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Introduction

What is heterochromatin?
Heterochromatin was discovered by Heitz when he experimented with a new technique to 

visualize chromatin, the nuclear component that could be stained with acidic dyes and was 

known to compact into chromosomes during mitosis. Heitz did not cut microtome sections 

of stained nuclei as it was common at that time. Instead, he stained a single layer of moss 

cells that he subsequently squashed, and for the first time he could see the entire chromatin 

of a nucleus without a cytoplasmic background staining. He noticed that some chromosome 

segments remained densely staining throughout interphase, when the rest of the chromo-

somes “becomes invisible”. He termed this differently behaving chromatin heterochromatin 

and the normally dissolving chromatin euchromatin (Heitz 1928). Shortly after his initial 

observations in mosses, Heitz tested several dipteran species and it became evident that 

heterochromatin is a common feature of plants and animals. He stained the large polytene 

chromosomes in dipteran salivary glands that arise from multiple copies of unseparated chro-

matids after applying his novel squashing technique. This revealed that heterochromatin is 

largely composed of the chromosomal regions next to the proximal site of the chromatids, 

the centromere. These pericentromeric regions are aggregated in the interphase nucleus to a 

so-called chromocenter, which is well visible with a light microscope (Heitz and Bauer 1933; 

Heitz 1934). 

 A decade after this purely cytological definition, the term heterochromatin was expanded 

to describe regions that shared certain characteristics with the originally defined hetero-

chromatin. For instance, distinct regions on the chromosome arms (intercalary) and close 

to telomeres (subtelomeric) were regarded as being heterochromatic, because of their high 

break frequency and occasional pairing with each other or the chromocenter (Bauer 1936; 

Kaufmann 1939).

 Later, when molecular components of pericentromeric heterochromatin were isolated, 

they were used as markers for heterochromatin and often even to re-define heterochroma-

tin. However, it is not trivial to define heterochromatin by its molecular components, because 

there is no clear translation from the original cytological definition to the molecular composi-

tion of heterochromatin, as will be discussed in the next paragraph.

Heterochromatin composition
Genetic identification of heterochromatin proteins using Position Effect Variegation 

In 1930 Muller described a new mutation of the white gene, which normally produces red 

pigments in the Drosophila eye. This mutation caused silencing in some cell patches of the fly 

eye, whereas the gene was normally expressed in other cell patches, resulting in a mottled 

eye color phenotype (Muller and Stone 1930). The precise expression pattern varied between 

eyes and between individuals, suggesting a stochastical silencing of the white gene. The 

decision whether the gene was expressed or silenced was made during early stages of eye 

development and was then clonally inherited throughout subsequent cell divisions, leading 
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to the observed patchy eye phenotype. This variegating silencing effect was shown to be the 

result of an inversion that placed the white gene from its distal position on the arm of the 

X chromosome close to pericentromeric heterochromatin (Schultz 1936). The proximity to 

heterochromatin was responsible for the variegating silencing of the white gene, as it was 

expressed normally when moved away from the pericentromeric regions, back to the chro-

mosome arm (Spofford 1976).

 This phenomenon, which was called position effect variegation (PEV) and was observed 

for several other euchromatic genes placed in the vicinity of heterochromatin, such as the 

brown, yellow and Stubble genes (Bridges and Brehme 1944; Lindsley and Grell 1968; Sinclair 

et al. 1983) showed that heterochromatin can influence gene expression. It soon appeared 

that mutations in several genes lead to the suppression or the enhancement of the modifying 

effect. Genetic screens utilizing variegating reporter genes such as the white gene identi-

fied over 100 genes that when disrupted modify PEV (Reuter and Wolff 1981). Two types of 

modifiers can be discriminated: Suppressors of PEV (Su(var) genes) are believed to directly 

or indirectly build and maintain heterochromatin, since their loss of function results in the 

relieve of heterochromatin mediated silencing, and enhancers of PEV (E(var) genes) are most 

likely coding for proteins that oppose the formation or maintenance of heterochromatin, but 

are usually not components of heterochromatin. Only a handful of Su(var) genes that encode 

heterochromatin components have been cloned and characterized so far on a molecular 

basis. Those that were characterized gave important insights into heterochromatin formation 

and function, but we are still far from explaining the molecular basis of PEV, or even fully 

understanding heterochromatin.

Molecular identification of heterochromatin proteins
The first molecular component of heterochromatin was identified in a screen for antibodies 

that recognize nonhistone chromosomal proteins in Drosophila. In this screen a protein was 

discovered that was enriched at all so far described heterochromatic regions (i.e. pericentro-

meric, subtelomeric and intercalary heterochromatin, (James and Elgin 1986)). The protein 

was called Heterochromatin Protein 1 (HP1) and the corresponding gene was shown to map 

to the locus of the earlier identified suppressor of variegation Su(var)2-5. Homologues of HP1 

were soon found in nearly all tested eukaryotic species, from fission yeast to humans, often 

occurring as several isoforms (Hediger and Gasser 2006). Not all of these isoforms solely 

localize to cytologically defined heterochromatin, some of them are even found exclusively 

in euchromatin, which suggests a diversification of HP1 function during evolution (Li et al. 

2002). The isoforms however that do localize predominantly to cytologically defined hetero-

chromatin are considered as markers of heterochromatin in the different species.

 HP1 was shown to be recruited to heterochromatic sites by methylated histone 3 lysine 9 

(H3K9me), a modification on the protruding tail of histone 3 (Bannister et al. 2001; Lachner 

et al. 2001). Just previously, the gene product of the mammalian homologue of another 

Su(var) gene, Suv39h, had been identified as a histone methyltransferase that creates this 

methylmark and therewith a potential binding site for HP1. Shortly after this discovery it 
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was shown that also the Drosophila Su(var)3-9 recruits HP1 by methylating H3K9 (Rea et al. 

2000; Bannister et al. 2001; Czermin et al. 2001; Lachner et al. 2001; Schotta et al. 2002). 

Additionally, HP1 can bind directly to Su(var)3-9 (Aagaard et al. 1999; Schotta et al. 2002). 

This suggests that once Su(var)3-9 has created methylmarks and therewith binding sites for 

HP1, HP1 can tether Su(var)3-9 to its binding site and thus ensure the spreading of both 

proteins along chromatin. In support of this, HP1 is mostly depleted from the heterochromat-

ic chromocenter in the absence of Su(var)3-9 in Drosophila  (Schotta et al. 2002) and also in 

mammals and fission yeast HP1 homologues require H3K9 methylation by Su(var)3-9 homo-

logues for their correct heterochromatic localization (Ekwall et al. 1996; Bannister et al. 2001; 

Lachner et al. 2001). Conversely, in the absence of HP1, Su(var)3-9 is not restricted anymore 

to the chromocenter, but binds to many euchromatic sites in Drosophila (Schotta et al. 2002). 

It was therefore assumed that Su(var)3-9 and HP1 are interdependent in the formation of 

heterochromatin and that also Su(var)3-9 and the H3K9 methyl mark it creates are molecular 

markers of heterochromatin. It should be noted though that Su(var)3-9 and HP1 do not com-

pletely co-localize in immunofluorescence images of fly and mammalian nuclei (Aagaard et 

al. 1999; Cowell et al. 2002). This and the observation that not all HP1 is depleted from the 

Drosophila chromocenter in the absence of Su(var)3-9, but that a significant amount of HP1 

is retained on the fourth chromosome (Schotta et al. 2002), hints that these two heterochro-

matin components are not interdependent in all chomosomal contexts.

 Apart from HP1 and Su(var)3-9 and their homologues in other species, additional proteins 

involved in heterochromatin formation were recovered in Drosophila by cloning suppressors 

of PEV (e.g. Su(var)3-7 (Cleard and Spierer 2001)), analyzing interactors of known hetero-

chromatin proteins (HOAP, HP2 (Shareef et al. 2001; Shaffer et al. 2002)) and screening for 

Colour image: see page 142

Figure 1
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additional HMTases (Suv4-20, (Schotta et al. 2004)). For an overview of cloned Drosophila 

heterochromatin proteins, see also Fig. 1. Again, these proteins do not exclusively co-localize 

with cytologically defined heterochromatin or the molecular heterochromatin markers HP1 

and Su(var)3-9, suggesting that there are either different types of heterochromatin with 

distinct compositions and perhaps also distinct functions, or that components of heterochro-

matin are also constituents of euchromatin. This again underscores the difficulty of defining 

heterochromatin at the molecular level.

Heterochromatin formation

Heterochromatin formation and the histone code hypothesis
The presence of certain histone modifications, such as methylated H3K9 and H4K20, as well 

as the depletion of other histone modifications such as H4K16 acetylation and H3K4 methyla-

tion were shown to correlate with cytologically defined heterochromatic regions (Martin and 

Zhang 2005). These histone modifications were believed to be part of a histone code that 

was read by specific chromatin proteins, which would then contribute to a particular chro-

matin composition and structure that determines the expression status of underlying genes 

(Strahl and Allis 2000; Turner 2000; Jenuwein and Allis 2001). Several modifications, espe-

cially the heterochromatin-specific methylation of H3K9, but also the euchromatin-associated 

methylation of H3K4, were shown to be maintained throughout many cell divisions (Byvoet et 

al. 1972; Hall et al. 2002; Sarmento et al. 2004; Chow et al. 2005). These modifications were 

therefore thought to transmit information about the chromatin composition at specific sites 

epigenetically i.e. independent of the associated genetic sequence (Jenuwein and Allis 2001). 

The histone code had the potential of an enormous complexity: apart from acetylation and 

methylation, which could even occur as mono-, di- or tri-methylation, histones were shown 

to be phosphorylated, ubiquitinated, sumoylated and ribosylated at several different residues 

of each histone. This would allow for countless combinations of modifications, each possibly 

coding for a distinct chromatin environment and therewith distinct gene expression patterns 

(Cosgrove and Wolberger 2005). It was shown for instance that di- and tri-methylated H3K9 

is enriched at cytologically defined heterochromatin, whereas mono-methylated H3K9 is 

associated with euchromatin (Peters et al. 2003; Rice et al. 2003). Furthermore, a slight 

change in the combination of different marks can result in a dramatic change of chromatin 

composition, as was shown by the inability of HP1 to bind to methylated H3K9 when the 

neighboring H3K14 is acetylated (Mateescu et al. 2004).

 Apart from the above listed proteins and histone modifications, it was found that also 

cytosine-methylated DNA is a heterochromatin component and often observed in association 

with di-and tri-methylated H3K9 and H3K27 in plants, mammals and certain fungi. Experi-

ments in Arabidopsis, Neurospora and mammalian systems suggest that DNA and histone 

methylation are actually tightly interlinked, with histone methylation driving DNA methyla-
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tion and vice versa (except in Neurospora) (Tamaru and Selker 2001; Johnson et al. 2002; 

Soppe et al. 2002; Fuks et al. 2003a; Fuks et al. 2003b; Tariq et al. 2003; Freitag et al. 2004; 

Lindroth et al. 2004; Mathieu et al. 2005). DNA methylation is also seen as a major contribu-

tor to the epigenetic inheritance of the histone code, because DNA methylation marks are 

replicated together with the DNA and can recruit histone modifying enzymes like H3K9 

methylases to replicating chromatin (Jenuwein and Allis 2001; Feng et al. 2006).

 The hypothesis of an epigenetic histone code was first challenged when genome wide 

mapping of histone modifications in Drosophila revealed that there are not that many dif-

ferent combinations of modifications actually present at the genes. In this study, several 

modifications known to be associated with active genes were mapped and it appeared that 

all of them were present at active genes and depleted from repressed genes, arguing that 

they can only give a binary on/off signal and do not modulate transcription (Schubeler et al. 

2004). It is also likely that many, if not all modifications are the consequence and not the 

cause of transcription, as was shown for methylation of H3K4, H3K36 and H3K79 (Briggs 

et al. 2002; Ng et al. 2002; Krogan et al. 2003; Ng et al. 2003; Xiao et al. 2003; Xiao 

et al. 2005). Finally, evidence that methylated H3K9 can be erased during gene activation 

and mitosis (Saccani and Natoli 2002; McManus et al. 2006), which was confirmed by the 

recent discovery of several histone demethylases, shows that methylation marks can be easily 

removed and challenges the notion that they are stable epigenetic marks (Shi et al. 2004; 

Fodor et al. 2006; Klose et al. 2006; Whetstine et al. 2006; Yamane et al. 2006). It is there-

fore more likely that histone modifications do not form epigenetic codes, but are part of 

signaling networks. These signaling networks are comparable to known signaling cascades 

in which specific protein modifications dictate a specific downstream event in a signaling 

process, as suggested by Schreiber and Bernstein (Schreiber and Bernstein 2002). The ability 

however of histone modifications to be transmitted from generation to generation still holds 

the possibility that at least in some cases histone modification signals can be inherited.

The role of the RNAi machinery in heterochromatin formation
It was known for a long time that heterochromatin is rich in transposons and other repetitive 

elements and it was shown that these elements are important determinants for heterochro-

matin formation (Grewal and Rice 2004). Recently, the molecular basis for these observations 

was discovered when it was shown in fission yeast that double stranded RNAs originating 

from bidirectional transcription of centromeric repeats are recognized by the RNAi machin-

ery. The RITS complex, which is a component of the RNAi machinery, subsequently targets 

HP1, Su(var)3-9 and therewith also H3K9 methylation to the DNA sequences that the dsRNA 

is derived from. This results in the de novo formation of heterochromatin in centromeric 

regions (Verdel and Moazed 2005). Similar observations were made in flies and mammals, 

where the correct localization of HP1, HP2 and H3K9 methylation was also shown to be 

dependent on the RNAi machinery (Pal-Bhadra et al. 2004; Kanellopoulou et al. 2005; 

Murchison et al. 2005). It should be noted though, that there is some conflicting data for 

mammals, were H3K9 methylation was only slightly affected by the absence of the RNAi 

17

Introduction



component Dicer at pericentromeric major satellite repeats (Murchison et al. 2005). In any 

case, repeats are also able to recruit heterochromatin components independent of the RNAi 

machinery (Jia et al. 2004; Petrie et al. 2005; Wang et al. 2006) suggesting the presence of 

additional mechanisms of heterochromatin formation. 

The functions of heterochromatin

Heterochromatin and genome structure
Heterochromatin components are involved in the maintenance of genome stability. Loss of 

heterochromatin components like HP1 and Su(var)3-9 leads to dramatic impairment of chro-

mosome segregation (Kellum and Alberts 1995; Peters et al. 2001). Similar effects have been 

observed in mutants of RNAi machinery components in fission yeast that are defective in the 

correct localization of the HP1 homologue Swi6 (Hall et al. 2003; Volpe et al. 2003), again 

underlining the role of the RNAi machinery in heterochromatin assembly. This chromosome 

segregation defect phenotype is not only due to incorrect assembly of pericentromeric het-

erochromatin: the correct localization of heterochromatin components such as HP1, HOAP 

or Taz1 at telomeric and subtelomeric regions was shown to be crucial to prevent telomere 

fusions in Drosophila and fission yeast (Fanti et al. 1998; Ferreira and Cooper 2001; Sharma 

et al. 2003; Oikemus et al. 2004). Additionally, increased mitotic recombination at rRNA 

repeats was observed in fission yeast mutants of Clr4, the yeast homologue of Su(var)3-9, 

as well as in RNAi machinery mutants (Cam et al. 2005), which shows that heterochromatin 

components are also important to maintain the integrity of a repetitive locus.

Heterochromatin is repressive
Already Heitz theorized during his first studies of heterochromatin that “euchromatin is 

genicly active, heterochromatin genicly passive”, because at that time only a few genes had 

been mapped to heterochromatic regions and none of them seemed to be essential (Heitz 

1929; Heitz 1930). Also the dense staining appearance of heterochromatin, its inaccessibility 

to certain restriction enzymes and nucleases, as well as its apparent gene-poorness are largely 

seen as an indication that heterochromatin is compact and transcriptionally inactive (Hennig 

1999; Dillon and Festenstein 2002). Furthermore, the fact that mutations in heterochromatin 

proteins suppress position effect variegation demonstrates the repressive effect of a hetero-

chromatic environment. Additional evidence comes from studies in flies and mammals were 

HP1 was tethered to euchromatic regions, which resulted in the silencing of reporter genes 

(Ayyanathan et al. 2003; Li et al. 2003). 

 So far only one study suggested that endogenous genes residing in HP1-chromatin are 

repressed in Drosophila (Hwang et al. 2001). However, the observed activation of four genes 

in HP1-mutant larvae was likely an indirect effect, since a later study showed that genes 

activated in HP1-mutant larvae are not bound by HP1 (Cryderman et al. 2005). In mammals 
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however there is evidence that all three HP1 isoforms, HP1α HP1β, and HP1γ are involved in 

maintaining the repression of certain embryonic genes, such as Oct-3/4 and Rex-1, which is 

essential for differentiation (Feldman et al. 2006). Furthermore, mammalian HP1 isoforms are 

likely involved in KAP-1 mediated gene repression (Urrutia 2003). Additionally, in Arabidopsis, 

HP1 is involved in the silencing of genes involved in plant development, such as flowering 

time (Kotake et al. 2003; Nakahigashi et al. 2005). And finally, at least in fission yeast, het-

erochromatin silences repeat transcription, since pericentromeric heterochromatization by 

the RNAi machinery results in reduced repeat expression (Nakayama et al. 2001; Noma et al. 

2004; Hansen et al. 2005).

Heterochromatin allows for transcription
Heitz had to revise his hypothesis that heterochromatin is in general “genicly passive”, 

when the first essential heterochromatic genes were discovered by Morgan (Morgan 1925). 

However, the presence of transcribed heterochromatic genes was long seen as an exception 

to the rule. This perception of repressive heterochromatin is now being challenged by increas-

ing opposing evidence. First, the Drosophila heterochromatin genome project mapped over 

400 genes to pericentromeric heterochromatin (Hoskins et al. 2002). Thus heterochromatin 

is not the gene desert it was thought to be. These genes have intact open reading frames 

and many of them appear to have vital functions (Hediger and Gasser 2006; Yasuhara and 

Wakimoto 2006). Second, HP1 has been observed at several non-pericentric genes that are 

actively transcribed (Piacentini et al. 2003; Cryderman et al. 2005) and there is also evidence 

in mammals that a HP1 isoform (HP1γ) is recruited to actively transcribed non-pericentric 

genes. In fact, both HP1γ association and the accompanying H3K9 di- and trimethylation 

were demonstrated to be solely dependent on elongation by RNA Polymerase II (Vakoc et 

al. 2005). Finally, a recent study in fission yeast revealed that the HP1 homologue Swi 6 

recruits transcription-facilitating factors to heterochromatic centromeric repeats in fission 

yeast (Zofall and Grewal 2006).

This thesis: a genome-wide approach to study 
heterochromatin composition and function 

Although heterochromatin has been studied over decades using a variety of different 

approaches, we are still far from completely understanding its composition, formation, main-

tenance and function. Larry Sandler used to point out that PEV, one of the most striking 

manifestations of heterochromatin, falls into the category of genetic phenomena that per-

petually resist explanation, even after decades of promising investigation (Henikoff 1990). 

Current research suggests that heterochromatin is not a uniform entity and that therefore 

also the different aspects of heterochromatin, from its composition to its function, are likely 

to be diverse. A prerequisite for studying heterochromatin is to define it on a molecular basis. 
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For this we need a detailed, genome-wide map of the localization of as many heterochroma-

tin components as possible. Furthermore, we have to assess the expression and function of 

associated genes. After this inventory of heterochromatin, we can manipulate single hetero-

chromatin components and monitor their effect on other components, associated genes and 

other genomic features, such as transposable elements. This will be instrumental in revealing 

different heterochromatin complexes, gaining insight into the hierarchy of its members and 

determining their function(s).

 Detailed maps of heterochromatin components can be currently obtained by using either 

chromatin immuno-precipitation (ChIP) or DamID, which both produce genome-wide maps 

of heterochromatin components if used in combination with microarrays. We chose to use 

DamID, because it is independent on the availability of ChIP-grade antibodies, which were 

not existent for the major heterochromatin proteins HP1 and Su(var)3-9 and would also be 

necessary for the mapping of prospective novel heterochromatin proteins in Drosophila. 

Chapter 1 describes how we refined the original DamID protocol (van Steensel and Henikoff 

2000) in order to allow for a rapid and easy application of the technique. Therefore, a 

laborious and time consuming gradient centrifugation step that was used to isolate DNA 

fragments targeted by the chromatin proteins of interest, was replaced by a simple adapter-

mediated PCR. The selective amplification of targeted DNA fragments additionally allowed 

us to substantially downscale the protocol, because it required >20x less starting material. 

Furthermore, this chapter explains how microarrays can be used in combination with DamID 

to generate genome-wide maps of chromatin protein binding sites and introduces bioinfor-

matic approaches to analyze the generated data.

 In Chapter 2, the improved DamID protocol was used to map the major heterochromatin 

components HP1 and Su(var)3-9 in Drosophila Kc cells on cDNA arrays covering about 40% 

of the protein coding genome. These maps indicated the presence of different heterochro-

matin complexes. Additional expression profiling and mapping of HP1 in cells depleted of 

Su(var)3-9 by RNAi revealed that there are indeed at least three distinct heterochromatin 

complexes with distinct functions, which are localized to specific parts of the genome.

 In Chapter 3, we set out to identify novel heterochromatin proteins by cloning and DamID 

mapping of previously uncharacterized HP1-interacting proteins, utilizing a published yeast 

two-hybrid interaction screen. The mapping of these candidate heterochromatin proteins 

and assessing the effect of HP1 depletion on their localization unveiled four novel compo-

nents of heterochromatin. At least two of them suppress PEV, a property shared with all so 

far cloned heterochromatin proteins.

 The advent of high-resolution tiling arrays and improved expression profiling protocols, 

combined with novel and refined bioinformatic approaches, finally allowed us to study HP1-

chromatin at high-resolution in genic and in non-genic regions (Chapter 4). We found that 

the vast majority of heterochromatin is transcriptionally active. We additionally determined 

novel as well as verified postulated HP1 targeting signals and discovered a close relationship 

between Polycomb-chromatin domains and HP1-chromatin. 
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This thesis thus considerably advances our knowledge about the composition and function 

of heterochromatin. 
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Abstract

A large variety of proteins bind to specific parts of the genome to regulate gene expression, 

DNA replication, and chromatin structure. DamID is a powerful method used to map the 

genomic interaction sites of these proteins in vivo. It is based on fusing a protein of interest to 

E. coli DNA adenine methyltransferase (dam). Expression of this fusion protein in vivo leads to 

preferential methylation of adenines in DNA surrounding the native binding sites of the dam 

fusion partner. Because adenine methylation does not occur endogenously in most eukary-

otes, it provides a unique tag to mark protein interaction sites. The adenine-methylated DNA 

fragments are isolated by selective PCR amplification and can be identified by microarray 

hybridization. We and others have successfully applied DamID to the genome-wide identi-

fication of interaction sites of several transcription factors and other chromatin-associated 

proteins. Here the DamID technology is discussed in detail, and a step-by-step experimental 

protocol is provided for use in Drosophila cell lines.
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Introduction

Hundreds of nuclear proteins control transcription, replication, and chromatin structure. To 

understand the functions and molecular mechanisms of these proteins, it is essential to know 

in detail where they bind in the genome. 

 Although studies of protein-DNA interactions in vitro can be informative, they often 

cannot substitute for studies in vivo (Biggin, 2001). DamID is a method that allows the iden-

tification of the in vivo genomic binding sites of a wide range of proteins. So far, DamID has 

been successfully used to generate genome wide binding maps for a number of sequence-

specific factors such as GAGA factor (van Steensel et al., 2001; van Steensel et al., 2003), the 

Max family of transcriptional regulators (Orian et al., 2003), and the transcriptional repressor 

Hairy (Bianchi-Frias et al., 2004), as well as co-regulators and chromatin proteins such as HP1, 

dSir2, dCtBP and Groucho (van Steensel et al., 2001; Greil et al., 2003; Bianchi-Frias et al., 

2004). Most of the published DamID maps were generated using cultured Drosophila cells. 

With some minor modifications of the protocol, DamID may also be used to obtain protein 

binding maps of whole flies and larvae (de Wit et al., 2005) or even dissected tissues, and it 

should in principle be transferable to other biological systems such as mammalian cell lines 

(manuscript in preparation; (Song et al., 2004)).

Principle of DamID
The basic principle of DamID is outlined in Figure 1. For simplicity, we will use the term “chro-

matin protein” to denote any protein that interacts with specific parts of the genome (either 

directly or via other proteins). As a first step, a fusion protein is constructed consisting of E. 

coli DNA adenine methyltransferase (dam) and a chromatin protein of interest. Dam is a single 

polypeptide of 32 kDa that methylates the 6-position of adenines in double-stranded DNA 

Figure 1. Principle of DamID. A fusion protein is created consisting of dam methyltransferase and a 
protein of interest. When expressed in Drosophila, dam is targeted to the native binding sites of its fusion 
partner, resulting in local methylation of adenines in GATC sequences close to the binding sites. The 
genomic methylation pattern, which can be mapped using DNA microarrays, provides information on the 
location of the protein binding sites.
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within the sequence GATC (Barras and Marinus, 1989). Importantly, dam retains its methyl-

transferase activity when fused to other proteins either at its C- or N-terminus (van Steensel 

and Henikoff, 2000). Adenine methylation does not occur endogenously in Drosophila and 

most other eukaryotes, hence dam provides a unique tagging system to mark the genomic 

binding sites of chromatin proteins. Additionally, adenine methylation has only minor effects 

on DNA topology (Barras and Marinus, 1989), and toxicity studies in Drosophila have shown 

that it does not affect viability, fertility, or development (Wines et al., 1996; Boivin and Dura, 

1998), suggesting that it does not interfere with normal genome function. 

 Upon in vivo expression of the dam fusion protein, dam is targeted to the native genomic 

binding sites of its fusion partner. The resulting high local concentration of dam leads to pref-

erential methylation of adenines in GATC sequences that are close to the chromatin protein 

binding sites. The spreading of dam methylation of up to 5 kb from a binding site (van 

Steensel and Henikoff, 2000) and the high frequency of GATC sites in Drosophila (on average 

once every 200-300 bp) facilitates the probing of almost every region in the genome. 

 After a sufficient time span of expression of the dam fusion protein (typically 16-24 

hours), targeted dam methylation can be detected in individual genomic loci using Southern 

blotting or quantitative PCR assays (van Steensel and Henikoff, 2000). A far more powerful 

application of DamID involves the use of DNA microarrays to detect adenine methylation 

simultaneously in thousands of loci. Here, the adenine methylated regions are first cleaved 

by the restriction endonuclease DpnI, which selectively recognizes GmATC sites. Previously, 

we have used sucrose gradient centrifugation to isolate the methylated fragments based 

on their small size compared to unmethylated and therefore uncleaved genomic regions 

(van Steensel et al., 2001). We have recently improved this original protocol by replacing 

the sucrose gradient step with a methyl fragment-specific PCR reaction, which is less time 

consuming and results in an increased sensitivity of DamID (Greil et al., 2003). The isolated 

methylated fragments are subsequently labeled with a fluorescent dye and hybridized to 

microarrays containing DNA fragments or oligonucleotides representing genomic regions of 

interest.  From the detected methylation pattern, the binding sites of the chromatin protein 

can be inferred.

