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Abstract

In eukaryotes, histone methylation is an epigenetic mechanism associated with a variety of

functions related to gene regulation or genomic stability. Recently analyzed H3K9

methyltransferases (HMTases) as SUV39H1, Clr4p, DIM-5, Su(var)3–9 or SUVH2 are

responsible for the establishment of histone H3 lysine 9 methylation (H3K9me), which is

intimately connected with heterochromatinization. In this review, available data will be

evaluated concerning (1) the phylogenetic distribution of H3K9me as heterochromatin-

specific histone modification and its evolutionary stability in relation to other epigenetic

marks, (2) known families of H3K9 methyltransferases, (3) their responsibility for the

formation of constitutive heterochromatin and (4) the evolution of Su(var)3–9-like and

SUVH-like H3K9 methyltransferases. Compilation and parsimony analysis reveal that histone

H3K9 methylation is, next to histone deacetylation, the evolutionary most stable

heterochromatic mark, which is established by at least two subfamilies of specialized

heterochromatic HMTases  in almost all studied eukaryotes.
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Introduction

Histone methylation is an abundant epigenetic modification of core histones found in all

eukaryotic organisms studied. This modification is catalyzed by histone methyltransferases

(HMTases), which introduce methyl groups at lysine or arginine residues. Resulting histone

methylation states contribute, according to the histone code hypothesis (Strahl & Allis,

2000; Jenuwein & Allis, 2001), to the regulation of chromatin structure and gene expression.

The first identified HMTase was the human SET domain protein SUV39H1 which methylates

lysine 9 of histone H3 (H3K9me; Rea et al., 2000). Correspondingly, H3K9 might be the

most thoroughly studied site of histone methylation. In several eukaryotic model organisms,

H3K9 methylation appears to establish transcriptionally inert chromatin (Schotta et al.,

2002; Mellone et al., 2003; Peters et al., 2003; Naumann et al. 2005). This role of H3K9

methylation was recently challenged by Vakoc et al. (2005), which found an enrichment of

H3K9me in the transcribed regions of active genes. Actually, there exist three, locally and

functionally distinct distributions of H3K9me, which (1) define cytologically visible

heterochromatic regions, (2) are involved in silencing of euchromatic genes through

epigenetic modification of promotors (for e.g. Schultz et al., 2002; Tachibana et al., 2005),

and (3) perhaps take part in the repression of illegitimate initiations of transcription inside of

active transcription units, similarly as shown for H3K36me (Carrozza et al., 2005; Vakoc et

al., 2006). At the same time, in some organisms as in mammals, Drosophila and Arabidopsis,

euchromatic and heterochromatic locations of H3K9me are partially differentiated by distinct

levels of methylation, i.e., H3K9 is found to be preferentially monomethylated (me1),

dimethylated (me2), or trimethylated (me3) in different regions of the genome (Peters et

al., 2003; Ebert et al. 2004; Naumann et al. 2005).

In this review, the phylogenetic distribution of H3K9 methylation states will be discussed

together with their subnuclear distribution and their supposed functions in the corresponding
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species. This compilation will reveal the phylogenetic stability of histone H3K9 methylation in

relation to other epigenetic marks. Second, it will be determined time of origin and

phylogenetic distribution of all known H3K9 histone methyltransferase subfamilies.

Furthermore, these HMTase subfamilies will be compared in respect to their in vitro and in

vivo activities and to their chromosomal distributions. This will demonstrate that each

eukaryotic organism possesses exactly one type of a heterochromatin-associated HMTase.

Third, there will be reviewed the assignment of functions to single domains of

heterochromatin-specific HMTases. In turn, domain gains or losses during evolution will be

reconstructed and will provide interesting hints about functional changes of these HMTs. In

summary, the importance of H3K9 methylation and H3K9 methyltransferases will be

demonstrated for heterochromatin establishment and maintenance in evolutionary terms.

It should be noted that the concept heterochromatin is used during this review in the

classical sense, that is, as cytological visible condensed chromatin throughout the cell cycle

(Heitz, 1928). This type of constitutive heterochromatin includes pericentric regions,

heterochromatic knobs, nucleolus organizing regions as well as Y and  W chromosomes. The

telomeric type of heterochromatin will not considered because of its rather complex

composition (Andreyeva et al., 2005) and of its small size. Furthermore, I will not refer to

facultative heterochromatin because this sex- or developmental-specific type of condensed

chromatin appears heterogenously composed (Gilbert et al., 2003; Kohlmaier et al., 2004;

Chadwick & Willard, 2004; Bongiorni et al. 2007).
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Three epigenetic marks and evolutionary levels of gene silencing

To determine the evolutionary stability of the link between histone H3 lysine 9 methylation

(H3K9me) and heterochromatin, data concerning the distribution of H3K9me in euchromatic

and heterochromatic chromosomal domains were collected from literature. The compilation

of these data into a tree according to commonly supported phylogeny (Figure 1) shows a

widespread occurrence of H3K9 methylation in animals, fungi and green plants as well as in

amoebozoan (Dictyostelium) and in apicomplexan (Tetrahymena and Stylonychia) protists. It

appears that H3K9me2 is the most common methylation state, however, a bias resulting

from the preferential search for the H3K9me2 modification cannot be excluded. All three

H3K9 methylation states are typically concentrated in heterochromatin. Interestingly,

exceptions for each of these states were identified, where H3K9me1 (in the mouse),

H3K9me2 (in maize) or H3K9me3 (in Arabidopsis, maize and Chlamydomonas) are found

mainly in euchromatin. Two of these cases occur in recently separated evolutionary lineages

(Figure 1), which argues for a young evolutionary origin of preferencially euchromatic

distributed H3K9me1 and H3K9me2. The H3K9me3 state seems to occur in the

heterochromatin of unikonts and stichotrichous ciliates but (only rarely) in the euchromatin

of plants. Together this suggests that all three H3K9 methylation levels are ancient

heterochromatin-specific modifications. One complete loss of H3K9me, identified in the

Saccharomyces lineage, is recent, because the ascomycet relatives Neurospora and

Schizosaccharomyces show H3K9 methylation marks. To summarize, three of five basal

groups of eukaryotes, the unikonts (animals, fungi and Amoebozoa), the plants and the

chromalveolates (Tetrahymena and Stylonychia), show heterochromatin-associated H3K9

methylation. The last common ancestor of these groups is certainly located near the root of

the eukaryotic tree (Keeling et al., 2005). Therefore, H3K9 methylation of heterochromatic

regions might be an ancient feature of most recent eukaryotes.
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In contrast, other histone methylation marks within heterochromatin are more or less lineage-

specific. A heterochromatic enrichment of H3K27me1, H3K27me2 and H4K20me1 was

specifically found in angiosperms (Naumann et al., 2005; Ebert et al., 2006; Fuchs et al.,

2006; Shi & Dawe, 2006), whereas only animals use H4K20me3 to establish

heterochromatin (Kourmouli et al., 2004; Sanders et al., 2004; Schotta et al., 2004).

Not only histone methylation contributes epigenetic marks which are known to flag

heterochromatin. Notably, in telomeric and mating-type heterochromatin of Saccharomyces

contains no histone methylation at all is found (for review, see Millar & Grunstein, 2006).

Instead, heterochromatin-building nucleosomes in budding yeast are constituted by

unacetylated histones. Histone hypoacetylation was found inside the heterochromatin of

every eukaryote studied. One could ask why hypoacetylation of histones is more strongly

conserved than H3K9 methylation during the evolution of heterochromatin. It may cause by

the positive charges of the deacetylated sites, which are involved in forming a condensed

chromatin structure through their interactions with DNA, with negatively charged proteins of

adjacent nucleosomes or through specific binding of heterochromatin proteins (e.g. Sir3,

Sir4; Hecht et al., 1995) to the deacetylated histones. That is, this modification may directly

and indirectly determine the chromatin structure, while H3K9 methylation may only be able

to induce a chromatin condensation indirectly via methyllysine-sensitive binding by chromo or

tudor domains of nonhistone chromatin proteins (e.g. Kim et al., 2006). Additionally,

methylation of H3K9 requires prior deacetylation of this residue, which is, for example,

accomplished by Clr3p in Schizosaccharomyces (Nakayama et al., 2001) and by RPD3

(HDAC1) in Drosophila (Czermin et al., 2001). It is thus tempting to speculate that

hypoacetylation, because of its more direct mechanism, is the older pathway for

heterochromatization than H3K9 methylation.

A third heterochromatin-connected, epigenetic modification is cytosine methylation. DNA

methylation represents the only chromatin modification for which a means of stable



7

propagation through cell division has been directly demonstrated (for review, see Goll &

Bestor, 2005). The physical link to the DNA sequence and the rarity of active demetylation

mechanisms (except during early development in mammals) made cytosine methylation

particularly suitable for an epigenetic memory function. On the other hand, cytosine

modification renders the DNA sequence more vulnerable to base substitutions (C to T

transitions), which becomes evolutionary underlined through the integration of DNA

methylation into the pathway of repeat-induced point mutation (RIP) that has occurred in the

Neurospora lineage (Selker et al., 2003). In addition, the functional consequences of DNA

methylation seem to have changed sometimes during evolution, which is illustrated by an

apparent hypomethylation of heterochromatin in the crustacean Asellus aquaticus (Barzotti,

Pelliccia & Rocchi, 2006) and of facultative heterochromatin in mealy bugs (Bongiorni, Cintio

& Prantera, 1999). Similarly as H3K9 methylation, DNA methylation may help to condense

chromatin only indirectly, for example by recruiting the methyl-binding, architectural

chromatin protein MeCP2 (Georgel et al., 2003) or by interacting with H3K9me as shown in

Arabidopsis (Naumann et al., 2005) and in vertebrates (Lehnertz et al., 2003; Rai et al.,

2006).

The mutational costs of cytosine methylation are reflected by the disjointed phylogenetic

distribution of high or intermediate levels of this modification mainly in multicellular

eukaryotes, which was deduced by the occurrence of enzymes which belong to the effective

DNA methyltransferase families Dnmt1 and Dnmt3 (Ponger & Li, 2005; Goll & Bestor, 2005).

Regev, Lamb and Jablonka (1998) suggested that DNA methylation is an ancient mechanism

for gene silencing and cell memory which was lost in species with low rates of cell turnover.

This is consistent with the complete loss of DNA methylation in the Saccharomyces,

Schizosaccharomyces, and Caenorhabditis lineages. It can be concluded that histone

hypoacetylation is the primary and phylogenetic most stable epigenetic mark of

heterochromatin, followed by histone H3K9 methylation and C5-cytosine methylation. On the
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other hand, these epigenetic marks are reversely ranked by ontogenetic stability during cell

metabolism, division and differentiation (Figure 2).

Subfamilies of H3K9 methyltransferases and their heterochromatic activities

As argued above, histone H3K9 methylation is an important heterochromatic mark with

significant phylogenetic and ontogenetic stability. This is especially true for di- and

trimethylated H3K9, as demonstrated in Figure 1. Recently, much work has focused in

enzymes which set these marks. In this chapter, all known groups of H3K9 methylating

enzymes will be considered in respect to their subnuclear localization, in vivo and in vitro

activities and phylogenetic distribution.

H3K9 methyltransferase activity was first described for the human protein SUV39H1 (Rea et

al., 2000). The corresponding Su(var)3–9/Clr4p/DIM-5 (Su[var]3–9-like) subfamily of H3K9

methyltransferases represents an orthologous group of proteins, which was identified by

reciprocal best BLAST hits (Altschul et al., 1997) based on the similarity of the catalytically

important domains SET (Suppressor of variegation, Enhancer of zeste and Trithorax), preSET

and postSET (Krauss et al., 2006; and references therein). These enzymes are

phylogenetically restricted to unikonts (animals, fungi and Amoebozoa; Figure 3).

Su(var)3–9-like HMTases catalyzes in vitro the establishment of all three H3K9 methylation

levels (Zhang et al., 2003; Eskeland et al., 2004; Table 1). Drosophila Su(var)3–9 null

mutants show a strong reduction of H3K9me2 and H3K9me3 immunofluorescence signals in

the heterochromatic chromocenter (Ebert et al., 2004). Similarly, heterochromatic foci of

human double null SUV39H1-/SUV39H2- cells failed to show H3K9 trimethylation (Peters et

al., 2003). This coincides with the mainly heterochromatic distribution of the corresponding
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enzymes (Aagaard et al., 1999; Schotta et al., 2002) and demonstrate that Su(var)3–9-like

enzymes are responsible for heterochromatin-specific H3K9 marks in animals. In addition, a

gain-of-function mutation of Drosophila Su(var)3–9 is able to generate ectopic

heterochromatin (Ebert et al., 2004). In fungi with small genomes immunocytological

analyses are difficult to perform. However, heterochromatic regions of the

Schizosaccharomyces mating-type locus are specifically methylated in H3K9 by Clr4p, and

this methylation is significantly decreased in clr4- strains as determined by CHIP analysis

(Noma, Allis & Grewal, 2001). In Neurospora, the Su(var)3–9 ortholog DIM-5 methylates

H3K9 in genomic regions which are subject to repeat-induced point mutation (RIP) (Tamaru

& Selker, 2001). The authors discussed that relics of RIP may underlie a heterochromatic

transformation. Thus, all HMTases of this group seem to involve in establishment of some

type of heterochromatic structures.

The SUVH (Su[var]3-9 homologs) subfamily of H3K9 methyltransferases was initially

described by Baumbusch et al. (2001) as a group of ten Arabidopsis paralogs and is

characterized by a combination of SET, preSET, postSET and YDG domains (Figure 4). SUVH

proteins are probably restricted to the Chlorophyta (orthologs exist in the green algae

Volvox and Chlamydomonas, Figure 3). An in vitro H3K9 mono- and dimethylase activity was

shown for several angiosperm SUVH proteins (Ebbs & Bender, 2006; and references therein),

whereas the Chlamydomonas ortholog SET3p appear to be an exclusive H3K9

monomethylase (Casas-Mollano et al., 2007) which is in vivo responsible for a significant part

of the H3K9me1 signal. GFP-tagged SUVH1, SUVH2 and SUVH4 (KYP) proteins localize to

heterochromatic foci of Arabidopsis interphase nuclei (Naumann et al., 2005; Fischer et al.,

2006). Meanwhile, null mutants from SUVH1, SUVH2, SUVH4, SUVH5 and SUVH6 were

evaluated (Ebbs & Bender, 2006; Fischer et al., 2006; and references therein). Only SUVH2-

plants show a genome-wide, significant reduction of H3K9 mono- and dimethylation

(Naumann et al., 2005). On the other hand, both the tobacco homolog SET1 and Arabidopsis
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SUVH2 induce through overexpression a significant rise of H3K9me2 and a miniplant

phenotype, which is, at least in the case of SUVH2, connected with the generation of ectopic

heterochromatin (Shen, 2001; Yu, Dong & Shen, 2004; Naumann et al., 2005). In contrast,

the inconspicuous phenotype of SUVH1, SUVH4, SUVH5 and SUVH6 mutants is supposed to

be caused by the functional redundance of the multiple paralogs. In summary, SUVH

methyltransferases are probably the predominant heterochromatic H3K9 HMTases in plants.

The first functional analysis of a member of the G9a/GLP subfamily of H3K9 HMTases was

performed by Tachibana et al. (2001) for human G9a. G9a/GLP proteins are characterized by

a combination of preSET, SET and postSET domains with Ankyrin repeats. Until now, such

proteins could be solely found in animals (Figure 3). Orthologs in the octopus Euprymna

scolopes (EST) and in the coral Nematostella vectensis (genomic sequence) were identified

by reciprocal best BLAST hits. Human and Drosophila G9a show an in vitro methylase activity

on H3K9 and H3K27 at free native and recombinant histones (Tachibana et al., 2001;

Tachibana et al., 2005; Stabell et al., 2006). In vivo, H3K9 was mono- and dimethylated

exclusively at euchromatic loci of mammalian cells (Peters et al., 2003; Rice et al. 2003).

The endogenous G9a protein is localized specifically in euchromatin of Drosophila polytene

chromosomes (Stabell et al., 2006) and is found in chromatin-associated and soluble

fractions of mammalian nuclei (Loyola et al., 2006). G9a and their mammalian paralog GLP

(G9a-like protein) are involved in regulation of euchromatic genes (Tachibana et al., 2005;

Stabell et al., 2006), probably as already shown by gene silencing through methylation of

H3K9 (Stewart, Li & Wong, 2005). However, an influence of G9a on H3K9 methylation

states in heterochromatin cannot be excluded completely because of a partially

heterochromatic distribution of overexpressed G9a in mammalian cells (Esteve et al., 2005)

and of a weak suppression effect on PEV which was ascribed to a insertion mutation in the

5´UTR of Drosophila G9a (Mis, Ner & Grigliatti, 2006).
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The human H3K9 HMTase SETDB1 (ESET) was first described by Schultz et al. (2002). The

corresponding group of SETDB/ESET proteins are characterized by a SET domain with a

specific insert region, a preSET region and a methyl-binding domain (MBD). They show a

disrupted phylogenetic distribution: Orthologs are found in animals as cnidarians, flatworms,

nematodes, arthropods and annelids, but not in fungi, whereas a orthologous EST was

identified in Acanthamoeba castellanii (Amoebozoa). Thus, SETDB/ESET HMTases are

supposed to originate approximately at the same time as Su(var)3–9-like enzymes in a

common ancestor of unikonts (Figure 3). Human SETDB1 was found mainly in cytosolic and

non-nucleosomal nuclear fractions of Hela cells (Loyola et al., 2006).  Immunofluorescence

analysis in mammalian cell nuclei revealed SETDB1 predominantly in euchromatic regions,

where it participates in gene silencing (Schultz et al., 2002). Drosophila SETDB1 was found

mainly at chromosome 4, but also in euchromatin and at the chromocenter of polytene

chromosomes (Seum et al., 2007). A Drosophila SETDB1- mutant showed a signifikant loss of

all three methylation levels in western analysis (Seum et al., 2007). SETDB1 may

monomethylate H3K9 of the centromeric heterochromatin in support of the Su(var)3-9 di-

and trimethylase, which is consistent with the wild type H3K9me1 distrubution observed in

Su(var)3-9- mutants (Ebert et al., 2004). Without SETDB1 the relative concentrations of the

H3K9 methylation levels in the chromo center are unchanged  (Seum et al., 2007) but their

absolute amounts might be reduced.

Interestingly, recombinant SETDB1 catalyzed in vitro only mono- and dimethylation of H3K9,

but is able to generate H3K9me3 in interaction with the transcriptional repressor mAM

(Wang et al., 2003). In addition, SETDB1/ESET can be artificially tethered by HP1 to

heterochromatic sites, where it is supposed to reconstitute the H3K9me3 modification in

SUV39H1-/SUV39H2- double null cells (Kourmouli et al., 2005). Accordingly, SETDB/ESET

protein complexes, in difference to G9a/GLP proteins, are potent H3K9me3 HMTases in vivo,
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however, wild type localization and the limited methyltransferase activity argues against a

significant role in heterochromatin establisment.

Recently, a plant-specific subfamily SUVR (Su[var]3–9-related) of H3K9 methyltransferases

was functionally characterized. The Arabidopsis SUVR4 protein appears exclusively to

transform H3K9me1 to H3K9me2 (Thorstensen et al., 2006). SUVR1, SUVR2 and SUVR4

were found specifically enriched in nucleoli but not in the heterochromatic nucleolus

organizing regions, which argues against a role in heterochromatin formation. Additionally to

SET and preSET domains, SUVR proteins contain a novel homology region named WIYLD

according to characteristic conserved amino acids (Thorstensen et al., 2006). Outside of

embryophytes, a SUVR-orthologous gene SET5 were identified in Chlamydomonas (Casas-

Mollano et al., 2007), therefore, the SUVR HMTase group may be restricted to chlorophytes

(Figure 3).

The human RIZ1 (PRDM2) tumor suppressor protein contains a SET domain variant, which

was named the PR domain (Huang, Shao & Liu, 1998). It was shown that RIZ1 has H3K9

HMTase activity in vitro (Kim, Geng & Huang 2003), however, the subnuclear distribution of

RIZ1 is unknown. Reciprocal BLAST analysis show that orthologs of RIZ1 are restricted to

tetrapods. In contrast, ESTs coding for PR domain proteins are identified also outside the

vertebrates in arthropods (e. g. in Drosophila), nematodes and in Oscarella carmela

(Porifera), which points to a general occurrence of PR domain proteins in animals (Figure 3).

A H3K9 methyltransferase activity was additionally reported for HMTases which appear to

show a preference for other histone tail positions, e. g. the Ash1 and E(z) protein family

members. A E(z)-containing HMTase complex from Drosophila is able to produce H3K9me1,

H3K9me2 and H3K9me3 in vitro (Czermin et al., 2002). However, immunofluorescence of

polytene chromosomes of a E(z) null mutant shows that E(z) does not appear to affect

H3K9 methylation in vivo (Ebert et al., 2004). Therefore, the suppressor effect of E(z)

mutations on PEV (Laible et al., 1997) results more likely from the H3K27 HMTase activity
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of the enzyme, which is found in eu- and in heterochromatin (Ebert et al., 2004). E(z) family

proteins are characterized by a combination of a SET, cysteine-rich preSET and a family-

specific, N-terminal located domain (called E(z) domain II in Baumbusch et al., 2001). Their

phylogenetic distribution is wide (Figure 3), orthologous ESTs were found in unikonts, plants

and chromalveolates, that is, in three of the five major groups of eukaryotes (Keeling et al.,

2005).

A similar ancient evolutionary origin is suggested for the Ash1 protein family, which is

characterized mainly by the type of SET domain and its unusual location in the middle of the

polypeptide. Analogous to E(z), orthologous ESTs were identified in unikonts, plants and

chromalveolates. According to Beisel et al. (2002), Drosophila Ash1 methylates H3K9 in

vitro and increases the general amount of H3K9me in polytene chromosomes. Byrd and

Shearn (2003) suggested a decrease of H3K9 methylation signals in the chromocenter of

polytene chromosomes on Ash1 loss-of-function conditions. However, the exclusive

localization of Ash1 at euchromatic sites (Tripoulas et al., 1996) and the appearing inability

of the Arabidopsis ortholog ATX-1 to methylate H3K9 in vitro and in vivo (Alvarez-Venegas

et al., 2003; Alvarez-Venegas & Avramova, 2005) argues against a significant and/or

evolutionary conserved involvement of Ash1-related proteins in H3K9 methylation and

heterochromatin establisment. Additionally, the mainly reported HMTase activity of Ash1 is

the methylation of H3K4 in animals and plants (Beisel et al., 2002; Alvarez Venegas et al.,

2003). H3K4 is hypomethylated in heterochromatic regions of Drosophila, mammals and

angiosperms (Houben et al., 2003; Vakoc et al., 2005; Ebert et al., 2006). Moreover, the

active removal of H3K4 methylation by the Drosophila histone demethylase Su(var)3-3 was

found to be a prerequisite for H3K9 methylation during the developmental establishment of

heterochromatin (Rudolph et al., 2007). This evidence is difficult to reconcile with a HMTase

activity of Ash1 orthologs inside of heterochromatin.
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To summarize, only Su(var)3–9-like (Suv39/Clr4p/DIM-5) proteins in unikonts and SUVH

proteins in plants are H3K9 methyltransferases which are able to establish constitutive

heterochromatin. Other groups of H3K9 HMTases, as G9a/GLP, SETDB/ESET, SUVR and

probably PR domain proteins, are supposed to be involved in H3K9 methylation outside of

heterochromatin, at promotors of inactive genes, inside of active transcription units or

outside of nucleosomes (Loyola et al., 2006). Therefore, it appears not appropriate to treat

H3K9me as a mark which is sufficient to determine heterochromatin on its own. Promotors

which are silenced through H3K9 methylation should thus not be termed

“heterochromatized”. Well-known properties of constitutive heterochromatin are

condensation throughout interphase, high proportion of repetitious sequences, late S-phase

replication, sparse transcription, suppression of recombination, spreading ability which results

in position-effect variegation (PEV), sequence-unspecific self-interaction, underreplication in

polyploid nuclei, a regular spacing of nucleosomes, histone hypoacetylation, histone H3K4

hypomethylation, DNA hypermethylation and H3K9 hypermethylation (for review see e. g.

Reuter, Fischer & Hofmann, 2005; Huisinga, Brower-Toland & Elgin, 2006). Not all of these

properties are detectable in all organisms, but in most cytological analyzed eukaryotic

species, defined heterochromatic blocks exist, often visible, side-by-side to active and

silenced euchromatic regions. Such heterochromatic regions showed regularly an enrichment

of H3K9me2 or H3K9me3 (Figure 1), together with a mainly heterochromatin-specific H3K9

HMTase of the Su(var)3–9-like or of the SUVH type if this was evaluated. On the other hand,

euchromatin-specific H3K9 HMTases were identified at least in animals. Both types of

proteins are clearly not able to substitute for each other (Schotta et al., 2002; Peters et al.,

2003; Stabell et al., 2006), which is surely caused by specific targeting. For example, the

restriction of the Su(var)3–9 localization mainly to heterochromatin is dependent from

interactions with Su(var)3-3, RPD3 and HP1, as shown in Drosophila (Schotta et al., 2002;

Rudolph et al., 2007). Similar interactions are conserved in mammals (Aagaard et al., 1999;

Lee et al., 2006). The plant enzyme SUVH2 is also restricted to heterochromatin, which need
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to be mediated by more than one domain of the protein as revealed by mutant analysis

(Naumann et al., 2005). Similarly, Su(var)3–9 shows a participation of the N-terminus, the

chromo and the SET domain on chromosomal localization in Drosophila (Schotta et al., 2002;

Figure 4). Interestingly, heterochromatic HMTases are able to broadening their own

chromosomal distribution following hyperactivity (Su[var]3-9ptn allele in Drosophila; Ebert et

al., 2004) or overexpression (SUVH2 in Arabidopsis; Naumann et al., 2005), which results in

formation of ectopic heterochromatin. That is, the lower limit of sufficient targeting

interactions can be decreased by increasing the enzymatic activity or the cellular

concentration. The association of these H3K9 HMTases with chromatin appears to depend on

its enzymatic activity and seems sufficient for heterochromatin formation, which might in

turn induce an early arrest of development (Su[var]3-9ptn allele in Drosophila; Kuhfittig et al.,

2001). Another evolutionary conserved hallmark of heterochromatin, HP1, can recruit

Su(var)3–9 only by artificial tethering to impose heterochromatin-like regularly spaced

nucleosomes and gene silencing in euchromatin of Drosophila (Danzer & Wallrath 2004). This

is consistent with results from Xenopus oocytes which demonstrate that H3K9me and

SUV39H1, but not H3K9me and G9a, can recruit HP1 to chromatin (Stewart, Li & Wong,

2005). In contrast to HP1, a substantial population of endogenous SUV39H1 is immobile at

heterochromatin, which depends on the SET domain (Krouwels et al., 2005). Thus,

heterochromatic H3K9 methyltransferases as Su(var)3–9 and SUVH2 play a central role for

heterochromatin formation by both enzymatic activity and as a structural component, which

cannot be substituted by other, typically euchromatic distributed H3K9 HMTases.
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Evolution of heterochromatic H3K9 methyltransferases

According to the above discussed central role of distinct H3K9 HMTases in heterochromatin,

their origin should be strongly connected with the emergence of heterochromatic regions in

eukaryotic genomes. Unfortunately, the phylogenetic distribution of visible heterochromatin

is rather disjointed. Saccharomyces has no pericentromeric heterochromatin and no H3K9

methylation (for review see Millar & Grunstein, 2006). H3K9 methylation exists in

Caenorhabditis (Reuben & Lin, 2002), however, no visible heterochromatin is found. Also

other organisms with holocentric chromosomes do not have pericentromeric heterochromatin

(Criniti et al., 2005, and references therein). Moreover, H3K9 HMTases might be lost entirely

during evolution, if genomes become profoundly shrinked as in the Saccharomyces lineage.

On the other hand, these enzymes are found in almost all studied plants (SUVH) and unikonts

(Su(var)3–9-like enzymes) (Naumann et al., 2005; Krauss et al., 2006). Additionally, the

ciliates Tetrahymena thermophyla and Stylonychia lemnae perform H3K9 methylation

specifically at sequences determined for elimination during development of the macronucleus

(Taverna, Coyne & Allis, 2002; Juranek et al., 2005). This process appears functionally

analogous to heterochromatinization in multicellular organisms, which is supported by

specific interaction of the chromo domain-containing proteins Pdd1 and Pdd3 with the H3K9-

dimethylated chromatin in Tetrahymena. Thus, a structural and functional molecular ancestor

of heterochromatic H3K9 HMTases should have been existed in early eukaryots which

diversified later to unikonts, plants and chromalveolates (Figure 3). This is further supported

by reciprocal BLAST analysis of heterochromatin protein 1 (HP1), which interacts with

H3K9me and Su(var)3-9-like HMTases, and is found in the same groups.

The evolution of heterochromatic H3K9 HMTases, which are characterized by the

combination of a SET domain and typical cysteine-rich preSET and postSET regions, was

accompanied by the acquisition of different additional domains in different lineages. The
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Chlorophyta enzymes (SUVH group, which includes Set3p of Chlamydomonas reinhardtii)

received a N-terminal YDG (SRA) domain. The molecular function of this domain might

consist in interaction with methylated cytosines (Unoki, Nishidate & Nakamura, 2004;

Johnson et al., 2007) or in binding of the N-terminal tail of histone H3 (Citterio et al., 2004).

The YDG domain of SUVH2 appears to be involved in recruitment of symmetrical (CpG and

CpNpG) and asymmetrical (CpNpN) DNA methylation to target sequences, which is a

prerequisite for histone methylation by SUVH2 (Naumann et al., 2005).

At about the same time, the Su(var)3-9-like protein of a common ancestor of opisthoconts

(unikonts excluding Amoebozoa) acquires a chromo domain, which is supported by the

occurrence of chromo domains in the corresponding enzymes of bilaterian animals,

Schizosaccharomyces (Clr4p) and the zygomycet Rhizopus oryzae (Figure 5). Isolated

chromo domains of human SUV39H1 are able to bind specifically H3K9me3 (Jacobs, Fischle

& Khorasanizadeh, 2004). Substitutions of conserved amino acids of chromo domains

impaired the silencing function of Clr4p in Schizosaccharomyces (Ivanova et al., 1998) and

the H3K9 methylation activity of SUV39H1 in vitro (Chin et al., 2006). A comprehensive

phylogenetic comparison suggested that Su(var)3–9-like chromo domains might generally

bound H3K9me similar as those of HP1 (Krauss et al., 2006). GFP fusion transgenes in

Drosophila showed that the chromo domain is, together with the N-terminus and the SET

domain, essential for pericentromeric localization of Su(var)3–9 (Schotta et al., 2002).

Together, these results suggest that the histone H3 tails which become methylated by the

SET domain will be immediately bound by the Su(var)3-9 chromo domain. This, in turn, would

facilitate the methylation of neighboring histones. Such a mechanism would improve the

efficiency of enzymes as Su(var)3-9 or SUV39H1, which appear to be nonprocessive

H3K9me3 HMTases, that is, after a transfer of one methyl group the histone tail has to

dissociate and rebind to receive the next methyl residue (Eskeland et al., 2004; Chin et al.,

2006).
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Remarkably, the phylogenetic tree (Figure 5) revealed that the chromo domain was lost

independently in at least three lineages during the evolution of fungi and animals. One cause

for this loss might be the ability of fungal orthologs as Neurospora DIM-5 to processively

transfer three methyl residues to a continuously bound histone H3 tail (Zhang et al., 2003).

Such effective enzymes might not need a supporting module like the chromo domain.

Moreover, an unbalanced, improved catalysis can be fatal, as shown for the Su(var)3–9ptn

gain-of-function mutation in Drosophila (Kuhfittig et al., 2001; Ebert et al., 2004). Thus, an

adaptation of molecular functions might have occurred, which connects the loss of the

chromo domain with some counter-acting changes in the SET domain of DIM-5 enzymes

(Krauss et al., 2006).

The gain and loss of chromo domains are not the only gross structural changes of

Su(var)3–9-like proteins during evolution. A common ancestor of dicondylic insects (winged

insects and thysanurans) has put the Su(var)3–9 open reading frame, probably by

retrotransposition, into an intron of the translation initiation factor subunit gene eIF2γ

(Krauss et al., 2006). Consequently, Su(var)3–9 mRNAs become expressed by 3´alternative

splicing of the eIF2γ gene (Figure 6), using one large Su(var)3–9 specific exon instead of two

or more eIF2γ-specific exons. For both involved gene products, this gene fusion became the

only source of functional mRNAs (Krauss et al., 2006). The 5´ exons are common to both

alternative splice variants and coding for about 80 N-terminal amino acids. This novel N-

terminus of Su(var)3–9 cannot fulfill similar functions as in eIF2γ (for e.g. GTP binding)

because it is structurally incomplete (Schmitt, Blanquet & Mechulam, 2002). Thus, the fusion

of both genes cannot have been a positively selected event and should have occurred only

once (Krauss et al., 2006).

In contrast, a re-fission of this kind of gene fusion has took place at least three times during

the evolution of insects (Figure 5). In the cases of the pea aphid Acyrthosiphon pisum and

the human louse Pediculus humanus, this reversion may have occurred by a renewed
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retrotransposition or a genomic duplication of the Su(var)3–9 part, because the exon-intron-

structure of the eIF2γ gene remained largely unchanged (Krauss et al., 2006; data not

shown). Notably, in the case of the jewel wasp Nasonia vitripennis, the eIF2γ part has

probably experienced a retrotransposition, because all introns of this gene became lost,

which is highly unusual for an animal copy of this gene (Krauss et al., 2005). Taken together,

those three independent, but convergent re-fission events support not only the accidental

character of the gene fusion event, they let furthermore suspect that the

Su(var)3–9/eIF2γ fusion imposes a functional burden on the encoded gene products. Indeed,

in beetles and butterflies obvious splice artefacts, containing all exons of the fusion, are

detectable (Krauss & Reuter, 2000), which might express functionless or antimorphic

proteins.

Not only the domain structure of Su(var)3–9 proteins, also the degree of conservation has

changed during the evolution of animals. Caenorhabditis orthologs show very long tree

branch lengths, in difference to the Su(var)3-9 protein of their close relative Trichinella

spiralis (Figure 5). The corresponding Caenorhabditis Su(var)3-9-like proteins may not be

able to methylate H3K9 because of a very incomplete conservation of chromo and SET

domain (Rea et al., 2000). In C. elegans, this correlates with the restriction of H3K9me to

male germline X chromosomes and to telomeres (Reuben & Lin, 2002). It would be

interesting to see what molecular functions are covered by this unusual ortholog. In contrast,

the loss of pericentromeric heterochromatin alone, as evident in all holocentric species, is

obviously not correlated with reduced structural conservation of Su(var)3–9 HMTases, which

was demonstrated by the successful cloning of orthologs from butterflies (Scoliopteryx,

Bombyx), hemipterans (Cercopis, Acyrthosiphon) and earwigs (Forficula) (Krauss & Reuter,

2000; Krauss et al., 2006). This points to a supposed role of Su(var)3-9 in the

establishment of the H3K9me3 mark identified in the facultative heterochromatin of the

holocentric insect Planococcus (Bongiorni et al., 2007), but also to other roles of Su(var)3–9
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as described in euchromatic gene silencing (Ivanova et al., 1998; Hwang, Eissenberg &

Worman, 2001), at telomeres (Donaldson, Lui & Karpen, 2002), in chromosome segregation

(Peters et al., 2001) and in nuclear organization (Peng and Karpen, 2007).

In conclusion, the phylogenetic distribution of H3K9 methylation within the genome shows

that all levels of histone H3-K9 methylation are common indexing marks of cytologically

visible, constitutive heterochromatin in most of the evaluated species of eukaryotes. These

marks are established by structurally conserved SET domain protein subfamilies, which

display a rather diverse, but functionally convergent domain architecture. Their

heterochromatin-establishing property corresponds to both H3K9 HMTase activity and

molecular interactions with proteins like HP1 and, possibly, RNA molecules (Maison et al.,

2002; Pal-Bhadra et al., 2004). These molecular functions are common to different

heterochromatic H3K9 HMTase subfamilies as Su(var)3–9/Clr4p/DIM-5 as well as SUVH and

differentiate them from other H3K9-methylating enzymes.
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Figure legends

Figure 1 .  Cladogram which represents, based on commonly supported phylogeny, the

evolution of histone H3K9 methylation. Data were extracted from Cowell et al. (2002),

Taverna, Coyne & Allis (2002), Houben et al. (2003), Peters et al. (2003), Tamaru et al.

(2003), Yu, Dong & Shen (2004), Juranek et al. (2005), Mosiolek et al. (2005), Naumann et

al. (2005), Reuter, Fischer & Hofmann (2005), Barzotti, Pelliccia & Rocchi (2006), Ebert et

al. (2006), Fischer et al. (2006), Kaller, Euteneuer & Nellen (2006), Millar & Grunstein

(2006), Shi & Dawe (2006) and Casas-Mollano et al. (2007). General trends identified in two

clades are given.

Figure 2. Relative stability of heterochromatic marks during cell metabolism, proliferation and

differentiation (horizontal) and evolution (vertical). Note the reverse relationship.

Figure 3. Phylogenetic distribution of H3K9 methyltransferases and HP1. The tree was

adapted from Keeling et al. (2005) and Steenkamp, Wright & Baldauf (2006). Orthology was

determined using NCBI genome and EST data via reciprocal best BLAST hits (Altschul et al.,

1997). The times of emergence of the protein families were estimated by cladistic analysis

(MacClade 4.0; Maddison & Maddison, 2005).

Figure 4. Functional motifs of heterochromatic H3K9 methyltransferases. Shown are locally

restricted functions defined for Drosophila Su(var)3–9 (Schotta et al., 2002; Ebert et al.,

2004; Eskeland et al., 2004), human SUV39H1 (Aagaard et al. 1999; Melcher et al., 2000;
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Rea et al., 2000), Schizosaccharomyces Clr4p (Ivanova et al., 1998; Rea et al., 2000) and

Arabidopsis SUVH2 (Naumann et al., 2005).

Figure 5. Phylogenetic mapping of unikont heterochromatic H3K9 methyltransferases and

their evolutionary transitions. Shown is a maximum parsimony tree (PAUP 4.0b10; Swofford

2002) based on preSET, SET and postSET domains, constrained according to commonly

supported organismal phylogeny. Branch lengths are proportional to evolutionary changes

(steps). The tree contains 5796 steps, only 84 more than three most parsimonious trees,

which contain several long branch artefacts (not shown). Branches of proteins which contain

the chromo domain are light gray shadowed (three independent losses are white marked).

The Su(var)3–9/eIF2γ gene fusion, occurring during the evolution of hexapods, is dark gray

underlaid. Three independent losses are light gray marked.

Figure 6. 3´ alternative splicing as identified in the Su(var)3-9/eIF2γ gene fusion of insects

(Krauss & Reuter, 2000). This gene structure expresses two mRNA variants (A: Su(var)3-9

and B: eIF2γ). The first exon is common to both mRNAs. The coding parts of the exons are

shown in gray.
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Tables

Table 1. H3K9 acitivities and subnuclear distributions of histone methyltransferases. Data

were extracted from Carrington and Jones (1996), Tripoulas et al. (1996), Beisel et al.

(2002), Czermin et al. (2002), Schotta et al. (2002), Schultz et al. (2002), Byrd and Shearn

(2003), Kim, Geng & Huang (2003), Peters et al. (2003), Wang et al. (2003), Ebert et al.

(2004), Eskeland et al. (2004), Kourmouli et al. (2005), Naumann et al. (2005), Ebbs and

Bender (2006), Loyola et al. (2006), Stabell et al. (2006), Thorstensen et al. (2006) and

Seum et al. (2007).
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H3K9 methylation is

Catalyzed in vitro Facilitated in vivo

Enzyme

me1 me2 me3 me1 me2 me3

Subnuclear distribution

Suv39/Clr4/dim5 x x x x x mainly heterochromatic

SUVH x x x x heterochromatic

G9a/GLP xa xa xa x x euchromatic,

nucleoplasmatic

SETDB/ESET x x xb x x xc nucleoplasmatic,

euchromatic, weakly

heterochromatic

SUVR xd nucleolar

RIZ1 xe

E(z) x x x euchromaticf

Ash1 xe xg euchromatic

a on free histones, no activity on nucleosomal arrays (Stabell et al., 2006)

b in association with mAM (Wang et al., 2003)

c shown by artificial targeting in Suv39h- cells (Kourmouli et al., 2005)

d methylates only monomethylated H3K9 (Thorstensen et al., 2006)

e degree of methylation was not tested

f E(z)-dependent H3K27me was also found in heterochromatin (Ebert et al., 2004)

g according to Byrd and Shearn (2003) in heterochromatin
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