its C elegans ortholog) and an additional predicted Zinc binding domain (DUB domain) which is found in several ubiquitin C-terminal hydrolases and the BRCA1 associated protein 1 family. This is particularly interesting given the evidence for proteins of the ubiquitin pathway participating in modulating chromatin structure.

The Nucleases: 

The presence of nucleases in chromatin have been heavily under appreciated. In the study of these proteins the role of sequence analysis is very clear. The CCR4 complex is a bifunctional complex with both global positive and negative regulatory effects on transcription. The complex  is well conserved in the eukaryotes from yeast to human and certain components of this complex can even be detected in the early branching eukaryote namely Plasmodium suggesting a fundamental role for this complex in transcriptional regulation. The components of this complex include the NOT proteins (see below) and the CCR4, DHH1 and POP2. While DHH1 is a helicase of superfamily  II POP2 is a nuclease of the 3’->5’ exonuclease superfamily. We performed an in depth sequence analysis of the CCR4 protein and showed its C-terminal domain is a classic member of the DNASE I- ExoA superfamily. This superfamily of phosphohydrolases includes the synaptojanins, sphingomyelinases and AP-endonucleases but CCR4 and its orthologs are closer to the nuclease members of this superfamily suggesting it functions as a nuclease.  Further the other eukaryotic homologs of CCR4 lack the N-terminal Leucine rich repeats but they strongly conserve the predicted nuclease domain.

Given the presence of the second nuclease– POP2 in this complex along with the predicted helicases DHH1 it is very possible that the functional action of this complex involves the catalytic action of all these enzymatic activities.  One likely scenario is that the nucleases interact together to induce breaks or even create single stranded regions in conjunction with the DHH1 helicase, which then favors the binding of  other proteins of the complex which may affect the state of chromatin organization. 

In terms of the nucleases the Topoisomerases can also be in a sense considered nucleases. There is direct evidence that at least in the eukaryotes the topoisomerase II is a component of the chromatin remodelling complex CHRAC and possibly act directly in modifying the topology of the chromosomal loops in conjunction with SWI/SNF ATPase- ISWI. 

Ubiquitination and proteolysis:

Genetic studies on transcriptional silencing at the rRNA locus in yeast have shown that the ubiquitination of the H2 histones by UBC2p are necessary for derepression. Similarly RAD6– the ubiquitin-conjugating enzyme and its highly conserved mouse orthologs have been shown to have a role in chromatin condensation in course of sporulation and spermatogenesis respectively. Similarly a ubiquitin C- terminal hydrolase with a MATH domain has been found to localized to specific nuclear speckles with other chromatinic proteins like PML which is known to be ubiquitinated by the sentrin proteins. Interestingly other ubiquitin C-terminal hydrolases have instead of the MATH domain other adaptor domains like zinc binding module the DUB domain (see above) and the  the MYND finger domain which may help them to interact with specific components of the chromatin. 

 Affinity studies on the proteins interacting with the SIR4 protein in yeast have implicated the ubiquitin hydrolase UBP3 as a possible inhibitor of silencing but acting on targets which are possibly distinct from the histones. In this context  it is interesting to note that several distinct ubiquitn like proteins such as SUMO, Sentrin and PIC-1 modify the chromosomal protein PML in vertebrates suggesting a broad role for ubiquitination in nuclear regulation. Our sequence analysis studies showed that the nuclear protein NIP45 which regulates T-Cell specific transcription is a novel ubiquitin family member suggesting a role analogous to the above proteins. It is very likely that in part ubiquitination acts similar to acetylation  by neutralize the charge present on lysine in several nuclear proteins. However, given that ubiquitin is a large moiety it is possible that it mediates additional protein- protein interactions which are not typical of the acetyl group. Another aspect of ubiquitination is likely to be  direct proteolytic degradation of proteins induced by the tagging of ubiquitin to target proteins. This is consitent with the detection of  proteasomal components associated with the nucleus.

In addition to the proteolysis by way of the ubiquitin pathway there appear to be other possible proteolytic mechanisms associated with the nucleus. These include the SMT4 protein which interacts with the SMC and Mif-2 nuclear proteins and is related to the adenoviral thiol proteases. Further 2 inactive aminopeptidases of distinct families also appear to play a role in chromosomal function such as CDC68 which helps to maintain particular chromatinic states conducive for both repression as well as activation and TAF150(TSM1) which acts as a basal transcription factor. This suggests that there has been an ancient proteolytic regulatory component in the eukaryotic chromosomes and some of these protease have been selected for different roles accompanied by their inactivation.