Correcting for untargeted binding of dam
An important aspect of methylation by dam fusion proteins is that targeting of dam to the 

binding sites of the chromatin protein is not perfect. Inevitably, some of the fusion protein 

is freely diffusing in the nucleus, and the high intrinsic affinity of dam for GATC sequences 

throughout the genome causes considerable levels of background methylation. Additionally, 

methylation by dam is modulated by the local structure of chromatin: DNA in condensed 

chromatin, such as heterochromatin, is generally less accessible to dam than DNA in tran-

scriptionally active, decondensed euchromatin (Gottschling, 1992; Singh and Klar, 1992; 

Wines et al., 1996; Boivin and Dura, 1998). 

 This problem is illustrated in Figure 2. If chromatin accessibility was uniform throughout the 

genome, methylation would be strongest near the binding site of the chromatin protein and 
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gradually decay over a distance of a few kb. Further away from the binding site a relatively low, 

constant level of methylation would occur due to non-targeted activity of dam (Fig. 2A). 

Figure 2B-C illustrates a more realistic scenario. Due to local variations in chromatin structure, 

some loci are more accessible than others (Fig. 2B). The degree of chromatin accessibility 

significantly affects the levels of background methylation, and possibly also the levels of 

targeted methylation (Fig. 2C). In fact, the background methylation in a non-target locus 

with an open chromatin structure may reach similar or even higher levels than the targeted 

methylation of a binding site of the chromatin protein of interest. Thus, without a correction 

of the observed methylation levels for chromatin accessibility, “open” chromatin regions will 

be mistaken for targets of the protein of interest. 

 The correction for background methylation is done by performing a control experiment 

in which the methylation levels of the same probed loci are measured after expression of 

unfused dam (Fig. 2D). Unfused dam is able to enter the cell nucleus in the absence of a 

nuclear localization signal, presumably because it is small enough to pass the nuclear pores 

by passive diffusion (van Steensel and Henikoff, 2000). The methylation data obtained with 

unfused dam are the used to correct the data obtained with the dam fusion protein. In 

practice, the best way to perform this correction is to calculate the ratio [methylation by 

dam-fusion : methylation by unfused dam]. With microarray platforms that support the use 

of two-color hybridizations, the dam-fusion and dam-only samples can be labeled with dif-

ferent dyes and cohybridized, and the dye ratio measured for each probed sequence can be 

taken as the methylation ratio. After normalization, a ratio >1 indicates binding of the protein 

of interest, whereas a ratio of ~1 indicates lack of binding (Fig. 2E). Examples of experimental 

data illustrating this correction procedure can be found in (van Steensel and Henikoff, 2000; 

van Steensel et al., 2001; Orian et al., 2003; van Steensel et al., 2003). 

Expression levels of dam and dam fusion proteins
Dam is highly active when expressed in Drosophila or mammalian cells. To avoid saturating 

levels of methylation in the genome, which would corrupt the quantitative approach outlined 

above, expression levels of dam fusion proteins and unfused dam must be kept very low. 

This can be achieved by using an extremely weak promoter to drive expression of the dam 

proteins. We have found that in Drosophila the hsp70 promoter, in the absence of heat-

shock, gives an appropriately low expression level for DamID (van Steensel and Henikoff, 

2000). At these levels, we have been unable to detect dam fusion proteins by immunofluo-

rescence microscopy or Western blotting (van Steensel and Henikoff, 2000), indicating that 

only trace amounts are present in the cell. An additional advantage of these low expression 

levels is that the dam fusion protein is less likely to interfere with the function of the endog-

enous chromatin protein or its target loci. 

 The importance of low expression levels should not be underestimated. For DamID in 

Drosophila cells we advise not to use other expression vectors than those listed below. Other 

promoters, such as the natural promoter of the gene encoding the chromatin protein of 

interest, typically drive expression levels that are too high.
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Figure 2. Simulation of methylation patterns that may be expected in a DamID experiment. Methylation 
levels are plotted along an imaginary genomic region of ~60 kbp containing one binding site for the chro-
matin protein of interest. A. In the hypothetical situation where DNA accessibility is equal along the entire 
genome, expression of a dam fusion protein will lead to strong methylation in the vicinity of the binding 
site (arrow). In addition, due to the intrinsic affinity of dam for DNA, a constant level of non-targeted 
methylation will occur in more distal regions. B. In a more realistic scenario, DNA accessibility varies along 
the chromosomal region (dark: inaccessible; light: accessible). C. The accessibility differences strongly 
affect the methylation pattern (compare to A). D. Accessibility can be directly estimated by measuring 
the methylation pattern after expression of dam only. E. Calculation of the methylation ratio [dam-fusion 
: dam only] reveals the protein binding site. The ratios are normalized by setting the median ratio of all 
probed loci to 1 (dotted line). 
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Despite the low nuclear concentration, the dam fusion protein appears to be readily able to 

compete for binding sites with the typically much more abundant endogenous chromatin 

protein. This may be explained by the extremely dynamic behavior of most chromatin proteins: 

photobleaching experiments have shown that virtually all chromatin proteins exchange within 

minutes between the genome-bound and free-diffusing states (Phair et al., 2004). Thus, 

exposure of cells to a dam fusion protein for several hours (~24 hours in a typical DamID exper-

iment) will allow the fusion protein molecules to visit and methylate most of their target loci. 

Comparison of DamID and ChIP  
Currently, there are two methods available for detection of in vivo protein-chromatin inter-

actions in higher eukaryotes: chromatin immunoprecipitation (ChIP) (Bernstein et al., 2004; 

Buck and Lieb, 2004; Ren and Dynlacht, 2004) and DamID. In ChIP, protein-DNA interactions 

are fixed by crosslinking, and the sites of protein-DNA association are identified by purifi-

cation of the crosslinked DNA fragments with an antibody against the protein of interest. 

DamID and ChIP each have distinct advantages and disadvantages. 

 First, ChIP requires an antibody with high specificity and avidity for the protein under 

investigation. DamID does not rely on an antibody, but it does require that the tethered 

dam does not interfere with the function of the chromatin protein, which has to be tested 

for each dam fusion protein. Second, DamID is not suitable for the detection of post-trans-

lational modifications such as histone modifications, in contrast to ChIP. Third, DamID can 

easily be used to study the effects of mutations on the targeting specificity of a chromatin 

protein, while this is often more difficult with ChIP. Fourth, the success of ChIP may depend 

on the “crosslinkability” of a protein (in most cases by formaldehyde), which is unpredictable. 

In addition, due to the crosslinking approach, ChIP might not be efficient in detecting tran-

sient protein-DNA interactions or interactions of proteins that do not bind to DNA directly 

but via other proteins. DamID has been used successfully to map binding sites of chromatin 

proteins that do not directly bind to the DNA (Greil et al., 2003; Bianchi-Frias et al., 2004), 

and may be more efficient in detecting transient protein-genome interactions, because the 

adenine methylation mark remains present after the protein has dissociated from its target 

DNA. Fifth, because crosslinking occurs within minutes, ChIP is more suited to monitor rapid 

changes in protein binding than DamID, which requires expression of the dam-fusion protein 

for at least several hours. Sixth, the mapping resolution of ChIP and DamID appear to be 

roughly comparable. For ChIP, fragment size depends on the degree of DNA shearing and is 

typically ~1 kb. For DamID we have originally reported a resolution of 2-5 kb (van Steensel 

and Henikoff, 2000; van Steensel et al., 2003). However, our recent unpublished observations 

using high density tiling arrays show that the resolution obtained with the DamID protocol 

described here can be higher (~1 kb) and may thus be close to the resolution of ChIP. System-

atic experimental comparisons of DamID and ChIP have not yet been reported.
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Materials

Construction of vectors encoding dam fusion proteins
1. Vectors pNDamMyc and pCMycDam. These plasmids can be obtained from the authors. 

Transfection of Kc cells
All materials should be sterile.

1. Cell culture medium, e.g. BPYE (Shields and Sang M3 Insect Medium supplemented with 

2.5 g/L bacto peptone, 1g/L yeast extract and 5% heat-inactivated fetal calf serum).

2. Cell-culture grade plastic 10 cm petridishes

3. Electroporation device, e.g., GenePulser II with Capacitance Extender module (BioRad, 

Hercules, USA). 

4. Electroporation cuvettes, 4 mm gap width (e.g. from Eppendorf, Hamburg, Germany, 

Cat. no. 4307-000-623).

5. T10E0.1: 10mM Tris, 0.1 mM EDTA, pH 7.5.

6. Sterile stocks of dam expression vectors (pNDamMyc and a vector encoding the dam 

fusion protein of interest), adjusted to at least 1 µg/µl in 10mM Tris, 0.1 mM EDTA, pH 7.5.  

Note: the pCMycDam plasmid cannot be used for expression of dam, because it does not 

contain a start codon.

Purification and digestion of genomic DNA 
1. Qiagen DNeasy Tissue kit (Qiagen, Hilden, Germany, Cat. no. 69504)

2. T10E0.1: 10 mM Tris pH 7.5, 0.1 mM EDTA 

3. 3M sodium acetate, pH 5.2 

4. DpnI restriction enzyme with NEB restriction buffer 4 (New England Biolabs, Ipswich, 

USA, Cat. no. R0176S)

5. Isopropanol

6. 70% ethanol

Ligation of Adaptors
1. Oligonucleotides (see Note 1): 

  100 µM AdRt  5’  CTAATACGACTCACTATAGGGCAGCGTGGTCGCGGCCGAGGA 3’ 

  100 µM AdRb  5’  TCCTCGGCCG 3’  

2. To generate double-stranded adaptor dsAdR: mix equal volumes of AdRt and AdRb, heat 

to 100°C for 1 minute, let cool down slowly (in about 20 minutes) to room temperature.

3. T4 DNA Ligase, 5 units/µl, and ligase buffer with ATP (Roche, Basel, Switzerland, Cat. no. 

799009)

DpnII digest
1. DpnII restriction enzyme and DpnII buffer (New England Biolabs, Ipswich, USA, Cat. no. 

R0543S)
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PCR
1. Advantage cDNA Polymerase mix (enzyme and buffer mix) (Clontech, Mountain View, 

USA, Cat. no. 8417-1)

2.  50 µM AdR_PCR  5’  GGTCGCGGCCGAGGATC 3’

3. dNTPs (PCR grade, 2.5 mM each)

4. QIAquick PCR Purification kit (Qiagen, Hilden, Germany, Cat. no. 28106)

5. PCR thermocycler

6. PCR tubes 

Methods

For a flow chart of the experimental steps see Fig. 3.

Construction of plasmids encoding dam fusion proteins
The plasmids pNDamMyc and pCMycDam contain a small number of restriction sites that can 

be used for insertion of the open reading frame of a chromatin protein of interest. Sequenc-

es and maps can be downloaded from http://www.nki.nl/nkidep/vansteensel. Dam can be 

fused either to the N-terminus (pNDamMyc) or the C-terminus (pCMycDam) of the chromatin 

protein, and it is recommended to try both possibilities. In both cases a myc epitope tag 

serves as a linker peptide between dam and its fusion partner. This tag can be used to detect 

the fusion proteins by Western blotting or immunofluorescence microscopy to confirm their 

correct size and localization. Note that in order to obtain a detectable amount of protein, the 

fusion protein should be overexpressed by heat shock induction. If possible, additional tests 

should be done to verify that the chromatin protein is still functional when fused to dam. 

 The plasmid pNDamMyc without any additional insert is used to express myc-tagged dam 

only. The plasmids are based on the standard P-element plasmid pP{CaSpeR-hs} and can be 

used for transient transfection of cultured cell lines as well as for germline transformation 

(see Note 2). This chapter focuses on transfection of the embryonal Kc cell line. 

Transfection of cultured Drosophila Kc cells
An essential requirement for the success of DamID in cultured cells is a sufficient transfection 

efficiency. For some proteins, transfection efficiency can be easily monitored by immuno-

fluorescence microscopy. These are proteins that either localize to a defined region of the 

nucleus or proteins that are very stable. Proteins with a more diffuse nuclear localization, 

such as dam itself, or proteins with a high turnover rate are more difficult to detect. If trans-

fection rates cannot be measured, successful DNA methylation by the fusion protein can still 

be estimated from the products of the methyl-PCR (see section “PCR”).

 In each experiment, three different transfections are carried out: (A) empty plasmid 

pP{CaSpeR-hs}; (B) pNDamMyc; (C) the plasmid encoding the dam fusion protein. A protocol 
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Figure 3. Outline of the DamID method A. Flow-chart of a typical DamID experiment. Dashed boxes 
indicate quality control points. B. Diagram depicting the steps during the isolation of methylated regions. 
Genomic DNA is depicted as a horizontal line and each vertical line marks a GATC site. Asterisks mark 
methylated GATC sites and arrows depict ligated adapters that are used to specifically amplify methylated 
fragments in the PCR step. C. Typical agarose gel of methyl PCR products originating from cells trans-
fected with plasmids containing different dam fusions (lane 2-4), dam only (lane 5) or empty vector (lane 
6). The remaining lanes contain control reactions of the sample amplified in lane 2 omitting DpnI (lane 7) 
or ligase (lane 8). In lane 9, no template was added to the PCR reaction.
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is provided here for electroporation of Kc cells. Because there are several different sub-lines 

of Kc cells, it may be necessary to optimize various parameters, such as cell growth condi-

tions, plasmid concentration, electroporation field strength and pulse length (see Note 3). 

We have not tested this protocol on other cell lines. All materials should be sterile and all 

steps should be carried out in a cell culture flow hood under sterile conditions. All steps are 

performed at room temperature, because cold negatively affects transfection efficiencies.

 Two days before transfection: split cells to 5 * 105 cells/ml in culture medium in a 10 cm dish 

(total volume: 10-12 ml). Prepare 1 dish for each transfection.

 On the day of transfection:

1. For each transfection pipet 10 ml medium in a 10 cm dish. Allow medium to adjust to room 

temperature.

2. Pipet 20 µg  plasmid DNA for each transfection into a separate cuvette. Do not forget to take 

along a control with 20 µg pP{CaSpeR-hs} DNA (empty plasmid).

3. Count the cells of  1-2 plates to ensure that the density is ∼ 2 * 106 cells/ml. If the cell density is 

lower, do not proceed, because transfection efficiency might decrease and DNA yield may be 

too low. Collect and pool the cells in 50 ml tubes. Spin cells at 800 g for 3 min. 

4. Remove the supernatant and resuspend cells in 900 µl culture medium per transfection (e.g. 

2.7 ml for three transfections).

5. Add 800 µl of this cell suspension to each cuvette and pipet up and down 2-3 times to mix.

6. Electroporate the cells at 1000 µF and 250 V.

7. Wait 5 min.

8. Transfer 700 µl to each 10 cm dish, avoiding the viscous layer of dead cells floating at the top 

of the cuvette.

9. Incubate the cells at 23.5°C for ~24 hours.

Isolation and digestion of genomic DNA
Genomic DNA (gDNA) is isolated using the DNeasy kit from Qiagen as specified by the manu-

facturer. To obtain the methylated fragments, the genomic DNA is digested with DpnI, a 

restriction enzyme that cleaves only Gm6ATC sites and not unmethylated GATC sites. 

1. Twenty-four hours after transfection (see Note 4), spin down the transfected cells in 15 ml 

tubes (800 g; 10 min). Note that these cells were not subjected to heat-shock. It is possible to 

freeze the cell pellets for long-term storage at this step (see Note 5).

2. Remove supernatant and use cells for genomic DNA isolation with DNeasy Tissue kit from 

Qiagen. It is essential to always process samples from the three transfections (A, B, and C) in 

parallel. Add RNaseA as described in the DNeasy protocol. To avoid shearing, do not vortex the 

DNA solution at any time, but mix well by inverting the tubes. 

3. Precipitate the genomic DNA (gDNA): Add 2 volumes 100% EtOH, 0.1 volume sodium acetate 

(3M) and mix. Centrifuge at 4 °C for 20 min at 14 000 rpm/ 21 000 g in a tabletop centrifuge. 
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Remove the supernatant and carefully wash the pellet with 70% EtOH. Air dry the pellet, and 

then resuspend the pellet in the appropriate volume of T
10

E
0.1

 (10-20 µl) for a DNA concentra-

tion of 200-400 ng/µl.

4. Digest 2.5 µg gDNA of each transfection sample with 10 units DpnI in NEB buffer 4 (see 

Note 6). The final volume should be 10 µl. Include a control with 2.5 µg gDNA of transfection 

sample C omitting DpnI. This will be taken along during all subsequent steps and serve as a 

control for the GmATC specificity of DpnI. Digest over night at 37 °C. Either perform digestion 

in a PCR thermocycler with a heated lid or eppendorf tubes submerged in a water bath, to 

prevent condensation of the sample in the lid of the tube. 

5. Inactivate DpnI for 20 min at 80 °C.

Ligation of adaptors to methylated DNA fragments
After digestion of the genomic DNA with DpnI, a double-stranded adaptor oligonucleotide is 

ligated to the cleaved DNA ends. 

1. Take 5 µl of the DpnI-digested gDNA, and add: 2 µl 10x ligation buffer (Roche), 0.8 µl ds AdR 

(50 µM), 1 µl T4 ligase (5U/µl, Roche), and 11.2 µl H2O. Include a DpnI-digested control sample 

of (C) omitting T4 ligase. This will be taken along during all subsequent steps and serve as a 

control for the adapter specific amplification of methylated fragments. Ligate for 2 h at 16 °C 

in a PCR thermocycler (over night ligation is also possible).

2. Inactivate T4 ligase for 10 min at 65 °C.

DpnII digest
Following ligation, the DNA is treated with DpnII (or with an isoschizomer such as MboI 

or NdeII), which only cuts unmethylated GATC. Like DpnI, DpnII displays high specificity 

with regard to the adenine methylation status of GATC sequences. The sequential use of 

DpnI and DpnII creates a double selection for methylated DNA fragments: only methylated 

GATC sequences are cut by DpnI and therefore ligated to the adaptors, and only fragments 

in which all GATCs are methylated are resistant to degradation by DpnII and can therefore 

be amplified. We find that this double selection allows for highly selective amplification of 

methylated genomic regions.  

1. Add 8 µl 10x DpnII buffer, 0.5 µl DpnII enzyme (10U/µl), and 51.5 µl H2O to the 20 µl ligation 

reaction. Mix and digest 1 h at 37 °C.

PCR
For PCR amplification of the methylated fragments a primer is used that is complementary 

to the adaptor sequence. Because of the involvement of PCR, this part of the protocol is 

potentially sensitive to artifacts. Although some sequences are undoubtedly amplified less 

efficiently than others in the PCR reaction, we have optimized the entire protocol to ensure 

that sequence biases equally affect the experimental and the reference sample.
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After PCR amplification of the methylated fragments the PCR-products should be analyzed 

on an agarose gel. The most prominent products will be bands from amplified methylated 

plasmid DNA, but a smear of genomic methylated fragments should be clearly visible. It 

is not possible to avoid amplification of the plasmid by isolating the plasmids from dam- 

bacteria: we found that methylation of the plasmid still occurs by leaky expression of the dam 

(-fusion) from the plasmid. If the DNA smear from cells infected with the fusion protein and 

the dam-only (samples B and C) is clearly stronger than in the empty plasmid control (sample 

A), the experiment can be continued.  

1. Perform PCR reactions for all samples in parallel and include a negative control without template. 

Use 20 µl DpnII digested gDNA and add: 8 µl 10x cDNA PCR reaction buffer (Clontech), 1.25 µl 

primer Adr-PCR (50 µM), 4 µl dNTP’s (2.5 mM each), 1.6 µl PCR Advantage enzyme mix (50x, 

Clontech), and 45.15 µl H2O, to a final volume of 80 µl. Run the following PCR program: 

  
 1) 68 °C 10 min

 2) 94 °C  1 min

 3) 65 °C  5 min

 4) 68 °C 15 min

 5) 94 °C  1 min

 6) 65 °C  1 min

 7) 68 °C 10 min

 8) Repeat steps 5-7 3x 

 9) 94 °C 1 min

 10) 65 °C 1 min

 11) 68 °C 2 min

 12) Repeat steps 9-11 14-17x. (see Note 7) 

 13) 4 °C 

2. Digest 5 µl PCR product with 5 units of DpnII for 2 hours and analyze on a 1% agarose gel. The 

dam only and dam fusion reactions should show a smear of genomic fragments that is clearly 

stronger than the background smear from sample A, (empty vector), but all other samples 

should be negative (see Fig. 3C and Notes 8,9).

3. Purify samples with the Qiaquick PCR purification kit and quantify with a spectrophotometer. 

The final yield is typically between 4 and 7 µg.

Sample labeling and microarray hybridizations
The sample labeling and hybridization protocols depend on the type of microarray that 

is used. Ideally, microarrays covering genic and intergenic regions are used, such as the 

genomic tiling arrays now offered by several companies (e.g. Affymetrix, Santa Clara, USA; 
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Agilent, Palo Alto, USA; NimbleGen, Madison, USA).  However, because of the spreading 

of targeted dam methylation, cDNA arrays have also been successfully employed to detect 

protein binding to regulatory elements in the vicinity of coding regions (van Steensel and 

Henikoff, 2000; van Steensel et al., 2001; Orian et al., 2003; van Steensel et al., 2003). When 

using cDNA arrays, it is not possible to distinguish between binding to regulatory elements in 

the vicinity of coding regions and binding in the coding region itself, so care should be taken 

when interpreting results. Oligonucleotide arrays used for expression profiling are often 

designed to probe only the 3’ ends of genes, hence such arrays are probably less suitable for 

detection of protein binding to promoter regions. 

 For probing of cDNA and genomic tiling arrays, we label the amplified methylated frag-

ments using the protocol described by Pollack et al (Pollack et al., 1999) (see Note 10). 

Labeling reactions are performed in parallel for methylated DNA from transfections B and C, 

each with a different Cy dye (see Notes 11,12). 

	 It should be mentioned that in some cases the large amounts of methylated fragments 

originating from the co-amplified transfected plasmid DNA might cause background problems 

during hybridization. This background may occur if sequences present on the microarray 

have partial homology to sequences present in the plasmid and if the hybridization condi-

tions are not sufficiently stringent. This problem may be identified by sequence alignment 

of candidate ‘target’ loci to the plasmid sequence. To suppress this plasmid cross-hybridiza-

tion it is recommended to include 25 µg DpnI-digested and subsequently purified plasmid 

DNA (i.e., the plasmid used in transfection C) in the hybridization mix. If this is not sufficient, 

the genomic DNA might be separated from the plasmid DNA on an agarose gel prior to 

DpnI digestion. Alternatively, the generation of stable cell lines expressing dam and the dam 

fusion should be considered. 

Data processing and analysis
The parameter that provides the best estimate of protein binding is the ratio [methylation 

by dam fusion : methylation by dam only]. For the microarray-based detection as described 

here, this methylation ratio is approximated by the fluorescence ratio [transfection C : trans-

fection B] of each spot on the array. 

 Typically, the measured fluorescence ratios are background-corrected and normalized. 

Ideally, the data would be normalized relative to one or more control loci that are known 

not to bind the protein under investigation. In most cases such loci are not known with cer-

tainty, and therefore the data are often normalized to the median ratio of all spots on the 

array. Here, the underlying assumption is that the vast majority of loci are not bound by the 

chromatin protein. More advanced methods of normalization have been described (Quacken-

bush, 2002).

 Because the cells are typically exposed to the dam fusion protein for ~24 hours, the fluo-

rescence ratios reflect the average binding of the chromatin protein over the entire cell cycle 

(Kc cells have a doubling time of ~24 hours at room temperature). Moreover, the fluorescence 

ratio of a probed locus depends not only on the number of chromatin protein molecules 
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bound, but also on the distance of the binding sites from the probed region. Hence, caution 

should be taken when interpreting the results.

For practical purposes, it is often desirable to identify loci with statistically significantly 

increased ratios. Several algorithms have been described for statistical analysis of microar-

ray data (Nadon and Shoemaker, 2002; Slonim, 2002), and most of these can be applied to 

DamID data sets. Bioinformatics tools are also available for the identification of sequence 

motifs that correlate with the binding pattern of a chromatin protein, e.g., the REDUCE algo-

rithm (Orian et al., 2003; van Steensel et al., 2003).

Notes

1.  The 5’ ends of the adaptor oligonucleotides are not phosphorylated. This prevents self-ligation 

of the adaptors. The oligonucleotide AdRt may be longer than is strictly necessary; however 

shorter versions have not been tested.

2. Some difficulties have been reported with obtaining germline transformants when using the 

pNDamMyc and pCMycDam vectors. Recloning of the dam fusion protein open reading frame 

into the vector pP{UAST} solved these difficulties. The pP{UAST} vector is suited for obtaining 

the required low expression levels (BvS, unpublished results, (Wines et al., 1996)).

3. Occasionally, we have experienced times when the transfection efficiency of Kc cells dropped 

dramatically. This seemed to be related, at least in part, to certain batches of culture medium. 

Switching to a different batch or to a different type of medium may solve the problem. Other 

factors that may affect the transfection efficiency are cell density and purity of the plasmid 

preparations. Plasmid DNA should be taken up in T10E0.1, not in water, to avoid degradation. 

Some laboratories have observed an increase in transfection efficiency when 10 mM glutamine 

is added to the culture medium.  

4.  We have not varied the duration between electroporation and the isolation of genomic DNA. 

Hence, all protein binding data obtained with this method represent the average binding over 

~24 hours. In theory, a shorter time span could provide greater time resolution, which could be 

used to study changes in protein binding throughout the cell cycle for example. Longer time 

spans have not been tested.

5.  It is possible to freeze the cells 24 hours after transfection and perform the gDNA isolation at 

a later stage, for example after assesing the transfection efficiency by immunofluorescence 

microscopy. To freeze, pellet the cells by centrifugation, remove the supernatant, and snap-

freeze in a dry ice-ethanol bath. Store the cells for up to several weeks at -80°C. For subsequent 

gDNA isolation, treat the cells as mentioned in the DNeasy manual.

6.  In principle, this protocol may be scaled down further, or may be tested for use with dam and 

dam fusion transformed flies, embryos, etc. Note that the reliability and reproducibility should 

be vigorously tested when adjustments are made to this protocol.
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7.  For Kc cells grown in BPYE medium, the optimum amount of cycles is 17. For other cells/

medium this number may need to be optimized. Ideally, the PCR should yield 4-10 µg DNA.

8.  In the control reactions (no DpnI, no ligase and no PCR template), the PCR should yield no 

product.

9.  During the ligation step, often two or more DNA fragments are randomly concatenated 

between adaptor molecules. This causes the banded pattern of co-amplified plasmid frag-

ments in the PCR products to appear rather fuzzy. These bands become sharper when the 

PCR product is post-digested with DpnII. Between the bands, a smear of methylated gDNA 

fragments should still be visible. If no smear is detected between the plasmid bands after post-

PCR digestion with DpnII, then too little methylation of genomic DNA may have taken place 

(possibly due to lack of expression of the dam protein or low transfection efficiency).

10.  Other labeling protocols may be used, but we find this protocol to be extremely robust.

1.  It is important to perform ‘dye swaps’, i.e. to perform two separate array hybridizations, one 

with the orientation of the dyes for the experimental and reference sample switched, to rule 

out dye-bias effects in the microarray hybridizations.

2.  To test the reproducibility of the protocol (particularly of the PCR reaction), it is recommended 

to carry out the following control experiment: perform the entire protocol from the ligation 

step to the PCR reaction in duplicate, starting from a single sample of DpnI-digested DNA 

from either transfection B or C. Label one of the duplicate PCR products with Cy3, and the 

other with Cy5, and perform a microarray hybridization. Such a “self-versus-self” experiment 

provides a good estimate of the technical reproducibility of the protocol. Note that biological 

reproducibility should also be addressed, by repeating the entire experiment several times on 

different days.
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Abstract

Heterochromatin proteins are thought to play key roles in chromatin structure and gene 

regulation, yet very few genes have been identified that are regulated by these proteins. We 

have performed large-scale mapping and analysis of in vivo target loci of the proteins HP1, 

HP1c, and Su(var)3-9 in Drosophila Kc cells, which are of embryonic origin. For each protein, 

we identified about 100-200 target genes among >6,000 probed loci. We found that HP1 

and Su(var)3-9 bind together to transposable elements and genes that are predominantly peri-

centric. In addition, Su(var)3-9 binds without HP1 to a distinct set of non-pericentric genes. 

On chromosome 4, HP1 binds to many genes mostly independently of Su(var)3-9. The binding 

pattern of HP1c is largely different from that of HP1 and Su(var)3-9. Target genes of HP1 and 

Su(var)3-9 show lower expression levels in Kc cells than non-target genes, but not if they are 

located in pericentric regions. Strikingly, in pericentric regions target genes of Su(var)3-9 and 

HP1 are predominantly embryo-specific genes, whereas on the chromosome arms Su(var)3-9 

is preferentially associated with a set of male-specific genes. These results demonstrate that, 

depending on chromosomal location, the HP1 and Su(var)3-9 proteins form different com-

plexes that associate with specific sets of developmentally co-expressed genes. 
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Introduction

Heterochromatin, originally defined as regions of chromatin that remain condensed through-

out the cell cycle (Heitz 1928), is thought to play a major role in epigenetic regulation of gene 

expression. Heterochromatin is localized predominantly at pericentric chromosomal regions 

and at telomeres, but has also been observed in small patches within euchromatic regions, 

so-called intercalary heterochromatin (Zhimulev et al. 1982). Heterochromatin has certain 

characteristic features, such as reduced chromatin accessibility, late replication in S-phase, 

low gene density, low or absent recombination, and unique histone modifications (Henikoff 

2000; Jenuwein 2001; Richards and Elgin 2002), although not all of these features necessar-

ily occur simultaneously. Extensive studies of chromosome rearrangements and transgene 

insertions in various organisms have demonstrated repressive effects of heterochromatin on 

gene expression (Eissenberg and Elgin 2000; Henikoff 2000; Jenuwein 2001; Richards and 

Elgin 2002).

 Drosophila heterochromatin contains several characteristic non-histone chromatin 

proteins. Two of these, HP1 and Su(var)3-9, are strongly concentrated in pericentric hetero-

chromatin (James et al. 1989; Schotta et al. 2002) and are required for silencing of reporter 

genes by heterochromatin (reviewed in ((Weiler and Wakimoto 1995)). Homologs of both 

proteins exist in various other organisms, including fission yeast, mice and humans. Su(var)3-

9 and its orthologs display methyltransferase activity with a high specificity for lysine 9 of 

histone H3 (H3K9) (Rea et al. 2000; Czermin et al. 2001; Nakayama et al. 2001; Schotta et al. 

2002). Methylated H3K9 in turn is recognized by HP1 proteins through a conserved protein 

domain termed the chromodomain (Bannister et al. 2001; Lachner et al. 2001; Jacobs and 

Khorasanizadeh 2002; Nielsen et al. 2002). In addition, HP1 proteins and Su(var)3-9 homologs 

can interact directly (Aagaard et al. 1999; Schotta et al. 2002). These observations suggest 

that a heterochromatin complex is formed due to the triangle of interactions between HP1, 

Su(var)3-9, and (methylated) H3K9. Consistent with this model, HP1 recruitment to pericen-

tric heterochromatin is dependent on Su(var)3-9 (Ekwall et al. 1996; Bannister et al. 2001; 

Lachner et al. 2001; Schotta et al. 2002), and vice versa (Schotta et al. 2002). However, this 

model does not address the mechanism underlying the locus-specificity of heterochromatin 

assembly. Additional mechanisms must exist that direct heterochromatin to certain parts of 

the genome and not to others. Investigation of such mechanisms has so far been difficult, 

because a comprehensive list of genomic targets of HP1 and Su(var)3-9 is not available.

 In most studies of heterochromatin function, reporter genes were used that are not natu-

rally located within heterochromatin. Location of such euchromatic reporter genes within or 

nearby heterochromatic regions typically leads to repression of these genes. Paradoxically, 

two genes that are naturally embedded in pericentric heterochromatin were found not to be 

repressed; instead, they appear to require a heterochromatic environment for proper expres-

sion (Clegg et al. 1998; Weiler and Wakimoto 1998; Lu et al. 2000). These observations 

indicated that the effects of heterochromatin on gene expression are gene-specific, and that 
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the use of reporter genes may have provided a biased view of the roles of heterochromatin 

in gene regulation. 

 To obtain insight into the global roles of HP1 and Su(var)3-9 proteins in gene regulation, 

we have performed large-scale mapping of their target genes in Drosophila cells. The results 

not only provide a comprehensive overview of the sets of genes that are associated with 

these proteins, but also reveal that HP1 and Su(var)3-9 can bind together or independently 

of one another. The target specificity of these different complexes is strongly correlated 

with chromosomal position. Moreover, we demonstrate that distinct complexes associate 

with specific classes of developmentally co-regulated genes, and that these classes of target 

genes are non-randomly distributed along the chromosomes.

Results

Highly sensitive mapping of chromatin protein target loci
We used the previously described DamID chromatin profiling technique (van Steensel and 

Henikoff 2000; van Steensel et al. 2001) to map in vivo target genes of HP1 and Su(var)3-

9 in cultured Drosophila melanogaster Kc167 cells. In brief, this technique involves in vivo 

expression of a trace amount of a chromatin protein of interest fused to Escherichia coli DNA 

adenine methyltransferase (Dam). As a result, DNA in the target loci of the chromatin protein 

is preferentially methylated by the tethered Dam. Subsequently, methylated DNA fragments 

are selectively isolated, labelled with a fluorescent dye, and hybridized to a microarray. To 

correct for non-specific binding of Dam and local differences in DNA accessibility, methylated 

DNA fragments of control cells transfected with Dam alone are labelled with a different fluo-

rescent dye and co-hybridized. The obtained ratio of fluorescent dyes reflects the extent of 

protein binding to the probed gene (van Steensel et al. 2001). 

 We refined the previously reported protocol by replacing the purification of methylated 

fragments with a PCR-based selective amplification of methylated fragments (Supplemen-

tary Information, Figure S1). Control experiments confirmed that the relative abundance of 

methylated sequences was conserved in the PCR amplification step (Supplementary Informa-

tion, Figure S1, and data not shown). This new protocol is much more efficient and requires 

considerably smaller amounts (>20-fold reduction) of genomic DNA compared to the original 

protocol. 

 Previously, we successfully used the DamID technology and a microarray of ~300 cDNA 

fragments to identify a small number of target loci of HP1 (van Steensel et al. 2001). Here, 

we used a more comprehensive cDNA array containing over 6,200 cDNA fragments, repre-

senting about 40% of the coding Drosophila genome. The cDNA fragments were derived 

from seven libraries from five different tissues and developmental stages (see Methods), 

thus minimizing the possibility of bias in our screen. Because methylation by tethered Dam 

spreads ~2 kb from the binding site of its fusion partner (van Steensel and Henikoff 2000; 
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van Steensel et al. 2003), this cDNA array enabled us to detect protein binding to the genes 

themselves as well as to most promoters and other regulatory elements in the vicinity of 

these genes. 

Figure 1. Chromosomal distribution of HP1 binding. Each vertical line represents the average Dam-HP1:
Dam methylation ratio of a probed gene at its chromosomal position (in Mb). Red lines indicate statisti-
cally significant HP1 target genes (see methods). Gray lines depict standard deviations. A, right arm of 
chromosome 2 (total 1,212 probed genes). B, chromosome 4. C, close-up of the pericentric region of 
chromosome 2. Gray oval depicts the centromere. Width of  the vertical lines in B and C indicates the 
size of the probed regions, with the exception of the repetitive histone gene cluster (HisC), which has not 
been fully sequenced Colour image: see page 142

Chromosomal distribution of HP1
First, we generated detailed chromosomal maps of HP1 binding. An example is shown in figure 

1A, depicting the observed Dam-HP1:Dam methylation ratios for 1,212 genes on the right arm 

of chromosome 2. Most of the genes analyzed have a methylation ratio of ~1, indicating that 

they are not bound by HP1. However, a small percentage of the probed genes show a clearly 

elevated ratio, indicating HP1-targeted methylation. Importantly, this HP1 binding pattern is 

strikingly different from that of four unrelated proteins (GAGA factor (van Steensel et al. 

2003), and dMyc, dMnt, and dMax (Orian et al. 2003); data not shown), indicating that our 

mapping technique is highly specific (see also Su(var)3-9 and HP1c data below).

 In total, we identified 218 loci that are significantly associated with HP1 (see methods 

section). Of these target loci, 152 are unique genes (figure 2); in addition, 56 targets contain 

repetitive sequences, 46 of which correspond to 27 unique transposable elements (TEs). 

Our previous small-scale mapping study also revealed abundant binding of HP1 to TEs (van 

Steensel et al. 2001). For the remaining 10 positive probes we were unable to obtain reliable 

annotations.

 Consistent with immunofluorescent labeling of HP1 on polytene chromosomes (James et 

al. 1989), we observed a strong enrichment of HP1 targets in pericentric regions and on the 

predominantly heterochromatic chromosome 4 (figures 1- 2). We found significant binding of 
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HP1 to 61 genes in pericentric regions (operationally defined as genes located <1Mb from the 

proximal ends of the sequenced parts of each of the chromosomes X, 2 and 3) and on chro-

mosome 4. The genes light and rolled, two extensively studied pericentric heterochromatic 

genes (Wakimoto and Hearn 1990; Hearn et al. 1991; Lu et al. 2000), were not represented 

on our microarray. We therefore probed these genes separately and confirmed that both are 

indeed bound by HP1 (Supplementary Information, figure S4).

 In addition to the pericentric binding, we observed association of HP1 with 91 genes dis-

persed on the distal chromosomal regions. The previously reported abundant association of 

HP1 with most of region 31 on the left arm of chromosome 2 in salivary gland chromosomes, 

as observed by immunofluorescence microscopy (James et al. 1989), was not detectable 

in our experiments. Out of 50 genes tested in region 31, we found only three genes to be 

associated with HP1 (fig 2). This discrepancy might be due to tissue-specific differences in 

the binding pattern of HP1 (see discussion). We did observe binding of HP1 to subtelomeric 

genes (see supplementary data, table S1), consistent with immunostaining of HP1 at the tips 

of polytene chromosomes (Fanti et al. 1998).

 HP1-containing heterochromatin is thought to be able to ‘spread’ in cis along the chro-

matin fiber (Henikoff 2000; Dhillon and Kamakaka 2002; Grewal and Elgin 2002; Richards 

and Elgin 2002), but whether spreading over long distances occurs in a continuous or dis-

continous fashion has been matter of debate (Talbert and Henikoff 2000). Closer inspection 

of the HP1 pattern in the pericentric regions and on chromosome 4 revealed that HP1 is not 

continuously distributed in these regions (Figure 1B and C). Rather, pericentric HP1 target 

and non-target genes are interspersed, in agreement with a banded HP1 staining pattern 

in these regions of polytene chromosomes ((James et al. 1989; Sun et al. 2000) and BvS, 

unpublished observations). 

Partial overlap of HP1 and Su(var)3-9 binding patterns.
The reported interactions between HP1 proteins and Su(var)3-9 orthologs (Ekwall et al. 

1996; Aagaard et al. 1999; Melcher et al. 2000; Bannister et al. 2001; Lachner et al. 2001), 

in particular between Drosophila HP1 and Su(var)3-9 (Schotta et al. 2002), predicted that the 

binding patterns of these two proteins match closely. To test this, we performed mapping of 

Su(var)3-9 binding using the same approach and conditions as for HP1. In total, we identi-

fied 127 target loci for Su(var)3-9. Of these, 86 probes corresponded to unique genes (figure 

2); 32 targets contained repetitive sequences, 27 of which corresponded to 19 distinct TEs. 

Figure 2. Genomic distribution of HP1, HP1c and Su(var)3-9 targets. Each tick marks a probed locus 
(6,260 annotated loci in total). Colored dots mark significant binding sites of each protein (see methods). 
See legend box for color code. Genes with a known function are marked with an arrow and the gene 
name. Annotations are according to BDGP Release 3.1. Xh, 2h and 3h represent heterochromatic parts 
of the genome that have not been precisely mapped yet. TEs, transposable elements. Because most TEs 
occur at multiple positions in the genome, they  are not shown on the chromosomal maps but listed sepa-
rately, in alphabetical order. TEs listed multiple times were represented by more than one probe on the 
microarray. Region 31 on chromosome 2L is indicated by a black bar.Colour image: see page 143
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Thus, like HP1, Su(var)3-9 shows a strong preference for TEs, and also binds to a large set of 

single-copy genes. 

 By means of a bivariate scatter plot (Figure 3A) we compared the binding patterns of 

HP1 and Su(var)3-9. Surprisingly, we found clear evidence for two distinct sets of Su(var)3-

9 target loci. One set of loci binds both HP1 and Su(var)3-9 and displays approximately the 

same methylation ratios for both proteins, suggestive of a roughly constant stoichometry 

of the two proteins within this set of loci. A second set of loci displays strong binding of 

Su(var)3-9, but no detectable HP1 binding (see vertical ‘tail’ in figure 3A). These results are in 

general agreement with the view that HP1 binding is dependent on Su(var)3-9, but they also 

demonstrate that the presence of Su(var)3-9 is not sufficient for localization of HP1. We also 

identified loci with significant levels of HP1 binding but no significant Su(var)3-9 levels (figure 

2). However, these loci do not form a clearly separate group in the scatterplot (figure 3A).  

Figure 3. Position-dependent relationships between HP1 and Su(var)3-9 binding. A-E, Comparison of HP1 
and Su(var)3-9 binding. Data are average ratios from three independent experiments. A, bivariate scatter-
plot of Dam-fusion:Dam ratios of HP1  and Su(var)3-9 of all probed loci.  B-E, same as in A, with solid dots 
marking pericentric single copy genes on chromosomes X, 2, and 3 (B); non-pericentric single copy genes 
(C); transposable elements (D), genes on chromosome 4 (E). F, Loss of HP1 binding after RNAi-mediated 
knockdown of Su(var)3-9. HP1 binding (expressed as Dam-HP1:Dam ratios) was mapped in cells treated 
with either Su(var)3-9 dsRNA or with white dsRNA. Solid squares represent genes on chromosome 4; 
open circles mark genes on other chromosomes and TEs. Dotted line marks the diagonal (slope =1); other 
lines show linear regression fitting for the data from genes on chromosome 4 (dashed line; slope = 0.47) 
and from genes on other chromosomes and TEs (solid line; slope = 0.22). Data are average ratios of 2 
independent experiments.
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When we compared the chromosomal distribution of HP1 and Su(var)3-9 targets, we found 

that co-localization of the two proteins occurs primarily at pericentric genes of the three large 

chromosomes (fig 3B), whereas genes that bind exclusively Su(var)3-9 are enriched in non-peri-

centric regions (figure 3C). Repetitive elements, most of which are concentrated in pericentric 

regions (Bartolomé et al. 2002), also display co-binding of HP1 and Su(var)3-9, and rarely bind 

Su(var)3-9 alone (figure 3D). These results demonstrate that the interaction between HP1 and 

Su(var)3-9 is not universal, but occurs predominantly in pericentric regions. 

 Many genes on chromosome 4 show very low levels of Su(var)3-9 binding (figure 3E), 

suggesting that on this chromosome the binding of HP1 may often occur independently of 

Su(var)3-9. Earlier microscopy analysis of Green Fluorescent Protein-tagged HP1 localization 

in salivary gland nuclei (Schotta et al. 2002) demonstrated that HP1 binding to the chromo-

center is strongly reduced in Su(var)3-9 deficient larvae when compared to wild type larvae. 

In contrast, HP1 binding to chromosome 4 was mostly retained in a Su(var)3-9 mutant back-

ground (Schotta et al. 2002). We therefore tested whether the binding of HP1 to genes on 

chromosome 4 was independent on the presence of Su(var)3-9 in Kc cells. 

 We performed DamID mapping of HP1 binding after RNA interference (RNAi) of Su(var)3-

9. As a control, we treated cells with dsRNA of the white gene, which is not functional in 

Kc cells. Immunofluorescence microscopy and Western blotting confirmed that Su(var)3-9 

was largely depleted in Su(var)3-9 RNAi cells compared to white RNAi cells (Supplemen-

tary Information, Figure S2, and data not shown). Moreover, in nuclei of Su(var)3-9 dsRNA 

treated cells we observed reduced HP1 staining of the chromocenter accompanied by a 

somewhat increased staining of the euchromatic regions of the nucleus (data not shown). 

After DamID mapping of HP1 binding in these cells, we observed that, in agreement with the 

findings by Schotta and colleagues, the general binding of HP1 to its target genes is strongly 

reduced (figure 3F). On average, the Dam-HP1:Dam ratios in Su(var)3-9 dsRNA-treated cells 

were reduced by a factor of 3-4 compared to white dsRNA-treated cells. Importantly, HP1 

targets on the fourth chromosome were clearly less affected  than those situated on other 

chromosomes. Taken together with the absence of Su(var)3-9 from many HP1 target genes 

on chromosome 4 under normal conditions (figure 3E), these results indicate that binding of 

HP1 to genes on chromosome 4 is for a large part independent of Su(var)3-9. 

 In contrast to the genes on chromosome 4, many genes on chromosomes X, 2 and 3 that 

were scored as targets of HP1 but not of Su(var)3-9 (i.e., genes marked by red but not by 

green dots in figure 2) displayed a loss of HP1 binding upon depletion of Su(var)3-9 (figure 

3F and data not shown). This suggests that these genes were incorrectly scored as Su(var)3-

9—negative, possibly due to somewhat higher noise levels in the Su(var)3-9 binding data. 

Indeed, genes that are located on the large chromosomes and scored as HP1+/Su(var)3-9- 

show on average  a somewhat elevated level of Su(var)3-9 binding (average ratio 1.6 ± 0.7, 

n=68). It is possible that the interaction of Su(var)3-9 with these genes is relatively weak or 

transient, and therefore difficult to detect.
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Multiple targeting mechanisms for HP1c
Several studies have indicated that binding of HP1 proteins to pericentric heterochromatin 

by Su(var)3-9 orthologs is at least partially established through methylation of H3K9, which 

in turn is specifically recognized by the chromodomain of HP1 proteins. We speculated that 

another chromodomain protein might accompany Su(var)3-9 when HP1 is absent. We con-

sidered two other Drosophila HP1 family members, HP1b and HP1c (Smothers and Henikoff 

2001). Microscopy studies have shown that both proteins decorate at least partially the arms 

of polytene chromosomes (Smothers and Henikoff 2001), and protein structure analysis has 

shown that most of the amino acid residues that contact H3meK9 in HP1 and in mouse HP1ß 

(Jacobs and Khorasanizadeh 2002; Nielsen et al. 2002) are conserved in HP1b and HP1c (see 

supplementary data, figure S3). 

 Our attempts to obtain evidence for locus-specific binding of HP1b failed, because all 

probes on the microarray showed Dam-HP1b:Dam methylation ratios close to unity. However, 

we did detect significant binding of HP1c to 165 loci, the vast majority of which are dis-

persed along the chromosome arms (figure 2). Relatively few target loci were found among 

pericentric genes (16 targets) or repetitive sequences (7 targets, 3 of which are TEs), in 

agreement with the previously reported absence of HP1c from the chromocenter (Smothers 

and Henikoff 2001). Bivariate scatter plots showed poor correlations between the binding 

patterns of HP1c and Su(var)3-9 and between the patterns of HP1c and HP1 (fig 4A, B). This 

lack of correlation was confirmed by randomization of the binding data, which yielded similar 

scatter plots (data not shown). Thus, most loci that bind HP1c strongly do not bind either of 

the two other proteins. Interestingly, we noticed that in loci with strong Su(var)3-9 binding, 

absence of HP1 correlates with a moderate but significant level of HP1c binding (figure 4C; P 

= 2.3*10-5, Mann-Whitney U-test).  This indicates that HP1c is recruited at moderate levels to 

strong Su(var)3-9 target loci that lack HP1. It must be emphasized, however, that HP1c binds 

predominantly to loci that lack Su(var)3-9.

Figure 4. Comparison of HP1c binding with HP1 and Su(var)3-9 binding. A-C, Bivariate scatterplot of 
Dam-fusion-Dam ratios of (A) HP1c and HP1, (B) HP1c and Su(var)3-9, (C) HP1c and Su(var)3-9 with high-
lighted symbols marking loci with strong Su(var)3-9 binding (ratio > 4); solid circles, HP1 targets; open 
squares, HP1 non-targets. Data are average ratios from three independent experiments.
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Target loci of HP1 and HP1c are enriched in distinct sequence motifs
Because the binding patterns of HP1, HP1c and Su(var)3-9 are only partially overlapping, their 

targeting mechanisms must be independent to some extent. In order to gain insight into the 

nature of these specific targeting mechanisms, we tested whether specific sequence motifs 

present in the target genes might play a role. We applied the REDUCE algorithm (Bussemaker 

et al. 2001), which allows for a completely unbiased search for motifs whose occurrence cor-

relates with the binding profiles of each of the three proteins (Orian et al. 2003; van Steensel 

et al. 2003). To avoid bias by repetitive elements, we performed this analysis on single-copy 

genes only. Table 1 shows a summary of sequence motifs that correlate with binding of each 

of the proteins. We found that HP1 binding correlates with the occurrence of AT-rich motifs 

that predominantly consist of stretches of adenosines and  stretches of thymidines. These 

“AT-stretches” were also found for HP1c. In addition, the binding of HP1c correlates with the 

occurrence of motifs that share the consensus (AT)ACATA(TGT). This motif was not found 

for HP1. Interestingly, this consensus motif contains the 8-mer palindrome ACATATGT, sug-

gestive of a sequence-specific DNA-binding factor that associates with the motif as a dimer. 

No motifs were found to correlate significantly with Su(var)3-9 binding, possibly due to a 

somewhat lower signal/noise ratio of the Su(var)3-9 binding profiles. 

HP1 and Su(var) 3-9 binding is inversely correlated with gene expression levels in Kc cells.

HP1 and Su(var)3-9 have been implicated in gene silencing (Eissenberg and Elgin 2000; 

Henikoff 2000; Jenuwein 2001; Richards and Elgin 2002), whereas the function of HP1c is 

unknown. Most studies of gene regulation by HP1 proteins and Su(var)3-9 orthologs were 

based on artificial reporter constructs or chromosomal rearrangements, or were focussed 

on a small set of genes. We analyzed the genome-wide correlations between the binding 

pattern of each protein and the pattern of gene expression. Because absolute expression 

levels of individual genes in Kc cells were not known, we isolated total RNA samples from Kc 

cells, labeled and hybridized these to microarrays, and used the spot fluorescence intensities 

as a rough approximation of mRNA abundances. 

 We found that target genes of Su(var)3-9 and HP1 showed on average significantly lower 

expression levels than genes that do not bind the respective protein (figure 5A, B; P = 2.5*10-8 

and P = 8.5*10-4, respectively, Mann-Whitney U-test). This is consistent with roles for these 

proteins in repression of transcription. Interestingly, this inverse correlation is strongest for 

Su(var)3-9, which displays a strong preference for genes with extremely low expression levels 

or that are not expressed (Figure 5A). Genes that bind HP1 and Su(var)3-9 together are rarely 

expressed at very low levels, in contrast to genes that bind Su(var)3-9 alone (figure 5C). 

Thus, chromatin marked by Su(var)3-9 alone appears to be more repressive than chromatin 

containing both HP1 and Su(var)3-9. Importantly, HP1 and Su(var)3-9 bind only to a subset 

(<10%, data not shown) of all genes with low expression levels, ruling out the possibility that 

these proteins are general markers of inactive genes. It should be stressed that a consider-

able number of target genes of Su(var)3-9 and HP1 display moderate or even high expression 

levels, indicating that recruitment of these proteins is not sufficient to repress transcription 
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completely. We did not find any evidence for reduced expression of genes that bind HP1c 

(Figure 5D, P = 0.38), suggesting that this protein does not play a major role in repression of 

transcription.

Lack of repression of pericentric genes in Kc cells
A few genes that are naturally located in pericentric heterochromatin have been reported to 

be expressed (Weiler and Wakimoto 1998; Lu et al. 2000); mutation of HP1 or translocation 

of these genes to a euchromatic environment reduces their expression (Clegg et al. 1998; 

Weiler and Wakimoto 1998; Lu et al. 2000), arguing that heterochromatin facilitates rather 

than represses the expression of these genes. We investigated whether  the lack of repres-

sion by heterochromatin might be a general property of pericentric genes, by comparing the 

overall expression levels of Su(var)3-9 and HP1-targets within pericentric regions to those of 

targets elsewhere. Strikingly, virtually all pericentric genes bound by Su(var)3-9 (figure 5E) 

and  HP1 (figure 5F) are expressed at medium to high levels. In comparison, non-pericentric 

genes bound by either protein are much more frequently expressed at very low levels. This 

suggests that, as a general rule, pericentric genes in Kc cells are not subject to the repressive 

effect of HP1— and Su(var)3-9—containing chromatin, whereas binding of HP1 or Su(var)3-9 

to non-pericentric genes is overall associated with reduced expression levels.

Figure 5. Expression levels of target genes bound by Su(var)3-9, HP1, and HP1c. Histograms are shown 
of relative gene expression levels of single-copy genes. Expression levels are calculated as normalized log2-
transformed spot intensities after hybridization of labeled mRNA from untreated Kc cells to microarrays 
(average of three experiments; see methods). A, Su(var)3-9 target genes (grey) compared to an equal 
number of non-target genes (black); B, HP1 target genes (grey) compared to an equal number of non-
target genes (black); C, genes that are targets of both Su(var)3-9 and HP1 (dark grey) compared to genes 
that bind only Su(var)3-9 (light grey). D, HP1c target genes (grey) compared to an equal number of non-
target genes (black); E, pericentric (white) compared to non-pericentric (grey) Su(var)3-9 target genes. 
Pericentric genes include genes on chromosome 4; F, pericentric (white) compared to non-pericentric 
(grey) HP1 target genes. 
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Figure 6. Genes bound by 
Su(var)3-9 and HP1 belong 
to specific developmental 
programs. A, Cluster analysis 
of the developmental expres-
sion time course of genes 
that are Su(var)3-9 targets 
in Kc cells. All gene expres-
sion data were taken from 
Arbeitman et al (Arbeitman 
et al. 2002). E, embryos; L, 
larvae; M, metamorphosis; 
Am, adult male; Af, adult 
female. Note that pericentric 
target genes (indicated by 
black bars to the right of the 
clustergram) are generally 
genes that are predominant-
ly expressed during embryo-
genesis (blue tree branch). 
The male-specific gene cluster 
is marked by the green tree 
branch. B-F, Average expres-
sion of Su(var)3-9 (B, C) and 
HP1 (E, F) target genes and 
Su(var)3-9 non-target genes 
(D) during fly development, 
divided into pericentric (C, 
E) and non-pericentric (B, F). 
Color coding of the develop-
mental stages as in A. Colour 
image: see page 144
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Su(var) 3-9 and HP1 associate with genes of specific developmental 
programs depending on chromosomal location
We wondered whether the identified target genes of each of the investigated proteins  have 

similar expression patterns. To test this, we took advantage of the recently reported database 

of genome-wide expression profiles throughout development (Arbeitman et al. 2002). For 

each protein, we compared the developmental expression patterns of its target genes by 

cluster analysis. Of the 85 single-copy Su(var)3-9 targets, complete developmental expression 

profiles were available for 46 genes. Strikingly, we found that these targets fall into a small 

number of distinct categories based on their developmental expression patterns (figure 6A). 

 Approximately one third of all Su(var)3-9 target genes display low activity during embryo-

genesis and in female adults, but show increased activity in pupae and male adults. This 

pattern is typical of male-specific genes (Arbeitman et al. 2002).  In total, we find 16 Su(var)3-

9 targets (34.8%) that display significantly higher expression levels in males compared to 

females (using a paired t-test for each gene, and P < 0.001). According to the same criteria, 

only 16.6% (430 of 2,788) of the genes that were present both in the Arbeitman et al and in 

our data sets are male-specific, indicating a significant enrichment in the Su(var)3-9 target set 

(2-fold, P = 6.3*10-4, hypergeometric test).  In contrast, female-specific genes are underrep-

resented (8.7% vs. 25.6%). The expression of about half (9/16) of the male-specific targets 

is reduced more than 2-fold in tudor mutant male flies, which lack testes (Arbeitman et al. 

2002, and Supplementary Information, Table S2). Thus, some of the male-specific Su(var)3-

9 targets may be preferentially expressed in germline tissue, whereas others are likely to be 

somatically expressed.

 Another third of the Su(var)3-9 target genes displays elevated expression specifically 

during embryogenesis. The remaining target genes show heterogeneous expression patterns 

but are mostly expressed during the larval stage.  We looked for a dependence of these 

expression patterns on chromosomal location of Su(var)3-9 target genes. Surpisingly, we 

found that 9/17 (52.9%) of the embryo-specific Su(var)3-9 target genes were pericentric, 

whereas only one of the remaining 29 genes (3.4%) was pericentric (figure 6A). Direct 

comparison of the developmental expression patterns confirmed that pericentric Su(var)3-9 

target genes are predominantly expressed during embryogenesis, whereas non-pericentic 

Su(var)3-9 target genes display mostly the male-specific expression pattern (figure 6B-D).  In 

agreement with the observation that co-binding of HP1 and Su(var)3-9 is largely restricted 

to pericentric regions, we found that pericentric HP1 target genes also are predominantly 

expressed during embryogenesis (figure 6E). However, non-pericentric HP1 target genes do 

not show a clear male-specific expression pattern (figure 6F). We also did not find any prefer-

ence of HP1c for specific sets of coordinately expressed genes (data not shown). In summary, 

in pericentric regions both HP1 and Su(var)3-9 associate with genes that are preferentially 

expressed during embryogenesis, whereas in non-pericentric regions only Su(var)3-9 binds to 

a large set of genes that are preferentially expressed in male adults.
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Discussion

Mapping of in vivo protein targets using DamID
We have used the DamID technique to map target loci of  three chromatin proteins: HP1, 

HP1c, and Su(var)3-9. Previously, this technique was successfully used to identify genomic 

binding sites of several transcription factors and chromatin-associated proteins in Drosophila, 

including Myc, Max, Mad/Mnt (Orian et al. 2003), GAGA factor (van Steensel et al. 2001; van 

Steensel et al. 2003), and Sir2 (van Steensel et al. 2001). An excellent agreement was found 

between chromatin immunoprecipitation and DamID data for GAGA factor for 12 tested 

loci (Sun et al. 2003). The binding maps reported here are distinct from the maps of GAGA 

factor and the Max/Mad/Mnt proteins (data not shown), further supporting the specificity 

of DamID. The specific effects of Su(var)3-9 depletion on HP1 binding patterns, which are 

in perfect agreement with microscopy observations (Schotta et al. 2002) also argue that the 

binding patterns reported here are specific and reliable. Thus, DamID is a reliable method for 

large-scale mapping of genomic targets of the HP1 and Su(var)3-9 proteins. 

 The use of cDNA arrays in these experiments limited our genomic view of protein binding 

to transcribed regions and about ~2kb of flanking sequences  (van Steensel and Henikoff 

2000; van Steensel et al. 2003). Thus, our maps provide little insight into the interaction 

of the studied proteins with the large non-coding fraction of the fly genome. Recently, we 

have employed genomic “tiling path” arrays for more detailed studies of protein binding in a 

contiguous 2.9Mb segment of chromosome 2L (Sun et al. 2003). Interestingly, these studies 

revealed that HP1 binds to the transcribed region but not to the promoter of the gene ck. 

HP1 HP1c

Motif P-value Motif P-value

aaaaat < 10-12 aaataaa < 10-12

aaaaatt < 10-12 tttttt < 10-12

aaaatt < 10-12 attttt < 10-12

aattttt < 10-12 tattttt < 10-12

aaaat < 10-12 ttttta < 10-12

attttt < 10-12 ....  

aaattt < 10-12 tacata < 10-12

aaaattt < 10-12 atacata < 10-12

ttttta < 10-12 atatgta 2*10-12

taaaa < 10-12 tacatat 7*10-12

taaaaa < 10-12 tatgta 1*10-10

aatttt < 10-12 acatatg 6*10-9

.... ....  

AT-stretches AT-stretches
+

(at)ACATA(tgt)

Table 1. Representative sequence motifs 
enriched in HP1, and HP1c binding sites. No 
motifs were positively correlated with Su(var)3-9 
binding.  Motifs were obtained by applying the 
REDUCE algorithm (Bussemaker et al. 2001) (see 
methods). See supplementary data for a complete 
list of motifs and associated P-values.
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Likewise, HP1 was reported to bind to the transcribed region of the activated hsp70 gene 

(Piacentini et al. 2003). Binding of HP1 (and possibly of Su(var)3-9 and HP1c) to transcribed 

regions may occur at some or many of the other loci that we identified, and this may explain 

the large number of target loci detected using cDNA arrays.

HP1 and Su(var)3-9 proteins occur in several distinct complexes.
In agreement with the prevalent model of the interactions between HP1, Su(var)3-9, and 

H3K9 methylation,  we find that HP1 and Su(var)3-9 bind together to many loci. We con-

firmed that in most of these loci HP1 binding is dependent on the presence of Su(var)3-9. 

These HP1/Su(var)3-9 co-targets consist predominantly of pericentric genes and TEs, which 

are also concentrated in pericentric heterochromatin (Bartolomé et al. 2002). This explains 

the pericentric colocalization of HP1 and Su(var)3-9 observed by fluorescence microscopy in 

polytene and diploid nuclei (James et al. 1989; van Steensel and Henikoff 2000; Schotta et 

al. 2002).  

 Strikingly, we find that HP1 and Su(var)3-9 can also bind independently of each other 

at distinct sets of genes. Several genes located on the chromosome arms display strong 

Su(var)3-9 binding but no detectable HP1 binding. Possibly, at these loci Su(var)3-9 fails to 

methylate H3K9, either because H3K9 is acetylated or because the methyltransferase activity 

of Su(var)3-9 is inhibited by another (unknown) mechanism. Alternatively, access of HP1 to 

methylated H3K9 may be blocked at these loci. This may be either due to a chromatin con-

formation that renders the methylated H3K9 inaccessible to HP1, or due to the presence of 

another methyl-H3K9—binding protein that competes with HP1 for binding at these loci. 

HP1c may contribute to this competition, because we observed a weak but significant enrich-

ment of HP1c at this group of loci. In agreement with this, the amino acid residues required 

for HP1 binding to methylated H3K9 are conserved in the chomodomain of HP1c. 

 In addition, we find that many genes on chromosome 4 are bound by HP1 in a manner 

that is relatively independent of Su(var)3-9.  In agreement with earlier microscopic observa-

tions in polytene chromosomes (Schotta et al. 2002), we find that HP1 is retained at genes on 

chromosome 4 but not on other chromosomes after loss of Su(var)3-9 (fig. 3F). Consistently, 

most of the HP1-binding genes on chromosome 4 show only weak or undetectable binding 

of Su(var)3-9. Because immunofluorescence microscopy experiments have demonstrated that 

H3K9 on chromosome 4 is overall strongly methylated in a Su(var)3-9—independent fashion 

(Schotta et al.), it is likely that a different, yet unidentified H3K9 methyltransferase is involved 

in the binding of HP1 to the chromosome 4 target genes that we identified. The physiologi-

cal relevance of the different mechanism of HP1 binding to chromosome 4 is unclear. 

 In addition to methylation of H3K9, other molecular signals may confer target specificity 

to the HP1 proteins. We found that HP1 binding correlates with the occurrence of certain 

AT-rich motifs, whereas HP1c binding correlates both with AT-rich motifs and the ACATATGT 

motif. These motifs suggest the presence of sequence-specific factors that may facilitate 

binding of the HP1 proteins. A factor that could bind to the ACATATGT motif is as yet uniden-

tified, but the palindromic nature of the motif suggests that the factor binds to DNA as a 
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dimer. Additionally, AT-stretches may facilitate binding of HP1- or HP1c-containing complexes 

by affecting the DNA or nucleosome structure (Iyer and Struhl 1995). 

Roles of HP1 and Su(var)3-9 in gene regulation.
Based on the well-documented roles of HP1 and Su(var)3-9 in silencing of reporter genes, 

we expected that the genes identified as targets would be mostly inactive. Indeed, we found 

that Su(var)3-9 and HP1 preferentially associate with genes of low expression levels. This 

preference is more prominent for Su(var)3-9 than for HP1; in fact, genes that are bound by 

Su(var)3-9 without HP1 are more often inactive than genes that are bound by both proteins. 

Formally, binding of Su(var)3-9 may be either the cause or the consequence of gene silencing. 

In the latter case Su(var)3-9 complexes would mark genes that are already inactive due to 

other silencing  mechanisms.  However, if Su(var)3-9 is indeed actively involved in silencing of 

its target genes, then Su(var)3-9 complexes may be more potent silencers if they lack HP1. 

 Although HP1 and Su(var)3-9 generally display a preference for genes of low activity,  a 

considerable fraction of their target genes are expressed, sometimes even at high levels. 

Many of these active target genes are located in pericentric regions and on chromosome 4. 

Earlier findings already demonstrated that the pericentric genes lt and rl are active (Lu et al. 

2000), and we confirmed that these genes are also bound by HP1 and Su(var)3-9. Recently, 

association of HP1 was reported with ecdysone- and heat shock-induced puffs on polytene 

chromosomes (Piacentini et al. 2003). The expression of lt, rl, and hsp70 genes is reduced in 

HP1 deficient larvae (Lu et al. 2000; Piacentini et al. 2003), suggesting that HP1 may facili-

tate rather than suppress transcription of certain genes. We have attempted to extend these 

observations in Kc cells by microarray mRNA expression profiling after RNA interference of 

HP1 and Su(var)3-9 (Supplementary Information, figure S5). We were not able to detect any 

changes in expression of the HP1 or Su(var)3-9 target genes after knockdown of either of 

the two proteins. According to these results, HP1 and Su(var)3-9 may have only redundant 

roles in gene regulation in Kc cells. However, it should be noted that the dsRNA-induced 

reduction of HP1 and Su(var)3-9, although substantial, may have been insufficient or not 

long enough to cause detectable alterations in gene regulation. In addition, the previously 

reported changes in expression of the lt and rl genes in HP1-deficient larvae were only ~2.5 

fold (Lu et al. 2000). Such modest changes in gene expression may have been missed in our 

microarray-based assay. Finally, HP1 and Su(var)3-9 complexes may not be essential for gene 

regulation in Kc cells. Heterochromatin-mediated silencing of a reporter gene is not fully 

developed until late embryogenesis (Lu et al. 1998). Kc cells appear to be embryonic (Supple-

mentary Information, figure S6), so it is possible that the regulatory functions of HP1 and 

Su(var)3-9 initiate only later in development. Furthermore, the lack of a visible phenotype of 

Su(var)3-9 null mutants (Tschiersch et al. 1994) suggests that a role of Su(var)3-9 in gene 

regulation may be redundant. 
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Specific gene programs
Among the target loci of HP1 and Su(var)3-9, we identified two conspicuous groups of devel-

opmentally co-regulated genes. First, many of the non-pericentric genes that are exclusively 

bound by Su(var)3-9 in Kc cells are highly expressed in adult males, but much less in females, 

embryos, larvae, or Kc cells. Extrapolating our data to the entire genome (our comparison 

of Su(var)3-9 binding and developmental expression patterns was only possible for ~2,700 

genes), we anticipate that 50-100 male-specific genes are bound by Su(var)3-9 in Kc cells. 

This could be an underestimate, because testis-specific genes may be underrepresented in 

the cDNA libraries present on our microarray (see Materials and methods)

 Su(var)3-9 may contribute to repression of these male-specific genes in early stages of 

development and in adult females. Kc cells are female, as judged from the absence of a Y 

chromosome and expression of the female-specific but not the male-specific splicing variant 

of doublesex (R. Lascaris and BvS, data not shown). Therefore binding of Su(var)3-9 to these 

genes may reflect either the female or the embryonic origin of the Kc cells. Alternatively, 

aberrant expression of these genes in embryos, larvae and female adults may not lead to a 

detectable phenotype under laboratory conditions. 

 The second group of developmentally co-regulated target genes is formed by a set of 

embryo-specific genes. Strikingly, these embryo-specific target genes are strongly concentrat-

ed in pericentric regions, and are typically bound by both HP1 and Su(var)3-9. This suggests a 

specialized role for pericentric HP1 and Su(var)3-9 in the embryonic gene expression program. 

In Kc cells, these pericentric target genes are generally not repressed, consistent with the 

embryonic origin of these cells. Both HP1 and Su(var)3-9 are present in embryos (Tschiersch 

et al. 1994; Kellum and Alberts 1995), suggesting that the lack of repression of pericentric 

target genes cannot be attributed to the absence of either HP1 or Su(var)3-9 during this 

developmental stage. Rather, these proteins may facilitate gene expression in the embryo, or 

perhaps mark the embryonic pericentric genes for silencing later in development. The cluster-

ing of these genes in the pericentric region may play a role in their coordinated regulation. 

 It is likely that the genomic binding pattern of the proteins studied here depends at least 

in part on the cell type or developmental stage. Evidence that the target specificity of het-

erochromatin proteins is dynamic comes from recent observations that HP1 binds to induced 

but not to uninduced heat-shock and ecdysone-responsive genes (Piacentini et al. 2003). Our 

HP1 binding map obtained in Kc cells showed only limited overlap with the banding pattern 

of HP1 staining on polytene chromosome arms in salivary glands (Fanti et al. 2003). Of 91 

non-pericentric target loci that we identified, only 9 coincided with HP1 bands in polytene 

chromosomes (Supplementary Information, Table S3). Although this comparison should be 

interpreted with caution because of the different methodology and a more than 10-fold dif-

ference in mapping resolution (the median size of the stained polytene chromosome regions 

listed by Fanti and colleagues is 74kb, whereas the median size of the genomic regions 

probed by our microarray is 3.7kb), it suggests that many target loci may be cell-type specific. 

An example of this is region 31, a broad (~0.5 Mb) region on chromosome 2 that is bound 

by HP1 in polytene chromosomes in salivary gland tissue. In Kc cells we find that 3 out of 
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50 probed loci in this region are associated with HP1, which is unlikely to account for the 

extensive HP1 staining of region 31 in polytene chromosomes. This suggests that much of 

the binding of HP1 to this region in salivary gland cells is cell-type specific.

The difficulties of defining heterochromatin
The heterogeneity of the HP1 and Su(var)3-9 complexes, both in terms of protein composi-

tion and in terms of target gene expression status, further complicates the matter of defining 

heterochromatin (Henikoff 2000). By morphological criteria, heterochromatin in Drosoph-

ila chromosomes is concentrated in pericentric regions. However, most pericentric genes, 

although bound by HP1 and Su(var)3-9, are transcriptionally active, contrary to the repressive 

role that is generally attributed to heterochromatin. On the ‘euchromatic’ chromosome arms, 

genes bound by Su(var)3-9 are often repressed, yet these genes typically lack the classical 

heterochromatin marker protein HP1. On the long term, it may be more useful to define dif-

ferent types of chromatin according to their protein composition, including postranslational 

modifications and histone variants. This will require a much more sophisticated nomencla-

ture than ‘euchromatin’ and ‘heterochromatin’. The transcriptional status of a gene may be 

expected to be controlled by the combinatorial action of the proteins that are associated 

with it. Global approaches to study chromatin composition on a gene-by-gene basis, such 

as described here, will be essential to catalogue the different chromatin types and to under-

stand their role in gene regulation. 

Materials & methods

Chromatin profiling. Full-length Su(var)3-9 and HP1c were fused to the N-terminus of Dam 

through a myc epitope-tag linker by cloning of the open reading frames into pCMycDam (van 

Steensel and Henikoff 2000). The Dam-HP1 construct was described earlier (van Steensel and 

Henikoff 2000). Immunofluorescent labeling of Kc cells expressing the fusion proteins (van 

Steensel and Henikoff 2000) showed that Dam-HP1 and Su(var)3-9—Dam were concentrated 

in the chromocenter, whereas HP1c-Dam was located in the nucleoplasm but mostly excluded 

from the chromocenter (data not shown), in agreement with previous localization studies of 

the respective proteins (Smothers and Henikoff 2001; Schotta et al. 2002). Chromatin profil-

ing was performed as described (van Steensel et al. 2001), except that methylated genomic 

DNA fragments were not purified by sucrose gradient centrifugation, but instead specifically 

amplified using a methylation-specific PCR protocol (supplementary data, figure S1). 

Microarrays. For hybridizations we used spotted microarrays containing 5,930 unique cDNA 

clones from Release 1 of the Drosophila Gene Collection (DGCr1), and ~370 additional cDNA 

and genomic fragments contributed by members of the Northwest Flychip Consortium. 
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DGCr1 consists of cDNA fragments, mostly cDNAs containing the full open reading frame, 

from adult head, ovary, embryo, larvae and pupae, and Schneider cells (Rubin et al. 2000). 

ds RNA production. As a template for Su(var)3-9 ds RNA production, a 606 bp fragment 

containing bp 1093-1602 of the open reading frame of Su(var)3-9 flanked by a T7 promoter 

at both the 5’ and 3’ end was amplified using the primer pair 5’GAATTAATACGACTCAC-

TATAGGGAGAAATTCACCCTTACGCAAGGCAGTTG 3’ and 5’GAATTAATACGACTCACTA 

TAGGGAGAAATTGGAGAACGAGCCCTGAAAAGC 3’. Because the gene coding for Su(var)3-

9 also codes for the transcription elongation factor eLF-2γ, with two exons being shared by 

both transcripts, the fragment used as a template in dsRNA production was chosen from an 

exon unique for Su(var)3-9. For RNAi of HP1 and white, the complete open reading frame of 

HP1 was excised from pDam-HP1 by digestion with NotI and NaeI, and a 630 bp fragment of 

the white+mc gene was excised from pCaSpeR-hs by digestion with DpnI. Each fragment was 

cloned in both orientations into the EcoRV site of vector pcDNA3 (Invitrogen), downstream 

of the T7 promoter. The Su(var)3-9 PCR product, as well as the linearized and combined 

plasmids with forward or reverse sequences of either white or HP1, were purified with the 

QIAquick PCR purification kit (Quiagen) and used as a template in a transcription reaction to 

produce dsRNA with the RiboMAX large scale RNA production system T7 (Promega). The 

dsRNAs were purified by phenol/chloroform extraction, dissolved in DEPC treated water and 

stored at –70 ºC. An aliquot of each dsRNA was analyzed on a formaldehyde containing 

agarose gel in order to check the size and integrity of the RNA.

RNAi. Drosophila Kc167 cells of a near confluent dish were seeded in HyQ SFX-Insect medium 

(Hyclone). For chromatin profiling experiments, 840 µl cell suspension was added to a 10 cm 

culture dish with 7 ml medium. For expression profiling, 120 µl cell suspension was added to 

each well of a 6-well culture dish with 1 ml medium per well. To each 10 cm dish, 200 to 210 

µg of either Su(var)3-9 or white dsRNA was added and to each well of a 6 well dish, 30 to 40 

µg of dsRNA were added. The cells were grown at 23 ºC for 3 days. For chromatin profiling, 

cells were transfected with either pCMycDamHP1a or pCMycSu(var)3-9Dam. Subsequently, 

the protocol for chromatin profiling was followed as stated above. For expression profiling, 

RNA was isolated with Trizol (Invitrogen) according to the manufacturers protocol and stored 

at -70ºC. The RNA was labelled and hybridized to microarrays as described (Pritchard et al. 

2001).The knock down of Su(var)3-9 and HP1 were confirmed by antibody staining using 

a rabbit polyclonal anti-Su(var)3-9 antibody (gift from G. Reuter, (Schotta et al. 2002) or a 

rabbit anti-HP1 antibody (Platero et al. 1998) respectively.

mRNA expression profiling. Total RNA was extracted from Kc cells, reverse transcribed 

to Cy3- and Cy5 labeled cDNA, and hybridized to microarrays. For each probed gene, the 

relative expression was calculated as (spot intensity (Cy3+Cy5))/(summed intensity of all spots 

(Cy3+Cy5)) and subsequently log2-transformed and normalized to the median.
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Data analysis. For statistical analysis, all measured ratios were log2-transformed and nor-

malized to the median value of the entire array. Data from 3 independent experiments were 

averaged, with one experiment performed with reversed dye orientation. For the Su(var)3-9 

data, we noticed that a set of 2,026 probes, which were all cloned into pBlueScript vectors, 

gave a slight positive bias of log-ratios (average bias ~0.6) compared to the remaining probes, 

which were cloned into pOT2. We assume that this is due to a weak cross-hybridization of 

a sequence in the transfected Su(var)3-9—Dam expression vector, which co-amplifies with 

methylated genomic fragments. We therefore normalized the probe sets in the two differ-

ent vectors separately. Importantly, this does not affect any of the main conclusions of this 

report. This vector bias was not observed with HP1 or HP1c. To define target loci, we tested 

whether log-ratios were significantly greater than 0 using the CyberT algorithm (Long et al. 

2001) followed by a correction for multiple testing (Benjamini and Hochberg 1995), adjusting 

the estimated False Discovery Rate to 10%. 

Chromosomal maps. Sequences of DGCr1 (Stapleton et al. 2002) were obtained from the 

Berkely Drosophila Genome Project (BDGP). For 5890 probes we were able to identify unique 

matching genomic regions <100kb (BLAST against Release 3 whole genome sequence using 

default settings). For each of these, the precise chromosomal coordinates of the 5’ and 3’ 

boundaries of the matching region were determined and used to generate chromosomal 

maps of protein binding.  The sequences of 205 probes matched to more than one genomic 

locus; by subsequent BLAST search against the BDGP database of TE sequences (Kaminker 

et al. 2002) we found that 85 of these match to 40 distinct TEs (see figures 2 and 3D). For 

163 probes no reliable sequence information was available, and therefore we were unable to 

accurately identify the corresponding genomic loci. 

REDUCE analysis. REDUCE analysis was performed as described (van Steensel et al. 2003) 

using software available at http://bussemaker.bio.columbia.edu/reduce/. REDUCE analysis 

was restricted to microarray data obtained from 5145 cDNA probes that matched to a single 

genomic region <10kb in size. The sequences of the probed loci (including 2kb of flanking 

genomic sequence on both sides to account for the mapping resolution (van Steensel et al. 

2003)) were extracted from the BDGP Release 3 whole-genome sequence (Celniker et al. 

2002) using dedicated Perl scripts. We tested the REDUCE analysis method on similar binding 

data obtained for GAGA factor. This yielded predominantly GA-repeat motifs, in perfect 

agreement with the in vitro sequence specificity of GAGA factor (van Steensel et al. 2003).
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Abstract

Heterochromatin plays an important role in maintaining genome stability and regulation of 

gene expression. Several heterochromatin-specific proteins have been identified, such as HP1 

and Su(var)3-9. However, our knowledge of the composition and structure of heterochro-

matin is still incomplete. Here, we describe the identification and characterization of four 

novel Drosophila heterochromatin proteins, that we named HP3, HP4, HP5 and HP6. Yeast-

two-hybrid data indicated that these proteins can interact directly or indirectly with HP1. By 

immunofluorescence microscopy and genome-wide mapping of their in vivo binding sites we 

show that all four proteins bind to the same loci as HP1 and Su(var)3-9. Depletion of HP1 

causes redistribution of HP3, HP4, and HP5, as well as subtle changes in the binding pattern 

of HP6. We therefore propose that the four novel proteins are at least in part restricted to 

their heterochromatic binding sites by complex formation with HP1. Finally, we demonstrate 

that mutants of HP4 and HP5 are dominant suppressors of position effect variegation, indi-

cating that these proteins are important for heterochromatic gene silencing. These results 

advance our understanding of the molecular structure of heterochromatin.
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Introduction

Heterochromatin was originally defined as the densely staining regions of interphase nuclei 

(Heitz 1928). In most species, these regions are largely composed of pericentromeric regions 

that are often aggregated in the cell nucleus to form one or more so-called chromocenters. 

Additionally, distinct regions on the chromosome arms and close to telomeres display molec-

ular or morphological characteristics of heterochromatin. 

 Heterochromatin has diverse functions. Pericentromeric and telomeric heterochromatin 

are involved in the maintenance of genome stability, by ensuring proper chromosomal seg-

regation (Ekwall et al. 1995; Kellum and Alberts 1995; Peters et al. 2001) and preventing 

telomere fusions (Fanti et al. 1998; Ferreira and Cooper 2001; Sharma et al. 2003; Oikemus 

et al. 2004). Apart from this structural function, heterochromatin is also involved in reg-

ulating gene expression. Paradoxically, heterochromatin can mediate both repression and 

activation of gene expression. It is involved directly or indirectly in silencing of repetitive 

elements (Dorer and Henikoff 1997; Lippman et al. 2004; Verdel et al. 2004), certain euchro-

matic genes (Hwang et al. 2001; Liu et al. 2005) and euchromatic genes that are artificially 

placed close to heterochromatic regions (reviewed in (Henikoff 1992; Weiler and Wakimoto 

1995), but it is also essential for the expression of pericentromeric genes (Wakimoto and 

Hearn 1990; Lu et al. 2000) and several genes located on the chromosome arms (Piacentini 

et al. 2003; Cryderman et al. 2005; Liu et al. 2005). The molecular basis for this dual role of 

heterochromatin in gene regulation is still not understood.

 In a variety of species, proteins have been identified that are important components of 

heterochromatin and many of them are conserved in eukaryotes. Here we focus on hetero-

chromatin proteins in Drosophila. Heterochromatin Protein 1 (HP1 or HP1a) is a key player in 

heterochromatin formation. It binds to di- or trimethylated Lysine 9 of histone H3 (H3K9me2/

H3K9me3) via its chromodomain (CD) (Jacobs and Khorasanizadeh 2002; Nielsen et al. 2002). 

The histone methyltransferase (HMT) Su(var)3-9 is to a large extent responsible for methylat-

ing H3K9 and thereby creates binding sites for HP1 (Schotta et al. 2002). In addition, HP1 

and Su(var)3-9 interact directly (Schotta et al. 2004). This triangle of interactions is thought 

to constitute a positive feedback loop that stabilizes heterochromatin. Heterochromatin is 

also marked by trimethylation of Lysine 20 of histone H4 (H4K20me3), which is mediated by 

Suv4-20, a HMT that interacts directly with HP1 (Schotta et al. 2004). Three other proteins, 

Su(var)3-7, HOAP (encoded by the gene caravaggio) and HP2 also interact with HP1 (Delattre 

et al. 2000; Shaffer et al. 2002; Badugu et al. 2003), and Su(var)3-7 was shown to require 

HP1 for its localization to heterochromatin. Furthermore, heterochromatin formation involves 

components of the RNA interference (RNAi) machinery (Fukagawa et al. 2004; Pal-Bhadra et 

al. 2004; Verdel et al. 2004).

 Recent evidence indicates that heterochromatin as defined by the above-mentioned 

proteins is heterogeneous. Genome-wide mapping of the in vivo target genes of HP1 and 

Su(var)3-9 (Greil et al. 2003) has shown that many loci are bound by both proteins. However, 

some genes located on the chromosomal arms are bound by Su(var)3-9 alone. In addition, 
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genes on chromosome 4 are strongly bound by HP1 in a manner that is mostly independent 

of Su(var)3-9 (Schotta et al. 2002; Greil et al. 2003). Thus, these heterochromatin proteins 

can form different complexes, each with distinct sets of genomic targets. 

 Understanding of the structure and functions of heterochromatin will require complete 

knowledge of the composition of heterochromatin complexes, and of the molecular interac-

tions between the components. Here we describe the identification and characterization of 

four novel Drosophila heterochromatin proteins (HPs), named HP3, HP4, HP5 and HP6. Yeast 

two-hybrid assay data indicates  that HP3, HP4 and HP5 interact directly with HP1, while HP6 

interacts with the other three (Giot et al. 2003). By large-scale mapping of their in vivo binding 

sites using the DamID technique, we show that all four proteins bind to the same genomic 

loci as HP1. Depletion of HP1 leads to strong redistribution of HP3, HP4, HP5 and partially of 

HP6, indicating that HP1 is essential for their correct targeting. Studies with available mutants 

of HP4, HP5 and HP6 show that HP4 and HP5 are important for silencing of a reporter gene 

by heterochromatin. The identification and genome-wide mapping of these new proteins 

provides new insights into the molecular composition and structure of heterochromatin.

Results

Novel HP1 interacting proteins
In order to identify novel heterochromatin proteins we searched the Curagen Drosophila 

Interaction Database (Giot et al. 2003) for proteins interacting with HP1. For this database, 

over 10,000 proteins were tested for direct interactions in a large-scale yeast-two-hybrid 

screen, which identified over 4,500 interactions. Besides the known HP1 partners Su(var)3-9 

and HOAP, this screen identified several novel proteins that interact with HP1. Three of these, 

encoded by the genes CG18468, CG8044, and CG1745, interact not only with HP1 but also 

with a fourth protein encoded by CG15636 (Fig. 1a). This network of interactions suggested 

that these four proteins might form a complex together with HP1. We therefore tentatively 

named these proteins HP3, HP4, HP5 and HP6, respectively. 

 All four proteins are rather small with a predicted size of 12-49 kDa and had previous-

ly been uncharacterized, apart from several predicted domains (Fig. 1b). Interestingly, HP6 

largely consists of a chromoshadow domain. The chromoshadow domain is related to the 

chromo (CHRromatin Organization MOdifier) domain and was so far only found in tandem 

with the chromodomain in HP1 and homologues of HP1. Together with part of the hinge 

domain, the chromoshadow domain mediates protein-protein interactions, such as dimer-

ization of HP1 or binding of Su(var)3-9 ,Su(var)3-7 or HOAP to HP1 (Cowieson et al. 2000; 

Delattre et al. 2000; Zhao et al. 2000; Badugu et al. 2003; Yamamoto and Sonoda 2003). 

HP3 contains a BESS domain, a protein-protein interaction domain that is also present in 

Su(var)3-7 and in several other proteins involved in regulation of transcription (summarized 

in the Prosite BESS domain profile at http://www.expasy.ch). Using the BLAST and PSI-/PHI- 
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BLAST algorithms (Altschul et al. 1990; Altschul et al. 1997), we could identify homologues 

of HP3 and HP5 in Drosophila pseudoobscura, but not in other species.

According to a genome-wide expression database (Stolc et al. 2004), HP3, HP4, HP5 and 

HP6 are expressed throughout fly development, a prerequisite for protein complex forma-

tion. The expression levels however differ between the genes. HP3, HP4 and HP5 show a 

similar expression profile as HP1 during fly development, i.e. high during embryogenesis 

and low during later stages of fly development (Fig. 1c), whereas HP6 expression is inversely 

correlated with HP1 expression, i.e. low during embryogenesis and high in later fly develop-

mental stages. This divergent expression is especially prominent in male adults, where HP6 

Figure 1. Characteristics and subnuclear distribution of putative heterochromatin proteins. a) 
Part of the HP1 interactome as determined by a large scale yeast-two hybrid screen (Giot et al. 2003). 
Four previously uncharacterized proteins, which we named HP3, HP4, HP5 and HP6, directly or indirectly 
interact with HP1. Solid lines mark high-confidence and dashed lines low-confidence interactions between 
proteins according to (Giot et al. 2003). Black ovals highlight proteins that were included in this study. 
b) Protein domain structure of the novel HPs. CD: chromodomain, CSD: chromoshadow domain, BESS: 
BESS domain, NLS: nuclear localization signal. Computed gene (CG) identifiers and calculated molecular 
weights are listed as well. c) Relative expression levels of HP transcripts during fly development according 
to (Stolc et al. 2004). Black lines: expression levels in early embryos (E0), late embryos (E3), larvae (L), 
pupae (P) and female adult flies (A); gray lines: expression levels in male adult flies.
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expression levels are markedly higher than those of the other HP genes, suggesting a role of 

HP6 during male fly development. 

Epitope-tagged HP3, HP4 and HP5 are concentrated in the 
chromocenter
In order to test whether the novel proteins are heterochromatin proteins, we cloned each 

into the vector pDamMyc (van Steensel and Henikoff 2000) to create fusion proteins that 

carry both a Myc epitope tag and Dam methyltransferase. The Myc tag was used to study 

the intranuclear localization of the HP proteins, and the Dam tag was used to map genomic 

binding sites using the DamID technology (see below). Expression of the fusion proteins was 

driven by a heat-shock promoter.

 We transfected the plasmids encoding the fusion proteins into Drosophila Kc cells, which 

have a clearly visible chromocenter that is marked by a DAPI-bright region and high concen-

trations of HP1 (van Steensel and Henikoff 2000). After heat-shock induction the localization 

of the fusion proteins in the cell nucleus was visualized by staining with an anti-Myc antibody. 

For comparison, we stained the same cells with DAPI and with an antibody against endog-

enous HP1.

 Tagged HP3, HP4 and HP5 clearly co-localized with HP1 in the chromocenters (Fig. 2a-c). 

The MycDam tag alone showed a weak and diffuse staining throughout the cell, with no 

enrichment in the chromocenter (data not shown and (van Steensel and Henikoff 2000)). 

HP6 however showed a uniform nuclear staining with typically three bright speckles (Fig. 2d). 

Figure 2. Immunofluorescence images of interphase Drosophila Kc cells transfected with DamMyc-
tagged HP3 (a), HP4 (b), HP5 (c) and HP6 (d). Left panels: DAPI staining of DNA. Bright staining 
regions are heterochromatic; middle panels: same as left panels, but now overlay with endogenous HP1 
staining using the anti-HP1 antibody C1A9 (red); right panels: same as left panels, but now overlay with 
staining of DamMyc-tagged HP fusion proteins using an anti-Myc antibody (green, only in transfected cells  
Colour image: see page 145
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This different localization of HP6 might indeed reflect the natural HP6 localization, but could 

also be caused by the overexpression of the Dam-HP6 fusion protein by heat-shock. In any 

case, these results strongly suggested that HP3, HP4 and HP5 are heterochromatin proteins, 

while this experiment provided no evidence for such role of HP6.

Genome-wide maps show co-targeting of all four novel HPs and HP1
We wanted to confirm the co-localization of HP3, HP4 and HP5 with HP1 at single-gene resolu-

tion. Additionally, we wanted to know whether HP6 still shows a uniform nuclear distribution if 

it is not overexpressed by heat shock induction. We therefore used the DamID technique (van 

Steensel and Henikoff 2000; van Steensel et al. 2001; Greil et al. 2003) to map the in vivo DNA 

binding sites of each novel protein on a genome wide scale. In brief, this technique involves 

the low-level expression of a protein of interest fused to E. coli DNA adenine methyltransferase 

(Dam) from a leaky heat shock promoter. The protein of interest then associates with its natural 

DNA binding sites, upon which the tethered Dam methylates adenines within the sequence 

GATC in the vicinity of each binding site. Methylated DNA fragments are subsequently isolated, 

labeled and hybridized to microarrays. To control for untargeted methylation by the Dam-fusion 

protein, Dam alone is expressed in a parallel experiment. The Dam-methylated DNA is labeled 

with a different color and hybridized together with the Dam-fusion-methylated DNA to the 

microarray. The ratio of the Dam-fusion over the Dam-alone signal is a measure of the degree of 

protein binding to each probed locus and is referred to as the binding ratio of a protein through-

out this text. For detection of the methylation patterns we used microarrays containing about 

12,000 cDNAs which, after removal of redundant and poor-quality probes, cover ~60% of the 

coding part of the fly genome.

 We performed these mapping experiments in Kc cells for all four candidate heterochromatin 

proteins. For comparison we repeated the mapping of HP1 and Su(var)3-9, which we previously 

studied using the same approach but with much smaller (~6,000 cDNA) arrays (Greil et al. 

2003). As a negative control, we generated in parallel a binding map of the transcription factor 

JRA, which has not been implicated in heterochromatin and does not interact with any known 

heterochromatin protein in the Curagen yeast-two-hybrid screen database (Giot et al. 2003). At 

least three independent DamID experiments were performed for each protein, and the repli-

cates were averaged. All data are available as Supplementary Information (suppl. Table S1).

 Visual inspection of the chromosomal maps (Fig. 3) indicates strong similarities in the 

binding behavior of HP1, Su(var)3-9, and all four novel HP proteins. For each of these proteins, 

conspicuous binding is visible in pericentric regions of the major chromosomes and on the 

heterochromatic “dot” chromosome 4. This pericentric enrichment is in agreement with the 

strong chromocenter staining observed for HP3, HP4, and HP5, but it is in contrast with the 

microscopy results for HP6 (Fig. 2). Overexpression, side-effects of heat shock treatment, or 

epitope masking (none of which can take place during DamID mapping) may have caused 

the failure to detect pericentric enrichment of HP6 by immunofluorescence microscopy. 

Importantly, the overlapping binding of all tested heterochromatin proteins is not restricted 

to pericentric regions but is also clearly visible at individual target genes located on the chro-
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Figure 3. Target genes of novel HPs and HP1 overlap on chromosome 2R and 4. Chromosomal 
maps of the binding of HP1, Su(var)3-9, all four novel HPs, and JRA on the 2nd (right arm) and 4th chro-
mosome. Each vertical line represents the average Dam-HP:Dam methylation ratio of a probed gene at 
its chromosomal position (in Mb). Genes with statistically significant elevated binding levels are shown in 
black, other genes in gray. Gray ovals depict centromeres. The relative position of cytologic bands on the 
2nd chromosome are shown at the bottom of the figure.
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mosome arms. No similarity can be seen between the binding patterns of JRA and those of 

the other proteins, demonstrating that the DamID maps are specific. 

 Bivariate scatterplots provide more detailed insights into the relationships between the 

protein binding patterns (Fig. 4). As reported previously (Greil et al. 2003), HP1 and Su(var)3-

9 share many target loci, but in addition each protein has a specific set of targets (Fig. 4a). 

Strong correlations were observed between binding of HP1 and HP3, HP4, HP5 and HP6 (Fig. 

4b-e), suggesting that all five proteins interact with a common set of target loci. No positive 

correlation was observed between the binding of JRA and HP1 (Fig. 4f). We analyzed the 

binding behavior of the novel HPs in more detail and confirmed that the chromosomal dis-

tribution and the enriched binding to repetitive elements are similar to that of HP1 (suppl. 

Table S2). Interestingly, HP3 associates reproducibly with a small set of genes that are not or 

very weakly bound by HP1 and any of the four novel HP proteins (Fig. 4b, dashed oval). This 

suggests that HP3 might associate with these genes independently of the other HPs.

HP1 is required for the heterochromatic targeting of HP3, HP4 
and HP5
Because most genes bound by the novel HPs were also bound by HP1, we wondered whether 

HP1 might mediate the recruitment of the novel HPs. To test this, we used RNA interference 

(RNAi) to reduce HP1 levels as described in (Greil et al. 2003) and subsequently assessed 

the localization of DamMyc-tagged HP3, HP4, HP5 and HP6 by immunofluorescence (Fig. 

5g-f). The successful reduction of HP1 levels was verified by immunofluorescence imaging 

Figure 4. Binding ratios of novel HPs and HP1 correlate. Scatterplot comparisons of log2 binding 
ratios for HP1 and a) Su(var)3-9, b) HP3, c) HP4, d) HP5, e) HP6, f) JRA. The dashed oval in b) highlights 
genes bound by HP3, but not by any of the other HPs or Su(var)3-9. Correlation coefficients are shown at 
the bottom of each plot.
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of endogenous HP1 in Kc cells (Fig. 5a and f). In order to control for nonspecific effects of 

dsRNA treatment, we also incubated cells with dsRNA derived from the white gene, which 

codes for an eye pigment transporter that is not expressed in Kc cells. The white dsRNA 

treated cells showed a normal heterochromatic localization of HP1, HP3, HP4 and HP5 (Fig. 

5a-d). The localization of HP6 was also comparable to that of untreated cells (compare Fig. 

5e with Fig. 2d). The distribution of DamMyc-tagged HP3, HP4 and HP5 was strongly altered 

after HP1-dsRNA treatment. Instead of preferential association with the chromocenter, they 

now showed a diffuse staining of the entire nucleus. The already diffuse distribution of 

DamMyc-tagged HP6 however was not changed after depletion of HP1. These data demon-

strate that HP1 is required for restricting HP3, HP4 and HP5 to pericentric heterochromatin, 

whereas such requirement for HP6 localization could not be deduced from this assay.

DamID mapping shows redistribution of HP3 upon loss of HP1
We wondered whether the diffuse nuclear staining of DamMyc-tagged HP3, HP4 and HP5 

after HP1-RNAi treatment reflected the complete release of the HPs from chromatin, or the 

gain of de novo targets along chromosome arms. To investigate this, we used DamID to 

map the genome-wide changes in HP3 binding after reduction of HP1 levels. Fig. 6a shows a 

scatterplot of the binding ratios of HP3 in HP1-dsRNA treated cells, plotted against the HP3 

binding ratios in control cells treated with white-dsRNA. Visual inspection as well as analysis by 

a “k-slopes” iterative regression algorithm (see Methods) identified two major groups of genes 

that differ in their HP3-binding behavior after loss of HP1. First, nearly all genes with high 

HP3 binding ratios in control cells maintained HP3 binding after knock down of HP1 (Fig. 6b, 

dark-gray dots and line), although on average the HP3 levels at these genes were somewhat 

Figure 5. Loss of HP1 causes subnuclear redistribution of HP3, HP4 and HP5. Immunofluorescence 
images of interphase Drosophila Kc cells transfected with DamMyc-tagged HP3, HP4, HP5 and HP6. a-e) 
white dsRNA treated cells; f-j) HP1 dsRNA treated cells. a) and f) endogenous HP1 stained with the C1A9 
anti-HP1antibody (red). b-e) and g-j) tagged HP fusion proteins stained with an anti-Myc antibody (green, 
only in transfected cells). The HP1 dsRNA treated cells show a diffuse distribution of the DamMyc-HP 
fusion proteins in nuclei of cells irrespective of the expression levels of the fusion proteins. Colour image: 
see page 145
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reduced (note that most of these genes are located below the diagonal in the scatterplot). 

Second, a distinct group of genes with low HP3 binding ratios in control cells showed high 

binding ratios in HP1-depleted cells (Fig. 6b, black dots and line). These are genes that acquire 

HP3 binding de novo when HP1 levels are reduced. These data show that redistribution of 

HP3 occurs upon loss of HP1, indicating that HP1 controls the genomic targeting of HP3.

 We wanted to know whether the de novo HP3 target genes share common features, in 

order to discern a possible function of HP3 retention by HP1. We therefore investigated the 

expression status of the de novo targets using Kc cell expression data obtained on the same 

type of array that we used for DamID ((Pickersgill et al. 2006), Fig. 6c). We found that in 

non-RNAi treated cells their expression levels were significantly higher than the original HP3 

target genes (p = 1.9 x 10-9), which means that HP1 likely constrains HP3 binding to genes 

with relatively low expression levels. 

Figure 6. Effects of HP1 depletion on genome-wide distribution of HP3 and HP6. a) Scatterplot of 
HP3 log2 binding ratios in white versus HP1 dsRNA treated cells. Black line depicts the diagonal (i.e., no 
change in binding).  b) Computational classification of 2 populations of genes: black dots mark de novo 
HP3 target genes and dark-gray dots mark genes that have slightly decreased HP3 binding ratios after 
depletion of HP1. These two groups of genes were determined by an iterative “k-slopes” linear regression 
algorithm (see Methods), and the corresponding fitted lines are shown. Light-gray dots mark genes that 
are not significantly bound by HP3. c) Relative expression levels of the same groups of genes as in b), 
expression levels according to (Pickersgill et al. 2006). d) HP3-only targets remain unaltered in HP1-dsRNA 
treated cells. Same scatterplot is shown as in a), with HP3-only targets marked with black and HP3-HP1 co-
targets marked with dark-gray. e) Scatterplot of HP6 log2 binding ratios in white versus HP1 dsRNA treated 
cells. Black line depicts the diagonal. f) Same as in e), with de novo HP3 targets highlighted in black. 
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As pointed out earlier, we found in untreated Kc cells that some genes are bound by HP3 

but not by HP1 and the other HPs (Fig. 4b). We predicted that binding of HP3 to these genes 

would be independent of HP1 in contrast to those genes that are bound by HP3 and HP1. 

Indeed, the HP3 binding ratios of the HP1/HP3 co-target genes were decreased on average 

by 0.7 in HP1 depleted cells (p= 1.8x10-42, Wilcoxon signed rank test; Fig. 6d, dark-gray dots). 

The HP1 independent binding of HP3 was as predicted not decreased, but even increased 

on average after depletion of HP1 (p= 4.8x10-8, Wilcoxon signed rank test; Fig. 6d, black 

dots). This strongly supports the notion that an HP1-independent mechanism exists that 

targets HP3 to a separate small set of genes. Furthermore, the increase in HP3 binding to 

HP1-independent target genes after depletion of HP1 is in agreement with the redistribution 

of HP1-restricted HP3 to HP1 independent HP3 targets.

Subtle redistribution of HP6 after depletion of HP1
We performed similar DamID experiments to test whether HP6 localization is affected by 

depletion of HP1. Initial inspection of the scatterplot (Fig. 6e) suggested that for most tested 

genes, the HP6 binding ratios in HP1-dsRNA treated cells remained similar to those in white-

dsRNA treated cells. However, subtle non-random changes could not be excluded. Because 

HP6 and HP3 can interact directly in the yeast-two-hybrid assay (Fig. 1a), we tested whether 

HP6 was perhaps partially relocated to the same loci as HP3 after RNAi of HP1. Indeed, the 

de novo targets of HP3 showed on average a mild but significant increase in HP6 binding 

after depletion of HP1 (Fig. 6f, dark-gray dots, p<2.2 x 10-16 Wilcoxon signed rank test). 

Therefore, also HP6 binding is directly or indirectly (via HP3) restricted by HP1, albeit to a 

much lesser extent than HP3. 

Novel HPs are modifiers of Postion Effect Variegation
Position effect variegation (PEV) refers to the silencing of euchromatic genes that are placed 

in the vicinity of heterochromatin. The degree of silencing can vary from cell to cell within the 

same individual. Mutations in heterochromatin proteins typically alleviate silencing of a PEV 

reporter gene and therefore these proteins are suppressors of PEV (Eissenberg et al. 1990; 

Tschiersch et al. 1994; Cleard et al. 1997; Festenstein et al. 1999; Schotta et al. 2004). We 

therefore tested whether mutations in the novel HPs are also suppressors of PEV. 

 While no mutants are known for HP3, we could obtain P-element insertion mutants for 

HP4 (P{EPgy2}CG8044EY01733), HP5 (P{EPgy2}CG1745EY10901) and HP6 (P{GT1}CG15636BG01429 

dpBG01429) from the Bloomington Stock Center. The P-elements are inserted just downstream of 

the start codons of the open reading frames, truncating the predicted proteins after 14 amino 

acids (HP4 and HP6) or 47 amino acids (HP5), most likely resulting in strong functional defects. 

The HP4 and HP5 mutants are homozygous viable and show no visible phenotype, while the 

HP6 mutant is homozygous semi-lethal. It should be noted here that the gene coding for HP6 

resides in an intron of the dumpy locus and it is known that truncations of dumpy affect the 

viability of Drosophila ((Wilkin et al. 2000) and citations therein). It is therefore possible that the 

semi-lethality of HP6 mutants is due to a change in the expression of dumpy. 
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 We used the translocation T(2;3)Sbv as a PEV reporter. In this translocation, the anti-

morphic Stubble (Sb-) allele of the 3rd chromosome causing short bristles, is placed close to 

pericentric heterochromatin of the 2nd chromosome (Sinclair et al. 1983). This leads to varie-

gating repression of the mutant allele, so that some bristles are short and others are as long 

as in wild type flies (Sinclair et al. 1983).  Mutations in genes that encode heterochromatin 

proteins can alleviate this repression, causing a decrease in the appearance of long bristles. 

This PEV model was previously used to identify Suv4-20 as an important functional compo-

nent of heterochromatin (Schotta et al. 2004).

 We scored the SbV phenotype for eight defined dorsal bristles in heterozygous mutants of 

HP4, HP5 and HP6. To estimate the baseline level of PEV we scored bristle lengths in a wide 

range of control crosses of T(2:3)SbV with stocks of different genetic backgrounds (see Materi-

als and Methods). As positive controls we included heterozygous mutants of HP1 (Su(var)2-502) 

and Su(var)4-20 that are known to suppress PEV in this assay (Schotta et al. 2004). 

Figure 7 shows that, like Su(var)2-5 and Su(var)4-20, the HP4 and HP5 mutations cause 

significant decreases in the frequencies of long bristles. Thus, both mutants are dominant 

suppressors of PEV. This effect is most prominent in the HP4 mutant, in which the strength 

of the phenotype lies between those of Su(var)4-20 and Su(var)2-502, while the HP5 mutant 

has a somewhat weaker, but still highly significant effect. In contrast, we were unable to 

detect a significant effect in the HP6 mutant. Taken together, these data indicate that HP4 

and HP5 are essential for efficient silencing of a reporter gene by heterochromatin. 

Figure 7. HP4 and HP5 mutants are dominant suppressors of PEV. Scoring of the SbV phenotype in 
control lines (a) and heterozygous mutants of heterochromatin protein-encoding genes (b-f). Histograms 
show the frequency distributions of long bristle counts for eight defined dorsal thorax bristles. Control (a) 
shows pooled data from several control genotypes; n denotes the number of flies counted. Long bristles 
correspond to a silenced SbV allele; thus, reduced frequencies of long bristles compared to the control 
group indicate suppression of PEV. See Materials and Methods for experimental details.
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Discussion

We have identified four novel Drosophila heterochromatin proteins, HP3, HP4, HP5 and HP6, 

by searching a yeast-2-hybrid database for interactors of the heterochromatin protein HP1 

and subsequent mapping of the in vivo binding sites of suitable candidates by DamID. This 

confirmed the heterochromatic localization as well as the strong co-localization with HP1 

of all four candidates we tested. We additionally showed that the genomic targeting of 

HP3, HP4 and HP5 (and to a much lesser extent HP6) is controlled by HP1. Furthermore, 

we showed that mutations in HP4 and HP5 act as suppressors of PEV, arguing that the 

association of these proteins with heterochromatin is of functional importance. Our assay 

did not reveal such a function for HP6, suggesting that it is not needed for heterochromatic 

transgene silencing. We cannot exclude though, that HP6 may behave as a PEV modifier in 

a different PEV assay.

 The yeast-2-hybrid data indicate that HP3, HP4, and HP5 can interact directly with HP1. 

Because HP3, HP4 and HP5 are partially mislocalized when HP1 is depleted, we propose that 

HP1 forms a docking site for these three proteins. It is unknown whether all three proteins 

can bind to HP1 simultaneously, or compete for available HP1 molecules. Interestingly, HOAP, 

the protein encoded by the caravaggio (cav) gene, also interacts with both HP1 and HP6 (Fig. 

1a), and has been implicated in heterochromatin function (Badugu et al. 2003; Shareef et al. 

2003).

 The mechanism of HP6 targeting is less clear. The direct interactions of this protein with 

HP3, HP4, and HP5 suggest that each of these three proteins may help to recruit HP6 to 

heterochromatic loci. In agreement with this model, we find that after HP1 depletion the 

mislocalized HP3 is partially accompanied by HP6, suggesting that HP3 is able to contribute 

to the targeting of HP6. It should be noted that although no direct interaction was reported 

between HP6 and HP1 (Giot et al. 2003), it cannot be ruled out that HP1 and HP6 are able 

to interact directly through their CSDs, because this domain mediates homodimerization of 

HP1 and therefore could also mediate heterodimerization between proteins (Cowieson et al. 

2000; Zhao et al. 2000; Yamamoto and Sonoda 2003). However, because HP6 localization 

was only subtly affected by HP1 depletion, it is likely that an additional (unknown) interaction 

plays a key role in the targeting of HP6 to heterochromatin, unless residual low amounts of 

HP1 are sufficient to recruit HP6. 

 The redistribution of the new HPs to a different set of genes upon loss of HP1 may be 

of functional importance during specific stages of Drosophila development. For example, in 

male adult flies the expression level of HP1 and HP4 is reduced compared to other stages of 

development, whilst the level of HP6 expression is increased (Fig. 1c). Such changes in the 

relative abundances of the different heterochromatin components could cause a shift in the 

binding specificity of each protein, and possibly help to regulate specific sets of genes. 

 HP3 has also a small set of target genes that are not significantly bound by any of the 

other mapped proteins, indicating that in addition to an HP1-dependent mechanism, a 

second targeting mechanism exists that directs HP3 to specific genes. The nature of this 
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mechanism and the functional relevance are at present unclear. We have not been able to 

identify common functions in the HP3-specific target gene set. 

 We demonstrated that mutations in HP4 and HP5 are dominant suppressors of PEV. We 

have been unable to link the genes encoding HP4 or HP5 conclusively to locations of previ-

ously identified Su(var) mutations (Reuter and Szidonya 1983; Reuter et al. 1986; Szidonya 

and Reuter 1988; Wustmann et al. 1989; Sinclair et al. 1992; Westphal and Reuter 2002). 

Thus, these genes are most likely novel Su(var) genes.

 Taken together, we have identified HP3, HP4, HP5 and HP6 as four novel heterochroma-

tin proteins. DamID was an important tool in the validation of the heterochromatin targeting 

of these proteins and in obtaining insight into their targeting mechanism. The high resolution 

and genome-wide character of DamID, together with its major advantage that no antibodies 

are required, make this mapping technique particularly suitable for studies of novel proteins. 

We suggest that this approach may be generally applicable for the identification and charac-

terization of many still unknown components of various chromatin complexes. 

Materials and methods

Identification of putative heterochromatin proteins. The Curagen Drosophila Interaction 

Database (http://portal.curagen.com/cgi-bin/interaction/flyHome.pl) was used to search for 

proteins interacting with HP1. 

DamID. Full-length HP3, HP4, HP5 and HP6 cDNA clones (from the BDGP, (Stapleton et al. 

2002a)) were obtained from the Drosophila Genomics Resource Center and fused to the 

C-terminus of Dam through a myc epitope-tag linker by cloning of the open reading frames 

into pNDamMyc (van Steensel and Henikoff 2000). The Dam-HP1 and Su(var)3-9-Dam con-

structs were described earlier (van Steensel and Henikoff 2000; Greil et al. 2003).  DamID 

was performed as described (Greil et al. 2003) in embryonal Drosophila melanogaster Kc167 

cells grown in BPYE medium (Shields and Sang M3 Insect Medium supplemented with 2.5 

g/L bacto peptone, 1g/L yeast extract and 5% heat-inactivated fetal calf serum).

Microarrays. For hybridizations we used spotted microarrays (Genomics Facility, Fred 

Hutchinson Cancer Research Center, Seattle) containing 11,857 cDNA clones from Release 

1 and Release 2 of the Drosophila Gene Collection (DGCr1 and DGCr2), as well as 126 addi-

tional cDNA and genomic fragments contributed by members of the Northwest Flychip 

Consortium (Dorer and Henikoff 1997; Rubin et al. 2000; Stapleton et al. 2002b).  

RNAi. As a template for HP1 ds RNA production, a 618 bp fragment of the open reading frame 

of HP1 flanked by a T7 promoter at both the 5’ and 3’ end was amplified using the primer 

pair 5’GAATTAATACGACTCACTATAGGGAGAGGCAAGAAAATCGACAACCCTGAGAGC 3’ 
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and 5’GAATTAATACGACTCACTATAGGGAGATTAATCTTCATTATCAGAGTACCAGGATAGGC-

GCT 3’. As a template for white ds RNA production, a 344 bp fragment of the open reading 

frame of white flanked by a T7 promoter at both the 5’ and 3’ end was amplified using 

the primer pair 5’GAATTAATACGACTCACTATAGGATCCTGGCTGTCGGTGCTCAAG 3’ and 

5’GAATTAATACGACTCACTATAGGATCATCGGATAGGCAATCGCCG 3’. 

RNAi treatment was performed as described in (Greil et al. 2003).

Data analysis. The R software package (http://www.r-project.org) was used for all data 

analyses. For statistical analysis, all measured ratios were log2-transformed and normalized to 

the median value of the entire array. Data from three to four independent experiments were 

averaged, with one or two experiments performed with reversed dye orientation, respec-

tively. To define target loci, we tested whether log-ratios were significantly greater than 0 

using the CyberT algorithm  (Long et al. 2001) followed by a correction for multiple testing 

(Benjamini and Hochberg 1995), adjusting the estimated False Discovery Rate to 10% and 

applying an additional threshold of log2(1.5). 

 To identify de novo HP3 targets after RNAi knock-down we developed an iterative “k-

slopes” linear regression algorithm to separate de novo from wild-type targets. This method 

is analogous to k-means clustering (Hartigan and Wong 1979). The method begins with 

two straight lines drawn intuitively through the two populations of probes. Then all probes 

are assigned to one of two groups, corresponding to the nearest line. Next, for each group 

a new linear regression line is calculated. Again, all probes are reassigned to the nearest 

line, and for the new groups the linear regression line is calculated. This process is repeated 

until the algorithm has converged to an optimal separation of the two classes and stable 

definition of the two lines. Importantly, this iterative fitting of two lines is highly robust with 

respect to the initially chosen two lines. Implementation of this algorithm in the R program-

ming language is available upon request. 

PEV assay. HP4-6 mutant lines are P-element insertion lines and were obtained from the 

Bloomington Drosophila Stock Center. The HP4 mutant line is y1 w67c23; P{EPgy2}CG8044EY01733 

and the HP5 mutant line is y1 w67c23 P{EPgy2}CG1745EY10901. The HP6 mutant stock is 

w1118; net1 P{GT1}CG15636BG01429 dpBG01429/In(2LR)Gla, wgGla-1 Bc1. The HP6-encoding 

gene CG15363 is located in an intron of the larger dp gene; we cannot rule out that the 

expression of dp is affected in this mutant. The HP1 and Su(var)4-20 mutant lines (kindly 

provided by Dr. G. Reuter, Martin-Luther-Universität, Halle-Wittenberg, Germany) have geno-

types wm4h; Su(var)2-502 / SM1 and FM7/ P{GT1}Suv4-20BG00814 w1118, respectively. The HP4 

and HP5 homozygous mutant lines were first crossed to balancer stocks w1118; SbH/Tm6B 

and FM7a, respectively to obtain heterozygous parental lines. As controls, we used the y1 

w67c23 P{EPgy2}CG5905 Nep1EY21255 and y1 w67c23; P{EPgy2}CG4109 Syx8EY21219 lines (kindly 

provided by Dr. H. Bellen, Baylor College of Medicine, Houston, TX, USA), which are unrelat-

ed P-element insertion mutants derived from the same parental stock as the mutant lines for 
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HP4 and HP5. Because all HP mutants carry additional mutant alleles for white and/or yellow 

(w1118 and y1w67c23) we also used w1118 and y1 w67c23 stocks as additional controls. 

 For the PEV assay, we crossed 4-6 female virgins of each heterozygous mutant or homo-

zygous control line to 3-5 males of T(2;3)SbV, In(3R)Mo, Sb1, sr1 / TM3, Ser (obtained from 

the Bloomington Drosophila Stock Center) All crosses were done in triplicate at 25°C. In the 

Ser+ progeny (i.e., flies carrying the SbV allele) of these crosses, we scored the length of the 

4 dorso-central and 4 scutellar setae as either long (similar to wild-type flies) or short. This 

we did for heterozygous mutant progeny, their balancer-carrying siblings (except for males 

carrying FM7, which have the sc8 bristle phenotype that precluded reliable scoring), and all 

progeny of crosses with the four control lines. Together, we analyzed 7 different control gen-

otypes, and these data were pooled. Male and female scores were similar in all cases (data 

not shown) and therefore combined, except for the HP5 mutant, which was only scored in 

male progeny because of the lack of a visible marker in female progeny.

 The frequency distribution of long bristles (reflecting a silenced SbV allele) approximated 

Poisson distributions; to calculate P-values we therefore used a statistical test designed for com-

paring Poisson-distributed observations (Detre and White 1970), implemented in an R-script.
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Abstract

Heterochromatin protein 1 (HP1) is commonly seen as a key factor of repressive chroma-

tin, although a few genes are known to require HP1-chromatin for their expression. We 

mapped HP1 binding sites on chromosome 2 and 4 in Drosophila cells using high-density 

oligonucleotide arrays and the DamID technique. This showed that HP1 forms large domains 

in pericentric regions, but is targeted to single genes on chromosome arms. Intriguingly, HP1 

shows a striking preference for exon-dense genes on chromosome arms. Furthermore, HP1 

binds along entire transcription units, except for 5’ regions. Comparison with expression 

data showed that most of these genes are actively transcribed. HP1 target genes are also 

marked by the histone variant H3.3 and dimethylated histone 3 lysine 4 (H3K4me2), which 

are both typical of active chromatin. Interestingly, H3.3 deposition, which is usually observed 

along entire transcription units, is restricted to 5’ ends of HP1-bound genes. Additionally, 

we observed that HP1-chromatin and Polycomb-chromatin are mutually exclusive, but often 

closely juxtaposed, suggesting an interplay between both types of chromatin. These results 

demonstrate that HP1-chromatin is transcriptionally active and has extensive links with several 

other chromatin components.
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Introduction

Heterochromatin constitutes up to ~1/3 of all chromatin in eukaryotes and is essential for the 

maintenance of genome integrity, faithful segregation of chromosomes during cell division  

and for regulation of gene expression (Grewal and Moazed 2003; Hediger and Gasser 2006). 

Originally identified as the densely staining regions of interphase nuclei (Heitz 1928), hetero-

chromatin is now defined by its molecular components. Some of the best studied constituents 

of heterochromatin are Heterochromatin Protein 1 (HP1) and Su(var)3-9, which are both 

present in most eukaryotes. Su(var)3-9 is a histone methyltransferase (HMTase) that gener-

ates a histone 3 lysine 9 di- and tri-methylation (H3K9me2/3) mark, which is recognized by 

HP1 and promotes retention of HP1 at chromatin (Rea et al. 2000; Schotta et al. 2002). HP1 

interacts with a variety of other proteins (Hediger and Gasser 2006) and several of them, 

for instance Su(var)3-9 and Su(var)3-7, depend on HP1 for their heterochromatic targeting 

(Schotta et al. 2002; Schotta et al. 2004; Badugu et al. 2005; Spierer et al. 2005). 

 How are heterochromatin complexes directed to specific parts of the genome? One 

targeting mechanism has been revealed in detail in fission yeast. This involves the recruit-

ment of heterochromatin components via the RNAi machinery to repeat-rich regions close 

to centromeres (Hall et al. 2002; Volpe et al. 2002). Double-stranded RNA, resulting either 

from bidirectional transcription or possibly from the formation of RNA hairpin structures that 

originate from transcribed inverted repeats, is processed by the RNA interference (RNAi) 

machinery to yield small interfering RNA (siRNA) molecules. These siRNAs then trigger the 

formation of heterochromatin at the homologous DNA sequences via the RITS complex 

(Verdel et al. 2004). A similar mechanism is likely involved in heterochromatin formation in 

Drosophila, where loss of RNAi machinery components results in a strong reduction of H3K9 

tri and di- methylation and aberrant location of HP1 to euchromatic regions (Pal-Bhadra et 

al. 2004). Although many details of RNAi-linked heterochromatin formation still need to be 

elucidated, it is clear that the formation of double-stranded RNA is a key initial step.

 This RNAi-dependent mechanism most likely accounts for the abundant heterochromatin 

deposition in highly repetitive regions of the genome (Aravin et al. 2003; Lippman et al. 

2004; Cam et al. 2005). Heterochromatin proteins are also known to preferentially associate 

with transposable elements (TEs) and genetic evidence has suggested that certain TE types, 

such as 1360 (hoppel) in Drosophila melanogaster, might be genuine HP1 recruitment signals 

(Sun et al. 2004). However, recently it was shown that 1360 elements only recruit HP1 by 

themselves if they are embedded in a repeat-rich environment (de Wit et al. 2005). Coop-

erative binding by several closely neighboring repeats (each probably identified by siRNAs) 

therefore appears to be required to create a stable heterochromatin complex.

 Various observations point to additional, RNAi-independent mechanisms of hetero-

chromatin formation. For example, the HP1 ortholog Swi6 in fission yeast is targeted to 

telomeres by the telomeric repeat binding protein Taz1 (Kanoh et al. 2005). In higher eukary-

otes, certain transcription factors may recruit heterochromatin components such as HP1 to 

promoters (Ayyanathan et al. 2003; Young and Longmore 2004; Feldman et al. 2006). In 
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Drosophila, HP1 has been found to be specifically enriched along the entire X-chromosome in 

males, but not in females, suggesting an interaction with the dosage compensation complex 

(de Wit et al. 2005). Furthermore, immunofluorescence microscopy and chromatin immuno-

precipitation (ChIP) studies revealed the association of HP1 with the transcription units of 

activated heat-shock genes and several other transcribed loci (Piacentini et al. 2003; Vakoc 

et al. 2005). Previously, we employed a genome-wide mapping approach in Drosophila to 

identify a few hundred genes that are bound by HP1 and Su(var)3-9 (Greil et al. 2003; de 

Wit et al. 2005). Surprisingly, these genes are on average significantly longer than genes not 

bound by heterochromatin proteins (de Wit et al. 2005). These observations suggest that 

transcribed genes, in particular long genes, harbor a targeting signal for heterochromatin 

complexes. The nature of this signal is still unclear, in part because the mapping data was of 

insufficient resolution.  

 There is substantial evidence that heterochromatin can spread along the chromatin fiber 

in cis (Dorer and Henikoff 1997; Noma et al. 2001; Danzer and Wallrath 2004). This spreading 

may be propagated by the interaction with Su(var)3-9 that may create new HP1 binding sites 

by methylation of H3K9 on neighboring nucleosomes (Richards and Elgin 2002). In this way, 

heterochromatin spreading would be perpetuated along chromosomes, if it is not blocked by 

other factors. Examples of barriers that confine heterochromatin to specific regions are the 

gypsy insulator in Drosophila (Roseman et al. 1993) and tRNA genes in fission yeast (Noma 

et al. 2006; Scott et al. 2006). Alternatively, it has been suggested that heterochromatin 

may be confined by the antagonistic action of neighboring euchromatin. In this model, a 

heterochromatin—euchromatin boundary may not be a fixed sequence element, but rather a 

dynamic boundary that shifts depending on the relative activity of euchromatic and hetero-

chromatic factors (Renauld et al. 1993; Ebert et al. 2004). 

 A prerequisite for the thorough understanding of the mechanisms that determine het-

erochromatin positioning is a high-resolution map of the in vivo location of heterochromatin 

in the genome. Such a map could uncover general sequence and chromatin features that are 

involved in heterochromatin targeting. Here, we used the DamID technology together with 

high-density genomic oligonucleotide arrays to generate chromosomal maps of HP1 binding in 

Drosophila cells with a resolution of approximately 1kb. Extensive analysis of this highly detailed 

map yielded several new insights into the genomic “rules” that govern the targeting of hetero-

chromatin, and reveal an intricate interplay between HP1 and other chromatin components.

Results

High resolution mapping of HP1 by DamID
DamID has proven to be a powerful tool for the mapping of in vivo binding sites of chroma-

tin proteins (Greil et al. 2003; Orian et al. 2003; Sun et al. 2003; Bianchi-Frias et al. 2004; 

Song et al. 2004; de Wit et al. 2005; Moorman et al. 2006; Pickersgill et al. 2006; Tolhuis 
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et al. 2006). In order to obtain a high resolution HP1 binding map we designed a genomic 

oligonucleotide array with a 60 bp probe every 100 bp, spanning the entire left arm and the 

first ~11 Mb of the right arm of chromosome 2, as well as the first 2 Mb of the X chromo-

some and the entire 4th chromosome. This array design has been used previously to map the 

distribution of other chromatin proteins (Mito et al. 2005; Tolhuis et al. 2006). The resolution 

of DamID is estimated to be roughly 1-2kb (Sun et al. 2003; van Steensel et al. 2003). We 

omitted data from probes with repetitive sequences (i.e. sequences that occur more than 

once in the annotated fly genome), because these probes cannot be assigned to a specific 

genomic position. 

 We defined HP1 target loci by using an error model specifically designed for DamID high-

density oliguncleotide array data (see Materials and Methods). This error model takes into 

account that Dam only methylates adenines in the sequence GATC, and that therefore DNA 

fragments demarcated by two GATC motifs constitute the smallest ‘unit’ of DamID mapping. 

Using this target definition, 9,565 out of 94,202 fragments (~10%) are significantly bound by 

Figure 1. High-resolution HP1 binding profiles. Maps of a–b) chromosome 2, c)  chromosome 4, d) peri-
centric light gene, e) pericentric concertina gene and f) cytological region 31. Inset in a) shows a more 
detailed view of the centromere-proximal 0.4 Mb of 2L. Each stick represents the mean HP1-Dam/Dam 
binding ratio of a single GATC fragment. Fragments significantly bound by HP1 are marked in black, 
fragments not significantly bound by HP1 are shown in gray. For light and concertina, individual oligonu-
cleotide probes are shown, but statistical significance of HP1 binding to GATC fragments could not be 
calculated (see Methods). Gaps originate from non-unique sequences for which binding cannot be reliably 
determined.  Positions of genes (open rectangles) and transposable elements (gray rectangles) are shown 
in d-f). Arrows in d) and e) indicate orientation of the genes.
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HP1. We generated maps to visualize the HP1 binding profile on chromosome 2 and 4 (Fig. 1a-

c). These maps show abundant presence of HP1 in the pericentric regions of chromosome 2 

(Fig. 1a and b) and on chromosome 4 (Fig. 1c), consistent with our earlier low-resolution maps 

(Greil et al. 2003; de Wit et al. 2005). More detailed inspection shows that HP1 on chromo-

some 4 covers large domains that are approximately 10-100kb in size, interrupted by regions 

not bound by HP1 (Fig 1c). The pericentric region of chromosome 2 also shows variable levels 

of HP1 signal, but no discrete domain structure is visible (Fig 1a, insert). By contrast, target 

sites along the chromosome arms are more focal and span usually only  single genes. 

 We selected several previously described heterochromatic regions, namely the two peri-

centric genes light and concertina, and the cytological region 31 for a more detailed view of 

HP1 binding. Both light and concertina reside in pericentric regions with elevated HP1 levels. 

Both the transcription units and the flanking intergenic regions are entirely covered by HP1, 

although the degree of binding varies (Fig. 1d,e). In region 31, HP1 binds to several genes, 

consistent with the dense HP1 staining observed in this region by immuno-fluorescence 

microscopy of polytene chromosomes (James et al. 1989). In contrast to what is seen for the 

pericentric genes, HP1 binding in region 31 is mostly restricted to the transcription units (Fig. 

1f).  Altogether, we identified 189 genes that are strongly bound by HP1 (average HP1 log2-

ratio along entire gene >2), out of 3,992 genes that are represented on our microarray. 

HP1 binds to active genes 
The binding of HP1 along transcription units suggested that HP1 may directly regulate the 

expression of these genes. In order to clarify the expression status of HP1 targets, we made 

use of expression data obtained in Drosophila Kc cells on 12K cDNA arrays (Pickersgill et al. 

2006). Based on earlier findings that expression levels of HP1 targets differ depending on 

their chromosomal localization (Greil et al. 2003), we performed the analysis separately for 

genes on the chromosome arms and for pericentric genes (Fig. 2a and 2b, respectively). For 

Figure 2. Most HP1-bound genes are actively transcribed. Density plot (“smoothed histogram”) showing 
the distribution of normalized expression levels of a) non-pericentric and b) pericentric genes that are 
strongly bound by HP1 (‘high HP1’; average HP1 log2-ratio along entire gene >2, black) or genes that 
display low or no binding by HP1 (‘low HP1’; average HP1 log2-ratio along entire gene <2, gray). Expres-
sion data were taken from (Pickersgill et al. 2006).
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this purpose, pericentric genes were operationally defined as genes located on chromosome 

4 or less than 1Mb from the proximal ends of the sequenced parts of chromosome 2. On 

chromosome arms, the expression level distribution of genes that were strongly bound by 

HP1 (‘high HP1’; average HP1 log2-ratio along entire gene >2) is similar to that of genes that 

are weakly or not at all bound by HP1  (‘low HP1’; average HP1 log2-ratio along entire gene 

<2). In contrast, pericentric genes strongly bound by HP1 are generally expressed at much 

higher levels than genes that are only weakly or not bound. Thus, HP1 target genes are 

active, but the expression levels indeed depend on the chromosomal localization: non-peri-

centric targets are expressed at average levels, whereas pericentric targets are expressed at 

high levels.

HP1 preferentially binds to exon-rich genes in non-pericentric regions
We wondered whether HP1 is preferentially bound by transcribed regions in general and 

whether other genomic features, such as promoters, also have elevated HP1 levels. We there-

fore determined the frequency of HP1 binding to different genomic features (promoters, 5’ 

UTR, exons, introns, 3’ UTR and intergenic regions). A first global analysis suggested that 

HP1 target sites are not enriched for specific genomic features (Fig.3a). However, when we 

repeated our analysis again separately for pericentric and non-pericentric sites, we found that 

HP1 on chromosome arms has a strong preference for exons, whereas introns and intergenic 

regions show reduced binding (Fig. 3b). In contrast, in pericentric regions we observed a 

slight depletion of HP1 from exons and an enrichment at intergenic regions (Fig. 3c). These 

results point to at least partially distinct targeting mechanisms for HP1 in pericentric regions 

and on the chromosome arms.

Figure 3. Preferential binding of HP1 to exon-dense genes. a–c): Pie charts showing the overlap of 
GATC fragments with promoters (black), 5’ UTRs (gray), exons (horizontal stripes), introns (white), 3’ UTR 
(black) and intergenic regions (dashed stripes) for all fragments represented on the high-density oligonu-
cleotide array (top) and only those fragments that are significantly bound by HP1 (bottom). This analysis 
was performed for a) all fragments, b) non-pericentric fragments and c) pericentric fragments. d) Density 
plot showing the frequency distribution of exon densities (i.e. the fraction of sequence in transcription 
units that consists of exons) for genes with high HP1 levels (black) and genes with low HP1 levels (gray).
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We were surprised to find HP1 on the chromosome arms to be enriched not only along 

transcribed regions, but specifically at exons. This could be either explained by preferen-

tial HP1 binding to exons per se, or by preferential HP1 binding to exon-rich genes. We 

therefore tested whether non-pericentric ‘high-HP1’ genes have a higher exon density than 

non-targets. Short genes, which are generally exon-rich, were not included in this analysis. 

The analysis of longer genes with a size of >5kb showed that non-pericentric ‘high-HP1’ 

genes indeed have a much higher exon density than non-targets (Fig. 3d, p=2.4x10-28). This 

suggests that in non-pericentric regions, a high density of exons in genes may promote the 

recruitment of HP1. 

Non-uniform distribution of HP1 along genes
In order to further elucidate the fine distribution of HP1 in and around genes, we aligned 

all ‘high-HP1’ genes by their transcriptional start site (TSS) or by their 3’ ends, and plotted a 

running mean of the HP1 binding log-ratios along the genes (Fig. 4a-b). We again performed 

this analysis separately for pericentric and non-pericentric genes. The analysis revealed a 

pronounced pattern of HP1 binding, particularly in non-pericentric genes. Upstream of these 

genes, very little HP1 is bound. Within the genes, binding is low at the TSS and increases 

gradually until 1-2kb into the gene, after which HP1 levels reach a plateau that extends for the 

remainder of the genes (Fig. 4a). Downstream of the 3’ ends the HP1 levels gradually decline 

again (Fig. 4b). Thus, in non-pericentric regions, HP1 is primarily associated with transcription 

units except for the first 1-2kb. Pericentric genes show a similar distribution pattern, but they 

have much higher baseline levels of HP1 outside the transcription units, consistent with the 

enriched HP1 binding to intergenic sites within pericentric regions as reported above. Thus, 

HP1 shows characteristic binding patterns along genes that differ between pericentric and 

non-pericentric regions.

Links between HP1 and marks of active chromatin
As demonstrated above, HP1 is primarily associated with active genes. Genome-wide studies 

have recently shown that various other chromatin marks, such as specific histone modifica-

tions (Schubeler et al. 2004) and the histone variant H3.3 (Mito et al. 2005; Wirbelauer et 

al. 2005) are also enriched at active genes. To explore the relationships between HP1 and 

these marks, we re-analyzed available high-resolution chromosomal maps of dimethylated 

H3K4 (H3K4me2) and H3.3, which were generated in the Drosophila Kc cell line or in the 

closely related S2 cell line (Schubeler et al. 2004; Mito et al. 2005). H3K4me2 was previously 

found to be enriched at the 5’ regions of actively transcribed genes (Bernstein et al. 2005; 

Wirbelauer et al. 2005), whereas H3.3 in Drosophila cells was reported to be deposited 

during transcription along the entire transcribed region (Mito et al. 2005; Wirbelauer et al. 

2005). We compared the distribution of these two marks along ’high HP1‘ genes and ’low 

HP1‘ genes).

 First, we analyzed the distribution of H3K4me2. For this histone modification we focused 

on non-pericentric genes, because insufficient data was available for pericentric genes. As 
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Figure 4. HP1 binding is linked to H3K4me2 and histone H3.3 patterns. Alignment of HP1-bound genes 
to a) their TSSs and b) the 3’ end of their transcription units. TSS aligned genes include upstream regions 
up until the next upstream gene, 3’ end aligned genes include downstream region up until the next 
downstream gene. Curves show running mean (window size 100) of HP1 binding ratios (log2) for non-
pericentric (black) and pericentric target genes (gray). c) H3K4me2 levels of TSS-aligned genes in non-peri-
centric regions with high (black) or low (gray) levels of HP1 as defined in figure 2. Running mean curves 
with window size 20 are shown. H3K4me2 levels were taken from (Schubeler et al. 2004). d) Frequency 
distribution of H3K4me2 levels around the TSS (-500 to +1000bp) for genes with high (black) and low 
(gray) HP1 levels. e-f) TSS-alignment of H3.3 levels for genes with high (black) and low (gray) HP1 levels 
in non-pericentric (e) and pericentric (f) regions. Running mean curves with window size 100 are shown. 
H3.3 data were taken from (Mito et al. 2005).
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expected, the average H3K4me2 pattern in 5’-aligned genes shows a clear peak centered 

around the TSS (Fig. 4c). Strikingly, this peak is much more pronounced in ’high HP1‘ genes 

than in ’low HP1‘ genes. Quantitative analysis of the H3K4me2 levels between -500 and 

+1000bp (Fig. 4d) shows that the vast majority of genes with high HP1 binding show strongly 

elevated H3K4me2 signals, while most genes with low HP1 binding show low H3K4me2 

signals around the TSS. This result is surprising, because the average expression level of ‘low 

HP1‘ and ‘high HP1‘ genes is not significantly different (see Fig. 2a).

 Next, we investigated the link between H3.3 deposition and HP1 levels (Fig. 4e-f). Consistent 

with previous reports (Mito et al. 2005; Wirbelauer et al. 2005), we observed an enrichment 

of H3.3 near the TSS. However, we found pronounced differences in the H3.3 distribution 

depending on the level of HP1 binding in conjunction with the chromosomal location of genes. 

Figure 4e shows the results for non-pericentric genes. Here, genes with low levels of HP1 show 

strong enrichment of H3.3 along the entire transcription unit, and also moderate enrichment 

in a region about 0-3 kb upstream of the gene. In contrast, on non-pericentric genes with high 

levels of HP1, H3.3 is confined to two clear peaks on either side of the TSS; no enrichment of 

H3.3 is seen further towards the 3’ parts of these transcription units, suggesting that H3.3 

deposition along transcribed regions is incompatible with HP1 binding. In pericentric genes, the 

distribution of H3.3 is strikingly different (Fig. 4f): ’high HP1‘ genes show only a single peak of 

H3.3 just downstream of the TSS, while ’low HP1‘ genes are almost devoid of H3.3 along their 

entire length. Taken together, these results reveal an intricate relationship between HP1 and 

H3.3 that depends on chromosomal location (see Discussion). 

Juxtaposition of HP1 and Polycomb domains
Polycomb Group (PcG) proteins form a type of repressive chromatin that is sometimes also 

referred to as “heterochromatin”. Most evidence indicates that HP1-marked heterochromatin 

and PcG-containing chromatin are distinct and targeted to different genomic regions (Fischle 

et al. 2003; Peters et al. 2003; Tolhuis et al. 2006). However, other data suggest crosstalk 

between components of the two types of chromatin and partial overlap of their target loci 

(Laible et al. 1997; Sewalt et al. 2002; Ebert et al. 2004; Ebert et al. 2006). In order to solve 

this apparent contradiction, we compared our high-resolution binding map of HP1 to that 

of Drosophila Polycomb (Pc), which was recently constructed by DamID in Kc cells using the 

same high-density arrays (Tolhuis et al. 2006).

 We found that HP1 and Pc clearly bind to distinct sites (Fig. 5a-d, black and gray lines, 

respectively), arguing that HP1- and Pc-chromatin associate with different genomic regions. 

In fact, the Pc signal in HP1 domains is frequently lower than the general baseline of Pc levels 

in regions where neither of the two proteins are enriched (Fig. 5a-b), suggesting that Pc may 

be actively excluded from HP1 domains. 

 Strikingly, in pericentric regions and on the 4th chromosome, HP1 and Pc domains are 

frequently in close proximity to each other, with sharp transitions, giving the impression of 

a strict demarcation between these domains (Fig. 5a-c). We did not observe this close juxta-

position of HP1 and Pc domains along the chromosome arms, with the exception of a repeat 
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rich region on the right arm of chromosome 2 (Fig. 5d). The frequent propinquity  suggests 

that HP1 domains and Pc domains may interact (see Discussion). 

Figure 5. HP1 and Polycomb form two distinct, non-overlapping chromatin domains that are often in 
close proximity to each other. Running mean of 20 GATC fragments of HP1-Dam/Dam binding ratios 
(black) and Pc-Dam/Dam binding ratios (gray) of a) chromosome 4; b-c) pericentric regions of chromo-
some 2; and d) a repeat-rich region on the right arm of chromosome 2 (cytologic region 42AB). Positions 
of genes are indicated below each graph. 

HP1 binding to individual copies of transposable elements
Intergenic sequences in pericentric regions show extensive binding of HP1. Because these 

regions are rich in TEs and many TEs bind HP1 (Greil et al. 2003; de Wit et al. 2005), we 

reasoned that TEs may provide important nucleation sites for pericentric heterochromatin 

formation. Microarray studies of repetitive sequences such as transposable elements (TEs) 

are complicated by the fact that repeat probes cannot discern between individual repeat 
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copies and thus only provide population averages. To estimate HP1 binding to individual TE 

copies, we analyzed the level of binding detected at unique sequences within 1kb from each 

TE integration site. These data (Fig. 6a) indicate that the vast majority of TE copies in pericen-

tric regions are bound by HP1, while this is much less frequently the case for TE copies on the 

chromosome arms.

 A previous statistical analysis based on low-resolution DamID data (de Wit et al. 2005) 

predicted that binding of HP1 to an individual TE requires that this element is located in a 

repeat-dense environment. While measurements of two individual 1360 elements supported 

this prediction, it has not been validated at a larger scale. We therefore compared the esti-

mated HP1 binding at all probed individual TE insertions to the local repeat density. We used 

the previously described Flanking Repeat Index (FRI20kb, i.e. the fraction of repeat sequence 

within 20kb of DNA at each side of the TE) as a measure of the local repeat density (de Wit 

et al. 2005). Strikingly, nearly all TE copies with elevated HP1 binding (logratios >1) had an 

FRI20kb higher than 0.4 (Fig. 6b). This demonstrates that HP1 has a strong preference for TEs 

that are located in repeat-dense regions, supporting a model in which multiple neighboring 

repetitive sequences together recruit HP1 in a cooperative manner (de Wit et al. 2005).

Figure 6. HP1 binding to individual transposon copies. a) Frequencies of copies of the different TE types 
that are target of HP1 (dark gray) in non-pericentric (top) and repeat-rich pericentric (bottom) regions. A 
TE copy was counted as an HP1 target if in the unique flanking 1 kb on each side of the TE at least one 
GATC fragment was significantly bound by HP1. b) HP1-Dam/Dam binding ratios at unique sequences 
within 1 kb of a TE are plotted as a function of the FRI20kb (see main text).
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Discussion

By mapping of HP1 binding at high resolution we show that genes naturally residing in 

HP1-chromatin are transcriptionally active. Additionally, we obtained new insights into the 

targeting of HP1 and the interplay of HP1 with other chromatin components. 

HP1 binding in the Drosophila genome
Previous findings hinted that actively transcribed regions may comprise a targeting signal 

for HP1 (Piacentini et al. 2003; de Wit et al. 2005). In this study we show that the vast 

majority of HP1 target genes are indeed actively transcribed, usually at average levels. Most 

pericentric HP1-bound genes are even transcribed at high levels. Thus, the prevailing model 

that heterochromatin represses transcription and forms a condensed, inaccessible chromatin 

structure does not apply to most natural target genes of HP1.

 We show that binding of HP1 typically takes place along transcribed regions, with a 

gradual increase of HP1 binding downstream of the TSS. A similar binding pattern along 

transcription units was recently observed for the HP1 homolog CBX1 in human cells (Vogel et 

al. 2006). In addition, we observe abundant binding of HP1 to intergenic regions in the peri-

centric parts of the genome, but not on the chromosome arms. Thus, in pericentric regions 

an additional targeting mechanism must exist.

 HP1 targeting to non-pericentric transcribed regions is tightly linked to a high density of 

exons. While this observation suggests the existence of an HP1 recruitment signal in exons, 

it is also possible that HP1 binds to transcribed regions in general but is excluded from 

introns. In either case, the mechanisms and reasons for this surprising exon bias are unclear. 

A similar exon bias has recently been observed for the dosage compensation complex in 

Drosophila (Gilfillan et al. 2006). It is possible that HP1 modulates alternative splicing, 

similar to what has recently been observed for the human chromatin remodeling protein 

Brm (Batsche et al. 2006).

 In pericentric regions HP1 is recruited to intergenic regions in addition to transcription 

units. Most likely, TEs and other repeats account for most of this intergenic targeting. Our 

analysis supports a model of cooperative recruitment of HP1 by neighboring TEs and other 

repetitive sequences.

 Previous studies in various organisms have found HP1 to be bound to certain promoters 

(Snowden et al. 2002; Ayyanathan et al. 2003; Young and Longmore 2004; Cryderman et 

al. 2005; Feldman et al. 2006). Our data indicate that, at least in Drosophila, HP1 is predomi-

nantly associated with transcription units rather than with promoters. We can however not 

exclude that some promoters are bound and regulated by HP1.

Interplay of HP1 with ‘active’ chromatin components
We show that HP1 bound genes are enriched specifically at their 5’ regions for chroma-

tin marks that have been reported as marks of active chromatin, in accordance with our 

observations that HP1 targets are expressed. Suprisingly, HP1 target genes in non-pericentric 
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regions show significantly higher levels of H3K4me2 despite the fact that HP1-bound and 

unbound genes have similar expression levels. Possibly, H3K4me2 facilitates loading of HP1 

complexes, or vice versa. 

 Previous studies in Drosophila indicated that histone H3.3 is deposited along transcribed 

regions by a transcription-coupled mechanism (Ahmad and Henikoff 2002; Mito et al. 2005; 

Wirbelauer et al. 2005). Our re-analysis of available H3.3 maps confirms that this is the case 

for genes not bound by HP1, but shows that deposition of H3.3 is restricted to 5’ regions in 

the presence of HP1. HP1 binding is typically low in these 5’ regions, indicating that H3.3 and 

HP1 are mutually exclusive marks of active genes. We propose that HP1-containing chroma-

tin is incompatible with the transcription-coupled deposition of H3.3 because HP1 complexes 

may “cross-link” nucleosomes by binding to methylated H3K9 and thereby prevent exchange 

of H3 and H3.3. In mouse cells H3.3 was also found to be enriched at the 5’ ends of several 

genes  (Chow et al. 2005). Mammalian HP1 homologs, which together with dimethylated 

H3K9 also associate with many active transcription units  (Vakoc et al. 2005; Vogel et al. 

2006), may play a similar role as Drosophila HP1 in constraining H3.3 deposition, offering an 

explanation for the restricted location of H3.3 at the 5’ ends of mouse genes (Chow et al. 

2005). Interestingly, in non-pericentric regions we noted that HP1-bound genes are marked 

by an additional peak of H3.3 just upstream of the TSS. The function of the upstream deposi-

tion of H3.3 is unclear, but it underscores the intricate interplay between this histone variant 

and HP1-containing chromatin.

Relationship between HP1 and Pc domains
We found that Pc and HP1 domains are often located directly next to each other, particularly 

in pericentric regions and on the 4th chromosome. This frequent juxtaposition of HP1 and 

Pc domains suggests that these two types of chromatin domains may interact. For example, 

HP1 domains may confine Pc domains by preventing the cis-spreading of PcG complexes; 

likewise (and perhaps simultaneously), Pc domains may set limits to HP1 domains. Com-

petition between the two chromatin types, which appear to be mutually exclusive, could 

determine the position of the boundary between these domains. It is interesting to note that 

genes in Pc domains are typically repressed (Tolhuis et al. 2006), while HP1-associated genes 

are mostly active. Thus, dynamic relocation of the boundary between these two types of 

domains could be a means to regulate genes that are located close to this boundary. 

 Alternatively, HP1 and Pc domains may be separated by static boundaries, encoded by 

specific sequence elements that recruit insulator proteins. Several proteins with insulator 

activity have been described (Kuhn and Geyer 2003; Capelson and Corces 2004; Fourel et al. 

2004). DamID mapping of these proteins is likely to provide insight into their putative role in 

separating HP1-marked heterochromatin from other chromatin types such as Pc-domains.
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Materials and methods

DamID and array design. DamID was performed as described (Greil et al. 2003) in embryonal 

Drosophila melanogaster Kc167 cells grown in BPYE medium (Shields and Sang M3 Insect 

Medium supplemented with 2.5 g/L bacto peptone, 1g/L yeast extract and 5% heat-inac-

tivated fetal calf serum). HP1-Dam methylated fragments as well as Dam-only methylated 

fragments were amplified by PCR and subsequently hybridized to high-density oligonucleotide 

arrays containing a 60 bp probe every 100 bp. These arrays cover the entire chromosome 

2L, 10 Mb of chromosome 2R, 2 Mb of the X chromosome and chromosome 4 (Mito et al. 

2005). Labeling of methylated DNA fragments, hybridization and scanning of arrays was per-

formed by NimbleGen, Icleand. Probes that gave more than one significant alignment with 

the Drosophila genome sequence using MEGABLAST (standard settings) (Zhang et al. 2000) 

were marked as repeats and omitted from subsequent analyses.

HP1 target definition. During DamID profiling, the Dam enzyme of the HP1-Dam fusion and 

the Dam-only control proteins methylate adenosines in GATC sequences. Fragments between 

two methylated GATC sequences are subsequently amplified and HP1-Dam/Dam ratios are 

calculated to determine the HP1 binding sites (Greil et al. 2003). Thus, the lowest possible 

resolution of a DamID profile is the region between two GATC sequences. Therefore, HP1 

binding ratios of all 60 bp probes originating from the same GATC restriction fragment were 

averaged to obtain the HP1 binding ratio for this GATC fragment. If a probe overlapped a 

restriction site, the probe was assigned to the GATC fragment with the longest sequence 

overlap. The averaged ratios were used for all subsequent analyses. 

 To determine GATC fragments that were significant targets of HP1, the following DamID-

specific error model was developed: first we estimated the variance of the DamID ratios 

based on all negative values, similarly to the ChIPOTle algorithm (Buck et al. 2005). We used 

this approach instead of simply calculating standard deviations, because DamID profiles have 

an intrinsic bias towards positive values, skewing the standard deviations. Second, every HP1 

binding ratio was divided by this estimated variance. This yielded a Z-score, from which a 

nominal p-value could be calculated. Third, the p-values of 3 independent experiments were 

combined (Fisher 1954) and finally, these combined p-values were corrected for multiple 

testing using the Benjamini-Hochberg method (Benjamini and Hochberg 1995). GATC frag-

ments with p<0.01 were classified as HP1 targets.

 It should be noted that HP1 targets of certain pericentric regions (annotated as hetero-

chromatic by the Berkeley Drosophila Genome Project) could not be determined, because 

their exact position and surrounding sequence is not yet known.

Definition of intragenic and intergenic components. Each GATC fragment was assigned 

to one of the following genomic features: promoters, 5’UTRs, exons, introns, 3’UTR and 

intergenic regions, as defined by the Berkeley Drosophila Genome Project (BDGP) Drosoph-

ila melanogaster annotation, release 3.2.2. If a GATC fragment overlapped with multiple 
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genomic features the following hierarchy in assigning fragment identity was applied: exons 

had the highest precedence (i.e. if a GATC fragment overlapped with exon sequence it was 

assigned to the exon bin), 5’ and 3’ UTR sequences had precedence over promoters and 

intergenic sequences; finally, promoters had precedence over intergenic sequences. Inter-

genic sequences and introns thus had the lowest precedence.

Alignments of HP1 target genes. Start and end position of all tested genes (transcription 

units) were defined according to the Flybase Drosophila melanogaster annotation, release. 

3.2.2. Assignment of GATC fragments to genes and alignment to the gene end or start was 

performed using custom perl scripts (available on request).  For TSS alignments we included 

upstream regions up until the upstream gene, conversely, for 3’end alignments we included 

downstream regions up until the downstream gene.

Definition of FRI. The FRI20kb was defined as previously described (de Wit et al. 2005). 

Briefly, we calculated the fraction of repetitive sequence in a region 20 kb downstream of a 

TE and 20 kb upstream of a TE, including the TE itself.

URLs
All statistical analyses were performed using the R software environment (http://www.r-

project.org,). H3K4me2 data was downloaded from http://chromosome2l.mit.edu. Flybase 

annotation release 3.2.2 was downloaded from http://flybase.net.  
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Discussion

Defining heterochromatin – a proposal
As outlined in the general introduction and apparent from the studies presented in this 

thesis, the definition of heterochromatin by its molecular components is arbitrary. HP1 and 

Su(var)3-9, the major heterochromatin proteins, do not fully co-localize with heterochromatic 

dense-staining DNA regions or with each other ((Aagaard et al. 1999; Cowell et al. 2002) 

and this thesis, chapter 2 and 3). Neither do other heterochromatin components, such as 

Su(var)3-7 (Jaquet et al. 2002; Spierer et al. 2005), HP2 (Shaffer et al. 2002), HOAP (Badugu 

et al. 2005), H4K20 methylation mediated by Suv4-20 (Schotta et al. 2004) or the novel HP 

proteins (HP3-HP6, this thesis). This means that there exists no uniform heterochromatin with 

specific molecular markers. Especially the classification of regions on the chromosome arms 

that are bound by HP1 as either heterochromatin or euchromatin is confusing. I therefore 

suggest to abandon this historical definition as a working term and rather use directly the 

main components to describe distinct types of chromatin. An example would be HP1-chro-

matin that could be, if necessary, described in more detail by referring to the different types 

of HP1-chromatin, as for instance HP1 - Su(var)3-9 chromatin or HP1-HOAP chromatin. For 

the rest of this discussion I will use this definition to specify distinct types of chromatin.

HP1 - the chromatin adapter
HP1 has been shown to be a central factor for the correct pericentric localization of Su(var)3-

9 (Schotta et al. 2002), Su(var)3-7 (Delattre et al. 2000), HP3, HP4, HP5 (this thesis, chapter 

3) and likely also of HP2 (Stephens et al. 2005) and Suv4-20 (Schotta et al. 2004) in Drosoph-

ila (for an overview of cloned HP1-interacting proteins, see Figure 1). This is due to its unique 

chromoshadow and hinge domain that probably facilitates most protein-protein interactions, 

since all interactions mapped so far localize to these domains. It thus emerges that HP1 is an 

essential adapter for the assembly and/or maintenance of many forms of chromatin. 

Judged by the co-localization of HP1 with different chromatin proteins (assessed by immuno-

fluorescence and DamID mapping), HP1 seems to be part of at least four different chromatin 

types in Drosophila. One primarily enriched at pericentric regions that contains Su(var)3-9, 

Su(var)3-7, Suv 4-20, HP2 to HP6 and to a lesser degree HOAP. A second type is primarily 

enriched on the 4th chromosome. This type is independent of Su(var)3-9, but may contain 

some of the other proteins just described, such as HP2, which was reported to localize to the 

4th chromosome (Shaffer et al. 2002). A third type is associated with genes along the chro-

mosome arm and may also contain Su(var)3-9 and HP3-HP6 (this thesis, chapter 2 and 3). 

Finally, a 4th type of chromatin is enriched at telomeres and contains HOAP as well as DNA 

repair proteins (Cenci et al. 2005). 

It might be worthwhile to map and characterize additional HP1-interacting proteins identified 

by the large scale Curagen yeast two-hybrid screen (Giot et al. 2003), such as a potential 

ribosome component and a C2H2-type zinc-finger protein. They may add unexpected twists 

to our knowledge about the composition and function of HP1-chromatin.
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Apart from HP1-chromatin we have identified two types of chromatin that are primarily 

localized on chromosome arms and either contain Su(var)3-9 or HP3, but no HP1 (this thesis, 

chapter 2 and 3). A third HP1-independent chromatin type is Pc-chromatin that is strictly 

separated from any type of HP1-chromatin, although it is often in immediate juxtaposition. 

(this thesis, chapter 4).

HP1 positioning
The best understood mechanism of HP1 recruitment is mediated by the RNAi machinery, where 

double-stranded RNA transcripts from pericentric repeat-rich regions are recognized by RNAi 

machinery components, which subsequently recruit Su(var)3-9 and HP1 or their homologues 

(Pal-Bhadra et al. 2004; Verdel and Moazed 2005). We have shown that genes and especially 

TEs located in repeat-rich regions are likely to be bound by HP1 and proposed that this reflects 

the cooperative binding by several neighboring repeats that each probably produce siRNAs 

((de Wit et al. 2005) and this thesis, chapter 4). Interestingly, in Drosophila mutants of RNAi 

machinery components, H3K9me staining is reduced to the chromocenter, but HP1 staining 

expands from the chromocenter to many sites along the chromosome arm (Pal-Bhadra et al. 

2004). Similar observations were made in Dicer deficient mouse embryonic stem cells (Kanel-

lopoulou et al. 2005). This suggests that the RNAi machinery, together with H3K9 methylation 

by Su(var)3-9, creates high-affinity binding sites for HP1, especially in pericentric regions. In the 

Colour image: see page 146

Figure 1
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absence of this RNAi mediated targeting, HP1 may then be more strongly recruited to non-

pericentric low affinity sites. Evidence for sites with high or low HP1 binding affinity also comes 

from a study were de novo accumulation of HP1 at heat shock-induced puffs led to the deple-

tion of HP1 at many sites along the chromosome arms, suggesting that these are low-affinity 

HP1 binding sites. The chromocenter and certain sites along the chromosome arms, such as 

region 31 however remained strongly associated with HP1, supporting the hypothesis that they 

are high-affinity HP1 binding sites (Piacentini et al. 2003). 

The study by Piacentini et al. also showed that HP1 binding to low-affinity sites is likely 

dependent on transcription. A mild RNase treatment (50 µg/ml) abolished HP1 binding of 

most low-affinity binding sites, but did not affect the high-affinity binding sites in the chro-

mocenter and in region 31. HP1-binding affinity may even be correlated with the degree of 

transcription, given the observation that de novo HP1 binding at the Hsp70 gene, associated 

with high-level transcription, depletes HP1 from other transcription-dependent binding sites. 

Additional evidence for transcription-associated HP1 binding comes from the observation 

that heat-shock associated HP1 binding to the Hsp70 gene was only observed at transcribed 

regions, but not at the promoter (Piacentini et al. 2003). An earlier study also reported a RNA 

binding activity of HP1 by using electrophoretic mobility shift assays (EMSAs) and proposed 

that the RNA binding site is localized in its hinge region (Muchardt et al. 2002). Thus, these 

studies suggested an additional, RNAi independent mechanism of HP1 recruitment to tran-

scribed regions that may be dependent on transcription.

In this thesis we confirmed that HP1 indeed preferentially binds to many transcription units 

and showed that this targeting mechanism prevails at sites along the chromosome arms. In 

pericentric regions we also observed HP1 association with transcription units, suggesting 

that HP1 targeting to these regions may at least partially be associated with transcription. 

However, additional targeting signals from intergenic regions also contributed to HP1 binding 

at pericentric regions. These additional targeting signals most likely originate from RNAi-

mediated binding to repeat rich regions. Thus, whereas transcription associated HP1 binding 

likely dominates at genes along the chromosome arms, additional RNAi-mediated HP1 tar-

geting contributes to the formation of HP1-chromatin in pericentric regions.

Apart from the RNAi-mediated and transcription-associated HP1 targeting, other targeting 

mechanisms exist. One of them is the telomeric HP1 recruitment that is either based on direct 

HP1-DNA interactions as suggested by (Perrini et al. 2004) or mediated by the DNA binding 

protein HOAP in Drosophila, or the telomere binding Taz1 protein in fission yeast (Cenci et 

al. 2003; Badugu et al. 2005; Kanoh et al. 2005). Additionally, we have reported the specific 

recruitment of HP1 to the male X-chromosome in Drosophila, suggesting a link between the 

dosage compensation complex and HP1 targeting (de Wit et al. 2005).

HP1-chromatin and gene expression
As outlined in the introduction of this thesis, HP1-chromatin can be associated with both 

active and repressed genes, which may reflect the “two-faced nature” of HP1 (Hediger and 

Gasser 2006):
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HP1-chromatin is transcriptionally active
There is increasing evidence in Drosophila, mammals and fission yeast that genes naturally 

residing in HP1-chromatin are actively transcribed (Vakoc et al. 2005; Hediger and Gasser 

2006; Yasuhara and Wakimoto 2006; Zofall and Grewal 2006). This thesis asserts that this 

is indeed the case in Drosophila. We determined the expression status of HP1 bound genes 

twice on a large scale. Our first study of crude expression profiles already indicated that non-

pericentric HP1 targets are expressed at only slightly lower levels than non-target genes and 

that pericentric target genes are expressed at average levels (this thesis, chapter 2). A later 

study that corrected for probe specific DNA binding effects revealed that HP1-bound genes 

are expressed at average levels and that pericentric HP1 targets are actually highly active. 

Furthermore, we identified an enrichment of H3K4me2 and H3.3 at HP1 target genes, which 

are both established markers of actively transcribed chromatin (this thesis, chapter 4). All this 

evidence substantiates that the majority of natural HP1 target genes are generally active in 

Drosophila.

HP1-chromatin is repressive
Most evidence that HP1-chromatin is repressive for endogenous genes comes from studies 

in mammals and Arabidopsis (Kotake et al. 2003; Urrutia 2003; Nakahigashi et al. 2005; 

Feldman et al. 2006). Only one study suggested that endogenous genes residing in HP1-

chromatin are repressed in Drosophila (Hwang et al. 2001) and this observation may very 

well be based on indirect effects (Cryderman et al. 2005). Additionally, both expression 

studies conducted for this thesis do not support the notion that HP1-chromatin creates an 

environment that is particularly repressive for transcription of endogenous genes if compared 

to non-HP1-chromatin (this thesis, chapter 2 and chapter 4). However, non-genic, repeat rich 

regions are likely repressed in Drosophila. This is based on observations in fission yeast that 

HP1-chromatin is involved in the RNAi-mediated repression of centromeric repeats (Hall et al. 

2002; Noma et al. 2004). Taking into account that also in Drosophila pericentric HP1-chroma-

tin is localized at least in part by the RNAi machinery (Pal-Bhadra et al. 2004), it is likely that 

pericentric repeats are also repressed by RNAi-mediated HP1-chromatin in Drosophila. Inter-

estingly, the regular nucleosomal arrays that are characteristic for pericentric HP1-chromatin 

and are also observed at repressed HP1-bound transgenes were not detected at endogenous 

active pericentric genes, indicating that HP1-chromatin has a different structure and likely 

also function at active endogenous genes than at repressed regions (Sun et al. 2001).

 

Ectopic HP1-chromatin
Ectopic HP1-bound genes are often strongly repressed in Drosophila if inserted within or 

close to pericentric or telomeric HP1-chromatin. The most prominent example is position 

effect variegation (PEV), where ectopic genes are silenced in some, but not all cells (Henikoff 

1990). Interestingly, insertions of ectopic genes in or close to pericentric chromatin does not 

necessarily result in their repression. It seems that the presence of repeats in the flanking 

regions of an inserted gene is a determining factor for repression (Sun et al. 2004). This 

114

Chapter 4



is supported by our findings that a high density of flanking repeats predicts HP1 recruit-

ment to transposable elements, likely resulting in their repression (this thesis, chapter 4). 

Furthermore, also transgene arrays, with several hundred copies of a transgene inserted into 

chromatin, can assemble HP1-chromatin, which results in their repression (Fanti et al. 1998). 

Similar observations were also made in mammals (Festenstein et al. 1999; Saveliev et al. 

2003; Janicki et al. 2004). 

It has been proposed that RNAi-mediated and HP1-associated silencing of repeats is a way 

to protect cells from possible detrimental effects of invading exogenous sequences, such as 

viruses (Tijsterman et al. 2002). It is therefore conceivable that HP1-chromatin recruitment to 

repetitive transgenes or to genes inserted in repeat-rich regions mimics HP1 recruitment to 

repetitive sequences, resulting in the repression of these genes. 

Endogenous genes however have apparently evolved mechanisms that allow for an accessible 

HP1-chromatin environment and thus for their transcription. In this context it is interesting 

to recall our observations that HP1-bound genes are enriched for the histone variant H3.3 

and dimethylated H3K4me histones, which are both markers of active chromatin (this thesis, 

chapter 4). Perhaps, deposition of active histone marks at the promoter and around the tran-

scriptional start site is involved in the maintenance of an open chromatin structure and the 

expression of endogenous HP1-chromatin genes.

HP1 dynamics, HP1-chromatin structure and transcription
As mentioned before, it has been observed that repressive and transcriptionally active HP1-

chromatin have different structures: repressive HP1-chromatin (and pericentric chromatin in 

general) consists of regularly spaced, rigid nucleosomes, whereas active HP1-chromatin nucleo-

somes are quite mobile, resulting in their irregular spacing (Dillon 2004; Sun et al. 2004). 

It is also known that HP1 is a very mobile protein (Kamakaka 2003), but that its mobility 

is decreased at pericentric regions, likely due to complex formation of HP1-dimers with 

Su(var)3-9 and perhaps also additional factors, which tethers HP1 to chromatin (Yamamoto 

and Sonoda 2003; Schmiedeberg et al. 2004; Krouwels et al. 2005). Pericentric chromatin 

even contains a small fraction of nearly static HP1 (Schmiedeberg et al. 2004). 

It is possible that a reduction of HP1 mobility allows for packaging of HP1-associated nucleo-

somes into regular spaced arrays with decreased accessibility, resulting in the repression of 

associated regions. In this context it is interesting to note that artificial tethering of HP1 to 

chromatin results in repression of the tethered, as well as the surrounding regions, which is 

accompanied by spreading of HP1 (Seum et al. 2000; Seum et al. 2001; Danzer and Wallrath 

2004; Verschure et al. 2005). The restriction of HP1 movement due to the tethering may 

thus be the basis for the establishment of repressive HP1-chromatin at ectopic genes. Along 

those lines, endogenous genes probably reside within HP1-chromatin where HP1 binding 

is dynamic, which prevents the formation of regular spaced and inaccessible nucleosomal 

arrays and therewith allows their transcription.
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HP1 may facilitate post-transcriptional processes
We have observed that HP1 is enriched along the entire transcription units both in pericen-

tric and non-pericentric regions (this thesis, chapter 4), which may be facilitated directly by 

binding to the nascent transcript and/or by interaction with other components of transcribed 

chromatin as outlined earlier in this discussion. Furthermore, we found that HP1 is preferen-

tially localized at genes with a high exon density, at least on chromosome arms (this thesis, 

chapter 4) This suggests that HP1 may be involved in regulating post-transcriptional pro-

cesses that are initiated while the transcript still resides at the site of transcription. It may for 

instance be possible that HP1 is involved in (alternative) splicing.

The future of DamID in dissecting chromatin composition 
and function
From this thesis it is apparent that in order to understand the formation and function of 

different types of chromatin it is necessary to map its individual components, assess the 

expression status of associated genes and finally investigate the effect of manipulating the 

individual components. As a first step in Drosophila, I would therefore like to suggest a 

large-scale approach to index all potential chromatin proteins by DamID mapping and link 

their binding behavior to the expression of its targets. This would of course be even more 

valuable if performed during all main stages of fly development and if possible, also in dif-

ferent tissues.

Furthermore, evolutionary conserved and therewith potentially essential chromatin functions 

could be determined by linking DamID mapping of chromatin components with expression 

profiling in other Drosophila species. Chromatin function likely also varies between different 

phyla. Therefore, further studies performed in mammalian and plant systems, as already 

pioneered by Germann et al. and Vogel et al. (Germann et al. 2006; Vogel et al. 2006) will 

further advance our understanding of chromatin.

References
Aagaard, L., Laible, G., Selenko, P., Schmid, M., Dorn, R., Schotta, G., Kuhfittig, S., Wolf, A., Lebersorger, A., 

Singh, P.B., Reuter, G., and Jenuwein, T. 1999. Functional mammalian homologues of the Drosophila 
PEV-modifier Su(var)3-9 encode centromere-associated proteins which complex with the heterochro-
matin component M31. Embo J 18(7): 1923-1938.

Badugu, R., Yoo, Y., Singh, P.B., and Kellum, R. 2005. Mutations in the heterochromatin protein 1 (HP1) 
hinge domain affect HP1 protein interactions and chromosomal distribution. Chromosoma 113(7): 
370-384.

Cenci, G., Ciapponi, L., and Gatti, M. 2005. The mechanism of telomere protection: a comparison between 
Drosophila and humans. Chromosoma 114(3): 135-145.

Cenci, G., Siriaco, G., Raffa, G.D., Kellum, R., and Gatti, M. 2003. The Drosophila HOAP protein is required for 
telomere capping. Nat Cell Biol 5(1): 82-84.

116

Chapter 4



Cowell, I.G., Aucott, R., Mahadevaiah, S.K., Burgoyne, P.S., Huskisson, N., Bongiorni, S., Prantera, G., Fanti, 
L., Pimpinelli, S., Wu, R., Gilbert, D.M., Shi, W., Fundele, R., Morrison, H., Jeppesen, P., and Singh, 
P.B. 2002. Heterochromatin, HP1 and methylation at lysine 9 of histone H3 in animals. Chromosoma 
111(1): 22-36.

Cryderman, D.E., Grade, S.K., Li, Y., Fanti, L., Pimpinelli, S., and Wallrath, L.L. 2005. Role of Drosophila HP1 
in euchromatic gene expression. Dev Dyn 232(3): 767-774.

Danzer, J.R. and Wallrath, L.L. 2004. Mechanisms of HP1-mediated gene silencing in Drosophila. Develop-
ment 131(15): 3571-3580.

de Wit, E., Greil, F., and van Steensel, B. 2005. Genome-wide HP1 binding in Drosophila: developmental plas-
ticity and genomic targeting signals. Genome Res 15(9): 1265-1273.

Delattre, M., Spierer, A., Tonka, C.H., and Spierer, P. 2000. The genomic silencing of position-effect varie-
gation in Drosophila melanogaster: interaction between the heterochromatin-associated proteins 
Su(var)3-7 and HP1. J Cell Sci 113 Pt 23: 4253-4261.

Dillon, N. 2004. Heterochromatin structure and function. Biol Cell 96(8): 631-637.

Fanti, L., Dorer, D.R., Berloco, M., Henikoff, S., and Pimpinelli, S. 1998. Heterochromatin protein 1 binds 
transgene arrays. Chromosoma 107(5): 286-292.

Feldman, N., Gerson, A., Fang, J., Li, E., Zhang, Y., Shinkai, Y., Cedar, H., and Bergman, Y. 2006. G9a-medi-
ated irreversible epigenetic inactivation of Oct-3/4 during early embryogenesis. Nat Cell Biol 8(2): 188-
194.

Festenstein, R., Sharghi-Namini, S., Fox, M., Roderick, K., Tolaini, M., Norton, T., Saveliev, A., Kioussis, D., 
and Singh, P. 1999. Heterochromatin protein 1 modifies mammalian PEV in a dose- and chromosomal-
context-dependent manner. Nat Genet 23(4): 457-461.

Germann, S., Juul-Jensen, T., Letarnec, B., and Gaudin, V. 2006. DamID, a new tool for studying plant chro-
matin profiling in vivo, and its use to identify putative LHP1 target loci. Plant J in press.

Giot, L., Bader, J.S., Brouwer, C., Chaudhuri, A., Kuang, B., Li, Y., Hao, Y.L., Ooi, C.E., Godwin, B., Vitols, 
E., Vijayadamodar, G., Pochart, P., Machineni, H., Welsh, M., Kong, Y., Zerhusen, B., Malcolm, R., 
Varrone, Z., Collis, A., Minto, M., Burgess, S., McDaniel, L., Stimpson, E., Spriggs, F., Williams, J., Neur-
ath, K., Ioime, N., Agee, M., Voss, E., Furtak, K., Renzulli, R., Aanensen, N., Carrolla, S., Bickelhaupt, E., 
Lazovatsky, Y., DaSilva, A., Zhong, J., Stanyon, C.A., Finley, R.L., Jr., White, K.P., Braverman, M., Jarvie, 
T., Gold, S., Leach, M., Knight, J., Shimkets, R.A., McKenna, M.P., Chant, J., and Rothberg, J.M. 2003. 
A protein interaction map of Drosophila melanogaster. Science 302(5651): 1727-1736.

Hall, I.M., Shankaranarayana, G.D., Noma, K., Ayoub, N., Cohen, A., and Grewal, S.I. 2002. Establishment 
and maintenance of a heterochromatin domain. Science 297(5590): 2232-2237.

Hediger, F. and Gasser, S.M. 2006. Heterochromatin protein 1: don’t judge the book by its cover! Curr Opin 
Genet Dev 16(2): 143-150.

Henikoff, S. 1990. Position-effect variegation after 60 years. Trends Genet 6(12): 422-426.

Hwang, K.K., Eissenberg, J.C., and Worman, H.J. 2001. Transcriptional repression of euchromatic genes by 
Drosophila heterochromatin protein 1 and histone modifiers. Proc Natl Acad Sci U S A 98(20): 11423-
11427.

Janicki, S.M., Tsukamoto, T., Salghetti, S.E., Tansey, W.P., Sachidanandam, R., Prasanth, K.V., Ried, T., Shav-
Tal, Y., Bertrand, E., Singer, R.H., and Spector, D.L. 2004. From silencing to gene expression: real-time 
analysis in single cells. Cell 116(5): 683-698.

Jaquet, Y., Delattre, M., Spierer, A., and Spierer, P. 2002. Functional dissection of the Drosophila modifier of 
variegation Su(var)3-7. Development 129(17): 3975-3982.

Kamakaka, R.T. 2003. Heterochromatin: proteins in flux lead to stable repression. Curr Biol 13(8): R317-319.

Kanellopoulou, C., Muljo, S.A., Kung, A.L., Ganesan, S., Drapkin, R., Jenuwein, T., Livingston, D.M., and 
Rajewsky, K. 2005. Dicer-deficient mouse embryonic stem cells are defective in differentiation and 

117

Discussion



centromeric silencing. Genes Dev 19(4): 489-501.

Kanoh, J., Sadaie, M., Urano, T., and Ishikawa, F. 2005. Telomere binding protein Taz1 establishes Swi6 
heterochromatin independently of RNAi at telomeres. Curr Biol 15(20): 1808-1819.

Kotake, T., Takada, S., Nakahigashi, K., Ohto, M., and Goto, K. 2003. Arabidopsis TERMINAL FLOWER 2 gene 
encodes a heterochromatin protein 1 homolog and represses both FLOWERING LOCUS T to regulate 
flowering time and several floral homeotic genes. Plant Cell Physiol 44(6): 555-564.

Krouwels, I.M., Wiesmeijer, K., Abraham, T.E., Molenaar, C., Verwoerd, N.P., Tanke, H.J., and Dirks, R.W. 
2005. A glue for heterochromatin maintenance: stable SUV39H1 binding to heterochromatin is rein-
forced by the SET domain. J Cell Biol 170(4): 537-549.

Muchardt, C., Guilleme, M., Seeler, J.S., Trouche, D., Dejean, A., and Yaniv, M. 2002. Coordinated methyl 
and RNA binding is required for heterochromatin localization of mammalian HP1alpha. EMBO Rep 
3(10): 975-981.

Nakahigashi, K., Jasencakova, Z., Schubert, I., and Goto, K. 2005. The Arabidopsis heterochromatin protein1 
homolog (TERMINAL FLOWER2) silences genes within the euchromatic region but not genes posi-
tioned in heterochromatin. Plant Cell Physiol 46(11): 1747-1756.

Noma, K., Sugiyama, T., Cam, H., Verdel, A., Zofall, M., Jia, S., Moazed, D., and Grewal, S.I. 2004. RITS acts 
in cis to promote RNA interference-mediated transcriptional and post-transcriptional silencing. Nat 
Genet 36(11): 1174-1180.

Pal-Bhadra, M., Leibovitch, B.A., Gandhi, S.G., Rao, M., Bhadra, U., Birchler, J.A., and Elgin, S.C. 2004. Hetero-
chromatic silencing and HP1 localization in Drosophila are dependent on the RNAi machinery. Science 
303(5658): 669-672.

Perrini, B., Piacentini, L., Fanti, L., Altieri, F., Chichiarelli, S., Berloco, M., Turano, C., Ferraro, A., and Pimpinelli, 
S. 2004. HP1 controls telomere capping, telomere elongation, and telomere silencing by two different 
mechanisms in Drosophila. Mol Cell 15(3): 467-476.

Piacentini, L., Fanti, L., Berloco, M., Perrini, B., and Pimpinelli, S. 2003. Heterochromatin protein 1 (HP1) is 
associated with induced gene expression in Drosophila euchromatin. J Cell Biol 161(4): 707-714.

Saveliev, A., Everett, C., Sharpe, T., Webster, Z., and Festenstein, R. 2003. DNA triplet repeats mediate 
heterochromatin-protein-1-sensitive variegated gene silencing. Nature 422(6934): 909-913.

Schmiedeberg, L., Weisshart, K., Diekmann, S., Meyer Zu Hoerste, G., and Hemmerich, P. 2004. High- and 
low-mobility populations of HP1 in heterochromatin of mammalian cells. Mol Biol Cell 15(6): 2819-
2833.

Schotta, G., Ebert, A., Krauss, V., Fischer, A., Hoffmann, J., Rea, S., Jenuwein, T., Dorn, R., and Reuter, G. 
2002. Central role of Drosophila SU(VAR)3-9 in histone H3-K9 methylation and heterochromatic gene 
silencing. Embo J 21(5): 1121-1131.

Schotta, G., Lachner, M., Sarma, K., Ebert, A., Sengupta, R., Reuter, G., Reinberg, D., and Jenuwein, T. 
2004. A silencing pathway to induce H3-K9 and H4-K20 trimethylation at constitutive heterochroma-
tin. Genes Dev 18(11): 1251-1262.

Seum, C., Delattre, M., Spierer, A., and Spierer, P. 2001. Ectopic HP1 promotes chromosome loops and varie-
gated silencing in Drosophila. Embo J 20(4): 812-818.

Seum, C., Spierer, A., Delattre, M., Pauli, D., and Spierer, P. 2000. A GAL4-HP1 fusion protein targeted near 
heterochromatin promotes gene silencing. Chromosoma 109(7): 453-459.

Shaffer, C.D., Stephens, G.E., Thompson, B.A., Funches, L., Bernat, J.A., Craig, C.A., and Elgin, S.C. 2002. 
Heterochromatin protein 2 (HP2), a partner of HP1 in Drosophila heterochromatin. Proc Natl Acad Sci 
U S A 99(22): 14332-14337.

Spierer, A., Seum, C., Delattre, M., and Spierer, P. 2005. Loss of the modifiers of variegation Su(var)3-7 or 
HP1 impacts male X polytene chromosome morphology and dosage compensation. J Cell Sci 118(Pt 

118

Chapter 4



21): 5047-5057.

Stephens, G.E., Slawson, E.E., Craig, C.A., and Elgin, S.C. 2005. Interaction of heterochromatin protein 2 with 
HP1 defines a novel HP1-binding domain. Biochemistry 44(40): 13394-13403.

Sun, F.L., Cuaycong, M.H., and Elgin, S.C. 2001. Long-range nucleosome ordering is associated with gene 
silencing in Drosophila melanogaster pericentric heterochromatin. Mol Cell Biol 21(8): 2867-2879.

Sun, F.L., Haynes, K., Simpson, C.L., Lee, S.D., Collins, L., Wuller, J., Eissenberg, J.C., and Elgin, S.C. 2004. 
cis-Acting determinants of heterochromatin formation on Drosophila melanogaster chromosome four. 
Mol Cell Biol 24(18): 8210-8220.

Tijsterman, M., Ketting, R.F., and Plasterk, R.H. 2002. The genetics of RNA silencing. Annu Rev Genet 36: 
489-519.

Urrutia, R. 2003. KRAB-containing zinc-finger repressor proteins. Genome Biol 4(10): 231.

Vakoc, C.R., Mandat, S.A., Olenchock, B.A., and Blobel, G.A. 2005. Histone H3 lysine 9 methylation and 
HP1gamma are associated with transcription elongation through mammalian chromatin. Mol Cell 
19(3): 381-391.

Verdel, A. and Moazed, D. 2005. RNAi-directed assembly of heterochromatin in fission yeast. FEBS Lett 
579(26): 5872-5878.

Verschure, P.J., van der Kraan, I., de Leeuw, W., van der Vlag, J., Carpenter, A.E., Belmont, A.S., and van 
Driel, R. 2005. In vivo HP1 targeting causes large-scale chromatin condensation and enhanced histone 
lysine methylation. Mol Cell Biol 25(11): 4552-4564.

Vogel, M.J., Guelen, L., de Wit, E., Hupkes, D.P., Lodén, M., Talhout, W., Feenstra, M., Abbas, B., Classen, 
A.K., and van Steensel, B. 2006. Human Heterochromatin Proteins form Large Domains Containing 
KRAB-ZNF Genes. Genome Res in press.

Yamamoto, K. and Sonoda, M. 2003. Self-interaction of heterochromatin protein 1 is required for direct bind-
ing to histone methyltransferase, SUV39H1. Biochem Biophys Res Commun 301(2): 287-292.

Yasuhara, J.C. and Wakimoto, B.T. 2006. Oxymoron no more: the expanding world of heterochromatic 
genes. Trends Genet 22(6): 330-338.

Zofall, M. and Grewal, S.I. 2006. Swi6/HP1 recruits a JmjC domain protein to facilitate transcription of hetero-
chromatic repeats. Mol Cell 22(5): 681-692.

119

Discussion





Summary



Chapter 4



Summary

Heterochromatin plays a vital role in the maintenance of chromosomal structure and regula-

tion of gene expression in eukaryotes. It was originally defined as the dense staining regions 

of interphase nuclei, but is now mostly defined by its molecular components, such as the 

proteins heterochromatin protein 1 (HP1) and Su(var)3-9. 

Cytological studies of heterochromatin components showed that pericentric regions and 

distinct sites along chromosome arms are heterochromatic, but apart from a handful of 

genes it was not known which genes naturally reside within heterochromatin. By refining 

the novel DamID technique we were able to map the genome wide binding sites of HP1 and 

Su(var)3-9 in Drosophila and discovered that heterochromatin is not a uniform entity. In fact, 

we showed that at least three different chromatin types exist: one containing both HP1 and 

Su(var)3-9 that is predominantly found in pericentric chromatin, one containing HP1 on the 

4th chromosome, which is independent of Su(var)3-9, and one containing Su(var)3-9, but no 

HP1, which is mostly located on chromosome arms. Heterochromatin silences embedded 

reporter genes and is therefore assumed to be repressive. Our expression profiling however 

revealed that non-pericentric heterochromatic genes are not strongly repressed, and that 

pericentric genes are even expressed at average levels.

The existence of different heterochromatin types formed by complexes with varying compo-

sition, prompted us to search for additional heterochromatin proteins that may be members 

of the discovered or even of novel heterochromatin complexes. We therefore cloned and 

mapped four uncharacterized proteins that were shown to interact with HP1 in a yeast two-

hybrid screen. The mapping revealed that all four proteins co-localized with HP1 in interphase 

Drosophila Kc cells, which prompted us to name them HP3, HP4, HP5 and HP6. Further 

studies showed that HP3, HP4, HP5 and to a lesser degree also HP6, require HP1 for their 

correct heterochromatic localization, implying that they really are components of hetero-

chromatin. Additionally, we could show that mutations in HP4 and HP5 dominantly suppress 

Position Effect Variegation (PEV), a genetic phenomenon that is shared by all cloned hetero-

chromatin proteins. All four proteins may be components of the same heterochromatin type, 

since they all bind to the same loci, which are also bound by HP1 and Su(var)3-9. Only HP3 

has additional binding sites and is thus likely also a member of other chromatin complexes.

It was already known that HP1 is essential for the heterochromatic localization of other Dro-

sophila heterochromatin proteins, such as Su(var)3-9 and Su(var)3-7. But our findings that 

HP1 is also crucial for the recruitment of the novel HPs showed that it is likely a major hetero-

chromatin component which serves as an adaptor for heterochromatin complex formation. 

We therefore decided to study HP1 binding in greater detail in order to determine the target-

ing signals responsible for heterochromatin recruitment. This was possible due to the advent 

of high-resolution microarrays and the development of novel bioinformatic approaches. 

The high-resolution mapping of HP1-binding sites allowed us to confirm previous studies pro-

posing that repeat-rich flanking regions can recruit HP1 to transposable elements. We were 

however surprised to discover that HP1-binding at genes is preferentially targeted to tran-
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scription units. Refined expression studies correcting for probe-specific background binding 

of DNA confirmed that HP1-bound genes are indeed expressed at average levels and even 

at high levels in pericentric regions. Furthermore, HP1-target genes were enriched for H3K4 

dimethylation and the histone variant H3.3, which are both markers of active chromatin. 

We therefore concluded that HP1 target genes are in general transcriptionally active in Dro-

sophila.
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Samenvatting

Heterochromatine speelt een belangrijke rol bij de handhaving van de chromosomale struc-

tuur en de regulering van gen-expressie in eukaryoten. Aanvankelijk werd heterochromatine 

cytologisch gedefinieerd als de sterk aankleurende gebieden die zichtbaar waren in de 

kernen van interfase cellen; tegenwoordig wordt heterochromatine meestal gedefinieerd aan 

de hand van z’n moleculaire componenten, zoals de eiwitten Heterochromatin Protein 1 

(HP1) en Su(var)3-9.

 Verschillende cytologische studies hebben uitgewezen dat gebieden rondom de centro-

meren en een aantal gebieden op de chromosoom-armen heterochromatisch zijn. Tot dusver 

was het, op een paar uitzonderingen na, onbekend welke genen er in deze heterochromati-

sche gebieden liggen.

Om de bindings plaatsen van HP1 en Su(var)3-9 in het gehele Drosophila genoom in kaart te 

brengen hebben we de DamID techniek verfijnd en gebruikt. We hebben ontdekt dat hetero-

chromatine geen uniforme samenstelling heeft, en in zeker 3 verschillende samenstellingen 

voorkomt. Het eerste subtype bevat HP1 en Su(var)3-9 en wordt voornamelijk aangetroffen 

in pericentrisch chromatine. Het tweede bevat alleen HP1, is onafhankelijk van Su(var)3-9 

en wordt gevonden op het 4e chromosoom. Het laatste  bevat alleen Su(var)3-9 en wordt 

gevonden op de chromosoom armen.

 Omdat reporter-genen die in heterochromatine liggen worden uitgezet veronderstelt men 

dat heterochromatine een repressieve structuur is. Verrassend genoeg laten onze expressie-

profielen zien dat niet-pericentrische heterochromatische genen niet volledig gereprimeerd 

worden, en dat de pericentrische heterochromatische genen zelfs gewoon tot expressie 

komen.

 Aangemoedigd door onze ontdekking van drie verschillende heterochromatine subtypes, 

besloten we verder te zoeken naar nieuwe heterochromatine eiwitten die in de al bekende 

of misschien zelfs in nieuwe heterochromatine eiwit-complexen voorkomen. We kozen vier 

eiwitten waarvan tot dusver alleen bekend was dat ze een interactie met HP1 hadden in een 

zogenoemde ‘yeast two-hybrid screen’. Omdat onze bindings-profielen lieten zien dat alle 

vier de eiwitten co-lokaliseren met HP1, besloten we ze HP3, HP4, HP5 en HP6 te noemen. 

HP3, HP4, HP5, en in mindere mate HP6, bleken van HP1 afhankelijk voor hun correcte 

lokalisatie in heterochromatine; een extra aanwijzing dat de nieuwe HPs echte heterochro-

matine eiwitten zijn. Vervolgens hebben we laten zien dat mutaties in HP4 en HP5 dominante 

suppressors van Positie Effect Variegatie (PEV) zijn, een eigenschap die bij alle tot dusver 

gekloneerde heterochromatine eiwitten werd gevonden. Omdat de vier nieuwe heterochro-

matine eiwitten aan dezelfde loci binden als HP1 en Su(var)3-9 behoren ze waarschijnlijk tot 

hetzelfde subtype heterochromatine. We hebben ook een aantal loci gevonden waar alleen 

HP3 bindt, en HP3 maakt dus waarschijnlijk onderdeel uit van verschillende heterochroma-

tine complexen. 

 Het was al bekend dat HP1 essentieel is voor de lokalisatie van de heterochromatine 

eiwitten Su(var)3-9 en Su(var)3-7. Bovendien hebben wij gevonden dat HP1 onmisbaar is 
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voor de correcte lokalisatie van nog vier, voorheen onbekende, heterochromatine eiwitten. 

HP1 blijkt dus een belangrijk component van heterochromatine te zijn omdat het aan de 

basis van heterochromatine complex formatie staat. We besloten HP1 binding in meer detail 

te bestuderen en op zoek te gaan naar de signalen die leiden tot HP1 binding. Hiervoor 

hebben we hoge resolutie microarrays ontworpen en meer geavanceerde bio-informatica 

methodes ontwikkeld. 

 Met onze hoge resolutie HP1 bindings-profielen konden we de resultaten van een eerdere 

studie, waarin we lieten zien dat gebieden met een hoge dichtheid aan repetitieve DNA 

sequenties HP1 naar transposons rekruteren, bevestigen. Tot onze verbazing vonden we ook 

dat HP1 vooral aan de getranscribeerde gebieden binnen genen bind. Verbeterde expressie 

studies, waarin het signaal gecorrigeerd wordt voor sequentie specifieke DNA binding, lieten 

zien dat de genen die door HP1 worden gebonden een gemiddeld expressie niveau hebben, 

en dat de pericentrische genen zelfs een hoger expressie niveau hebben dan de rest van de 

genen in het genoom. Bovendien blijken de genen die door HP1 worden gebonden verrijkt 

te zijn met H3K4 di-methylatie en met histon variant H3.3, beide kenmerken van actief chro-

matine. We concluderen dat de genen die door HP1 worden gebonden over het algemeen 

transcriptioneel actief zijn.
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Figure 1. Chromosomal distribution of HP1 binding. Each vertical line represents the average Dam-HP1:Dam methyla-
tion ratio of a probed gene at its chromosomal position (in Mb). Red lines indicate statistically significant HP1 target 
genes (see methods). Gray lines depict standard deviations. A, right arm of chromosome 2 (total 1,212 probed genes). 
B, chromosome 4. C, close-up of the pericentric region of chromosome 2. Gray oval depicts the centromere. Width of  
the vertical lines in B and C indicates the size of the probed regions, with the exception of the repetitive histone gene 
cluster (HisC), which has not been fully sequenced
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Figure 2. Genomic distribution of HP1, HP1c and Su(var)3-9 targets. Each tick marks a probed locus (6,260 annotated 
loci in total). Colored dots mark significant binding sites of each protein (see methods). See legend box for color code. 
Genes with a known function are marked with an arrow and the gene name. Annotations are according to BDGP 
Release 3.1. Xh, 2h and 3h represent heterochromatic parts of the genome that have not been precisely mapped yet. 
TEs, transposable elements. Because most TEs occur at multiple positions in the genome, they  are not shown on the 
chromosomal maps but listed separately, in alphabetical order. TEs listed multiple times were represented by more 
than one probe on the microarray. Region 31 on chromosome 2L is indicated by a black bar.
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Figure 6. Genes bound by Su(var)3-9 and HP1 
belong to specific developmental programs. A, 
Cluster analysis of the developmental expression 
time course of genes that are Su(var)3-9 targets in 
Kc cells. All gene expression data were taken from 
Arbeitman et al (Arbeitman et al. 2002). E, embryos; 
L, larvae; M, metamorphosis; Am, adult male; Af, 
adult female. Note that pericentric target genes 
(indicated by black bars to the right of the cluster-
gram) are generally genes that are predominantly 
expressed during embryogenesis (blue tree branch). 
The male-specific gene cluster is marked by the 
green tree branch. B-F, Average expression of 
Su(var)3-9 (B, C) and HP1 (E, F) target genes and 
Su(var)3-9 non-target genes (D) during fly develop-
ment, divided into pericentric (C, E) and non-pericen-
tric (B, F). Color coding of the developmental stages 
as in A.
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Chapter 3

Figure 2. Immunofluorescence images of interphase Drosophila Kc cells transfected with DamMyc-tagged 
HP3 (a), HP4 (b), HP5 (c) and HP6 (d). Left panels: DAPI staining of DNA. Bright staining regions are heterochro-
matic; middle panels: same as left panels, but now overlay with endogenous HP1 staining using the anti-HP1 antibody 
C1A9 (red); right panels: same as left panels, but now overlay with staining of DamMyc-tagged HP fusion proteins 
using an anti-Myc antibody (green, only in transfected cells)

Figure 5. Loss of HP1 causes subnuclear redistribution of HP3, HP4 and HP5. Immunofluorescence images of 
interphase Drosophila Kc cells transfected with DamMyc-tagged HP3, HP4, HP5 and HP6. a-e) white dsRNA treated 
cells; f-j) HP1 dsRNA treated cells. a) and f) endogenous HP1 stained with the C1A9 anti-HP1antibody (red). b-e) and 
g-j) tagged HP fusion proteins stained with an anti-Myc antibody (green, only in transfected cells). The HP1 dsRNA 
treated cells show a diffuse distribution of the DamMyc-HP fusion proteins in nuclei of cells irrespective of the expres-
sion levels of the fusion proteins.
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