Phosphorylation:

While kinases and phosphatases play a ubiquitious role in a variety of cellular events their role in the regulation of chromatin structure and dynamics is far from being completely understood. The main problem with understanding the kinases is the multiplicity of their substrates and often the presence of subtle sub-cellular targeting signals which determine their function. All the same several trascription factors are phosphorylated by wide range of kinases- especially the MAP kinases which lie at the base of the signal transduction processes with which they are associated. The role of histone H3 phosphorylation in the regulation of the chromatin condensation and H1 in the reverse process and transcriptional activation has been recognized but the exact kinases acting in vivo are not clear. Studies on cell cycle progression have shown that the Cyclin dependent kinases (CDKs) play an important  role in phosphorylating nuclear proteins in relation to the cell cycle stage. Recently the DLK kinase has been found to be tightly associated with the chromatin and appears to to be a histone H3 kinase.

Recently the SET domain (see below) has been shown to be the target of a kinase-phosphatase interaction. The inactivated phosphatases of the myotubularin family interact with the SET domain of HRX and inhibit the action of related dual specificity phosphatases. This suggests that the regulation of SET domain phosphorylation is probably an important link between the kinase signaling pathways and the regulation of chromatin states in development.

DNA methylation:

DNA methylation is a very ancient form form of DNA modification which is seen in all the 3 domains of Life albeit it distributed very sporadically. This is highly suggestive of evolutionary mobility and indeed in the bacteria and the  archaea these proteins are associated with restriction endonucleases on mobile elements which often integrate into the genome of different prokaryotes. These DNA methylases in prokaryotes appear as either selfish elements, defense mechanisms against parasitic DNA or tags for DNA repair. The most eukaryotic DNA methylases are clearly closely related to the prokaryotic forms and are derived from them by means of accretion several different adaptor domains (see below). The effects of methylation in eukaryotes are intimately associated with chromatin structure and gene expression. This seems to be the result of methylation acting as a tag which is recognized by specific DNA binding proteins which in turn recruit the chromatin modifying machinery such as the deacetylases. A comparison of the eukaryotic DNA methylases shows that 2 methylases one which comprises entirely of the methyltransferase domain (PMT1- type) and another which has as its core the methylase domain combined with a N-terminal BAM domains (MET1- type) have been vertically inherited since the last common ancestor of the eukaryotic crown group. These 2 forms appear to have been independently derived from prokaryote- type DNA methylases in the ancestral form. 

Specific domains were fused to the methyltransferases following gene duplications along different lineages; these  include the Methyl finger and the BMB domain in a subset of vertebrate methyltransferases and the chromodomain which is inserted within a plant methylase. Though methylation is only sporadically found in the eukaryotes it appears likely that the enzyme has been lost in the several eukaryotic lineages which lack methylation. The evidence for the mechanism of gene loss comes from the presence of an inactive version of the PMT1 methylase with a disrupted SAM binding motif from S. pombe which shows no DNA methylation. This suggests that DNA methylation, while crucial in those organisms in which it is present, is only a secondary regulatory mechanism which overlayed onto to other conserved mechanisms. This is supported by the fact that methylation appears to induce repressive chromatinic states by means of communication with the highly conserved deacetylase complex. In general there may be a correlation between methylation and the suppression of genomic parasites such as retroposons, mariners or tigger elements. This may explain the role of methylation in the repeat induced point mutation phenomenon in certain fungi and the possible predominance of the global methylation patterns observed in the vertebrates. As methylation recruits condenses chromatin with the same machinery as the one that is used in transcriptional silencing it is very likely that methylation was recycled into some negative regulatory functions.

In addition to these above listed forms of enzymatic modification chromatin complexes we have uncovered other proteins which potentially could be as yet uncharacterized regulatory enzymes in the chromatin. These include a group of Poly-A polymerase like nucleotidyl transferases- the TRF proteins which collborate with the topoisomerases and the SMC-ATPases in the chromatin condensation process. The JOR domain which we discuss below could also have potential enzymatic activities. On the whole with the exception of the ubiquitination pathway it is seen that each one of the enzymatic domains in chromatin are either direct descendents or derivatives of ancient conserved domains which were already present in the common ancestor of all life forms. Some, like the SNF/SWI ATPases and the ABC ATPases  merely retain their ancestral role in chromosomal reorganization while many others like the acetylases, methylases and proteases function in eukaryote specific roles following diversification or fusion with the adaptor domains. 

The interaction mediating domains:

