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Th e multiple roles of chromatin

When the genome projects of man and several 
genetic model organisms were fi nalized at the be-
ginning of the 2000s, the general media heralded 
the ‘decoding’ of the blueprints of heredity. Some 
reports went on to mention that what remains 
to be done is to tackle the problems of actually 
understanding all the sequence information: What 
do all the tens of thousands of protein coding 
genes do? Which part do all the new classes of 
RNA genes and short potentially coding genes 
play? And what, if anything, are the roles of ‘junk’ 
DNA? What is still often omitted in reports like 
these is the fact that when it comes to genomes, 
not only the contents matter, but also the package. 
Chromatin, the packaged form of DNA, is now 
known to play a role in most of the processes 
involving DNA, from transcription of the genes 
to DNA replication and repair. Unlike the DNA 
sequence however, chromatin is very dynamic, 
and the extent to which chromatin diff erences are 
relevant to the organism’s biology is in many cases 
far from clear.

Th ere is not a universally accepted defi nition of 
chromatin. In this introduction, it will be defi ned 
as DNA with all other directly or indirectly associ-
ated molecules. By this defi nition, there may be 
as many as two thousand diff erent proteins that 
are part of chromatin. Th e basic building block 
of chromatin is the nucleosome, comprising two 
molecules each of the core histones H2A, H2B, H3 
and H4 around which ~147 bp of DNA are wound 
in 1.7 turns. Nucleosomes are separated by 20-50 
bp of linker DNA. Linker histones can bind at the 
site where the linker DNA strands exit the nu-
cleosome and are involved in higher-order organi-
zation of the chromatin fi ber. Many proteins bind 
to either DNA or histones, some of which contain 
enzymatic activities to modify other molecules 
and infl uence chromatin structure (Table 1).

In general, the functions of chromatin are twofold. 
Th e fi rst is to provide a means of compacting the 
DNA suffi  ciently to make it fi t into the eukary-
otic nucleus without solely relying on molecular 
crowding. It makes sure that on one hand, chro-
mosomes can be condensed for secure segrega-
tion and transmission into daughter cells during 
mitosis and meiosis, while on the other hand still 
giving ready access to DNA wherever needed. Th e 
second function is that of regulation, by restricting 
or promoting DNA transactions like DNA replica-
tion, repair, and transcription at selected regions 
only. 

Th e regulatory function is not a unique feature of 
eukaryotes, but has been suggested for bacterial 
DNA packaging proteins as well (Dame 2005). It 
has been extensively employed in the evolution of 
multicellular organisms, where cells with the same 
genome are required to assume and faithfully 
maintain diff erent cell fates in order to form the 
various tissues and organs.

Chromatin and the regulation of 
gene expression

Gene expression is the way how genes, defi ned as 
heritable elementary functional units (Prohaska 
and Stadler 2008), give rise to their function. Most 
known genes encode the amino acid sequence of 
proteins, but many encode functional RNAs, and 
the function of a few is not their product but the 
process of their transcription. While the sequence 
and thereby the function of a gene’s product is 
hard-coded in its DNA sequence, the circumstanc-
es under which it is expressed are regulated depen-
dent on the identity of the cell and stimuli from its 
environment. For protein-coding and RNA genes, 
the initial steps of expression are transcription into 
a primary RNA molecule and processing of the 
RNA, and often transport to a specifi c place in the 
cell. All the steps up until the release of the nascent 
RNA from the DNA template are dependent on 
factors that are part of chromatin. 

General IntroductionGeneral Introduction
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I
Table 1: Chromatin modifyers in Drosophila

Complex/Protein Enzymatic activity Function

PRC1 H2A ubiquitin ligase silencing of developmental genes

PRC2 H3K27 methyltransferase, HDAC silencing of developmental genes

TAC1
H3K4 methylatransferase, H3K27 
HAT

activation of developmental genes

BAP/ PBAP remodeling transcriptional activation

CHRAC/ACF remodeling chromatin (dis)assembly, replication, repair

NURF remodeling; HDAC chromosome structure, transcriptional activation

dMi-2 remodeling transcriptional repression

SAGA 1) HAT, ubiquitin protease transcriptional activation

ATAC 2) HAT transcriptional activation

NuA4 3) remodeling, HAT transcriptional activation/repression

NSL 4) HAT transcriptional activation

MSL H4K16 HAT dosage compensation

SIN3A/RPD3 HDAC transcriptional repression

HP1/SU(VAR)3-9 H3K9 methyltransferase pericentric heterochromatin

Histone H1 -
higher-order structure/chromatin accessibility, 
transcriptional regulation?

HMG proteins -
transcriptional activation/repression,
structural functions?

HAT, histone acetyltransferase; HDAC, histone deacetylase

Information assembled from (Turner 1998; Eberharter and Becker 2004; Grimaud et al. 2006; Schwartz and Pirrotta 
2007) and see citations in main text.

1) (Weake et al. 2009)

2) (Pankotai et al. 2010)

3) (Squatrito et al. 2006)

4.) (CAI et al. 2010
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Access for the core transcription machinery, 
transcription factors and cofactors to form a pre-
initiation complex is regulated at the chromatin 
level; the same is true for enhancer-, silencer- and 
insulator binding proteins, together determining 
the transcriptional activity. RNA polymerase paus-
ing or stalling before it can elongate productively 
is connected to distinct chromatin states at the 
promoter. Splicing of the RNA occurs to some 
extent co-transcriptionally and is regulated by 
chromatin at introns and exons. In the following 
paragraphs, the types of molecular mechanism by 
which the regulation of transcription is achieved 
through chromatin will be discussed. For the sake 
of brevity, I will not include the precise roles of 
transcription factors (sequence-specifi c factors 
that bind to specifi c gene promoters to regulate 
transcription).

Chromatin compaction

Diff erences between chromatin types were fi rst 
discovered in microscopic squash preparations 
of moss cells as regions that would or would not 
decondense in interphase, respectively termed 
euchromatin and heterochromatin (Heitz 1928). 
Later, genes were found to reside mainly in eu-
chromatin, and euchromatic genes could become 
silenced when juxtaposed to heterochromatin by 
chromosomal rearrangements. Additionally, there 
are wide-spread correlations between transcrip-
tional activity and chromatin compactness. For 
example, activation of heat shock genes is seen 
as emergence of ‘puff s’ on Drosophila polytene 
chromosomes (Gross 1957). On a smaller scale, 
hetero chromatin is less susceptible to nuclease 
digestion than euchromatin, and the basis of the 
distinction is a diff erence in packaging that is 
mediated by non-covalent interactions (Horvath 
and Horz 1981). Also heterochromatin-mediated 
silencing was found to be accompanied by a 
decrease in nuclease sensitivity and a change in 
packaging (Wallrath and Elgin 1995; Nisha et al. 
2008). Th e silencing eff ect made sense particularly 
because large parts of the heterochromatin seg-
ments of the genome are made up of repetitive 
DNA, among which there are remnants and inac-
tive copies of transposons and viruses. 

Th eir mobilization is potentially harmful (because 
mutagenic), and so cells have evolved protective 
mechanisms to shut down their activity (Lippman 
and Martienssen 2004). Paradoxically however, 
there are hundreds of genes including essential 
ones that reside naturally in heterochromatin, 
and some of them require the heterochromatin 
environment for proper expression (Gatti and 
Pimpinelli 1992; Hoskins et al. 2002).

Th e tempting notion that it is the compactness, 
i.e. the sheer density of proteins and DNA, that 
prevents access of the transcription machinery 
from binding, must be questioned. On the one 
hand, it has been deduced from measurements of 
the diff usion rate of proteins in the nucleus that 
experimentally induced chromatin compaction 
slows exchange of the heterochromatin protein 
HP1α (Cheutin et al. 2003). 

On the other hand, in normal nuclei proteins that 
are believed to be integral structural components 
of heterochromatin are in dynamic exchange 
with the nucleoplasm, suggesting that even the 
building blocks of apparently stable chromatin 
structures are constantly turning over (Phair et 
al. 2004). Studies on the intranuclear distribution 
of fl uorescent dextrans and proteins have shown 
that even large proteins up to ~850 kDa, including 
the 600 kDa RNA polymerase II, can readily access 
all nuclear compartments with exception of the 
nucleolus in human cells (Verschure et al. 2003). 

In yeast, enzymes can effi  ciently repair UV-in-
duced DNA damage in euchromatin and hetero-
chromatin, although kinetics are considerably 
slower in heterochromatin (Bucceri et al. 2006). 
Reduced repair rates correlate with reduced acces-
sibility to nucleases. Taken together, these studies 
suggest that DNA in heterochromatin is indeed 
less accessible, although it is not yet clear if this is 
due to diff erences at the nucleosome level or in 
the higher-order structure.
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IHistones themselves have been thought to be 
involved in gene regulation by compaction since 
the discovery that genes are regulated. In principle, 
acetylation of lysine residues on the fl exible core 
histone tails, a type of modifi cation that occurs in 
all eukaryotes, results in net neutralization of their 
positive charge. Because the positively charged his-
tone tails can interact electrostatically with nega-
tive charges on the DNA backbone, acetylation is 
thought to release the histone tails and make DNA 
more accessible. Acetylation causes minor changes 
in single nucleosome biophysical properties like 
thermal stability, but primarily seems to inhibit 
aggregation of nucleosomes into higher-order 
structures (Shahbazian and Grunstein 2007). Th is 
is because the tails contact histones in other nu-
cleosomes or linker DNA rather than nucleosomal 
DNA (Stefanovsky et al. 1989; Luger et al. 1997; 
Mutskov et al. 1998). Acetylation of H4K16 abro-
gates higher-order folding of nucleosome arrays 
(Shogren-Knaak et al. 2006). 

What are those higher-order structures? Nu-
cleosome arrays can be made to form regular, 
helical fi bers of about 30nm diameter in vitro, and 
similar structures may exist in vivo in interphase, 
although this is still a matter of debate (Tremethick 
2007; Maeshima et al. 2010). Formation of such 
fi bers is stimulated by high Mg2+ concentration 
and addition of linker histones. A way by which 
higher-order folding could inhibit transcription is 
through stabilization of nucleosome integrity and 
position. Stability could be increased when the 
protein interfaces of nucleosomes interact with 
each other. Th e eff ects of higher-order structure 
formation have not been unambiguously clarifi ed. 
Linker histones suppress transcription in vitro, but 
halving of total histone H1 levels in murine ES cells 
causes ambivalent transcriptional changes at only 
certain groups of genes (Fan et al. 2005; Wood-
cock et al. 2006). Also repressive polycomb group 
(PcG) protein complexes can cause aggregation 
of nucleosomes, although it is not clear whether 
repression is due to chromatin compaction rather 
than the other functions of PcG proteins (Francis 
et al. 2004).

Nucleosome positioning and 
chromatin remodelers

Even without higher-order folding, the exact posi-
tion of nucleosomes on the DNA (or rather, the 
other way around) matters for sequence-specifi c 
factors to recognize and bind their target sites. 
Many such factors cannot bind nucleosomal 
DNA; additionally, bending of the DNA around 
the octamer induces kinks that can obfuscate the 
landscape a factor recognizes. Recent sequenc-
ing eff orts have made it clear that nucleosome 
positions in living cells are highly non-random 
(Jiang and Pugh 2009). Probably the best model 
to explain nucleosome positions is currently that 
some genomic elements cause the directly adja-
cent nucleosomes to be strongly positioned, and 
consecutive ones increasingly less strongly due to 
spatial constraints. Such elements are nucleosome-
depleted regions at active transcription start sites 
and insulators. Additionally, AA/TT dinucleotides 
which impact the fl exibility of DNA tend to occur 
at increased frequencies with a 10 bp periodicity. 

While this has little eff ect on translational posi-
tions, it infl uences rotational setting of the DNA 
(i.e., which ‘side’ of the double helix faces the 
octamer) (Albert et al. 2007). Sequences that 
have an infl uence on translational positions have 
been found too, but in vivo sequence-specifi c 
positioning plays a major role only at certain posi-
tions because it is counteracted by the action of 
RNA polymerases and nucleosome remodelers 
(Radman-Livaja and Rando 2010).

Nucleosome remodelers are protein complexes 
that can change the position or stability of nu-
cleosomes by virtue of their ATPase subunits that 
have a SNF2 (sucrose non fermentable) ATPase 
domain. Diff erent families of remodeling complex-
es exist and are conserved from yeast to mammals 
(Table 1). Th ey diff er in their molecular activity: 
While Drosophila SWI/SNF and ACF complexes 
both are able to translocate nucleosomes, only the 
SWI/SNF can also create loops in the nucleosomal 
DNA and remove histone octamers or H2A/H2B 
dimers, whereas only ACF can mediate regular 
nucleosome spacing (Racki and Narlikar 2008). 
Some complexes, notably SWI/SNF, usually have 
activating functions by allowing transcription fac-
tors to bind, and dMi-2 is mostly repressive. 
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Not surprisingly given the impact of nucleosomes 
on all DNA-templated processes, nucleosome 
remodelers are also involved in DNA replication 
and repair (Zhang et al. 2000; Gaillard et al. 2003).
Somewhat puzzling in the light of the importance 
of nucleosome positioning is the fact that average 
nucleosome repeat length is typical for organ-
isms and cell types and is in a linear relationship 
with linker histone concentration (Woodcock 
et al. 2006). Perhaps the diff erences and regular 
nucleosome spacing occurs mostly in regions 
without intrinsic or regulated positioning, like 
gene bodies and intergenic regions, where actual 
positions do not matter. 

Also transcription elongation through chromatin 
has to deal with nucleosomes. While in the test 
tube, RNA polymerases (prokaryotic or viral as 
well as eukaryotic RNA polymerase II and III) have 
diffi  culties transcribing through nucleosomal tem-
plates, they are assisted in vivo by accessory factors 
and probably remodelers (Orphanides and Rein-
berg 2000). Th e FACT complex in particular helps 
to destabilize nucleosomes during polymerase 
passage and then helps to redeposit them back 
onto DNA (Belotserkovskaya et al. 2003), allowing 
to preserve specifi c histone modifi cations. 

Covalent histone modifi cations as 
protein binding sites

Th e fl exible tails of histones and to a lesser extent 
the globular domains are heavily modifi ed at 
specifi c residues, including combinations of 
acetylation, methylation, phosphorylation, ADP-
ribosylation, ubiquitination, and combinations 
thereof. Th e richness of this repertoire has led to 
the suggestion of a combinatorial ‘histone code’ 
in analogy to the genetic code, in which specifi c 
combinations of modifi cations recruit distinct 
sets of adaptor proteins with diff erent functional 
outcomes rather than changing the biophysical 
properties of nucleosomes (Strahl and Allis 2000; 
Jenuwein and Allis 2001). Indeed, many chromatin 
proteins have domains that recognize a histone 
tail when it carries a specifi c modifi cation, such 
as the chromodomain which recognizes specifi c 
lysine methylation (Bannister et al. 2001; Lachner 
et al. 2001) or the bromodomain which recognizes 
lysine acetylation (Dhalluin et al. 1999). 

Some proteins recognize their target specifi cally 
in the absence of certain modifi cations or when 
carrying certain combinations of modifi cations 
(Fischle et al. 2003; Mo et al. 2005).

Certain modifi cations, such as di- and trimethyla-
tion of H3K9, H3K27 and H4K20, can cover long 
stretches of DNA with multiple genes. Th ese marks 
have generally been associated with transcrip-
tional silencing in diverse organisms (Martin and 
Zhang 2005). Methylation of H3K4 and acetylation 
of several residues of H3 and H4 have mostly been 
found focally enriched near active transcription 
start sites and cis-regulatory elements, although 
other acetylation marks are involved in silenc-
ing or DNA repair (Carrozza et al. 2003; Martin 
and Zhang 2005). Methylation at H3K36 occurs 
cotranscriptionally at gene bodies of active genes 
where it is thought to serve in repressing cryptic 
spurious transcription initiation (Carrozza et al. 
2005). Many modifi cations can occur together, 
and biological functions have been identifi ed for 
some of these combinations. For instance, promot-
ers decorated with the combination of H3K4me3 
and H3K27me3 in mouse embryonic stem cells are 
marked for activation upon diff erentiation into 
neural precursor cells (Bernstein et al. 2006).

Due to the strong correlations of ‘active’ and 
‘repressive’ histone modifi cations with transcrip-
tional state, the enzymes that mediate them have 
been regarded as activating or repressive them-
selves (Table 1). Recently however, genome-wide 
studies have shown that histone acetyl transferases 
(HATs) and deacetylases (HDACs) are both pres-
ent at highly active transcription start sites (Wang 
et al. 2009). 

At least in some cases, it appears that a small sub-
set of all nucleosomes is subject to rapid acetyla-
tion and deacetylation. Th e underlying genes may 
be either active, or they are inactive and poised 
for activation (Clayton et al. 2006). Rapid turnover 
in this case would allow for quick reaction upon a 
stimulus. Because for most histone modifi cations 
enzymes are known which catalyze their removal, 
a similar paradigm could also apply to other 
modifi cations.
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IHistone modifi cations have drawn enormous at-
tention, but there is little reason why modifi cation 
of other chromatin proteins should be less impor-
tant, and examples are known (e.g., D’Amours et al. 
1999; Li et al. 1999).

Clustered genes and three-dimensional 
interactions

A striking feature of eukaryotic genome orga-
nization is the clustering of genes with similar 
expression patterns or involved in similar biologi-
cal processes. While operons with polycistronic 
transcripts are rare in eukaryotes (C. elegans and 
the tunicate Oikopleura dioica being notable 
exceptions (Blumenthal 2004)), there are many ex-
amples of clusters of coregulated genes in diverse 
eukaryotic phyla, and often the genes have related 
functions (Osbourn and Field 2009). Evolutionary 
pressure for clustering may be due to diff erent 
requirements: 

In the vertebrate adaptive immune system, 
somatic recombination of immunoglobulin genes 
requires spatial proximity (Fuxa et al. 2004). Genes 
coding for enzymes in a metabolic pathway, such 
as alternative nutrient source utilization in baker’s 
yeast, are sometimes clustered to ensure linkage of 
well-interacting alleles when intermediate prod-
ucts are toxic (Wong and Wolfe 2005). 

Th ere are other examples where the pressure for 
cluster maintenance seems to derive from the 
specifi c way the genes are regulated, even though 
they are not expressed simultaneously: Famously, 
vertebrate hox gene cluster arrangement is col-
linear with the temporal and spatial expression of 
hox genes, and probably refl ects the arrangement 
in the bilaterian ancestor (Duboule 2007). Th e 
arrangement is similar but less conserved in fl ies. 
Inactive hox genes are decorated with repressive 
PcG protein complexes and histone modifi cations, 
and mutations of PcG proteins result in hox gene 
misexpression during development and transfor-
mation of cell fate (Schwartz and Pirrotta 2007). 

In the mouse, it has been demonstrated that the 
linear arrangement of a hox gene cluster is neces-
sary for proper deposition of histone modifi ca-
tions and expression (Soshnikova and Duboule 
2009). 

In another well-studied example, vertebrate globin 
genes are expressed at diff erent developmental 

stages and are activated sequentially by interac-
tion with a common enhancer region (Carter et 
al. 2002; Tolhuis et al. 2002). Activation requires 
formation of loop structures in 3D, presumably 
inducing chromatin changes (Higgs and Wood 
2008). 

Th is is the way in which many enhancers are 
thought to act, essentially providing binding sites 
for activators in trans. Preventing loop formation 
is then an eff ective way to inhibit activation (or 
repression), and this is the role of certain types of 
insulators (Wallace and Felsenfeld 2007).

Uniform chromatin domains

Th e genes in the clusters mentioned above are 
expressed at diff erent time points. However, there 
are other examples in which genes in a cluster 
are coregulated by covering the whole genomic 
region in a rather uniform chromatin type. Dosage 
compensation is an extreme form: In female mam-
mals and male fruit fl ies, but also other species, a 
whole sex chromosome is coated sex-specifi cally 
with unique histone modifi cation patterns and 
proteins (Masui and Heard 2006; Mendjan and 
Akhtar 2007). 

Th e eff ects are opposite (global repression of 
one copy of the double gene dosage in mammals 
versus upregulation of the single X chromosome in 
fl ies), but both systems rely on spreading mecha-
nisms mediated by long non-coding RNAs that 
are crucial for recruiting the typical chromatin 
components. Much smaller chromatin domains 
are formed around clusters of tissue-specifi c genes. 
A chromatin domain around the mouse λ5 and 
VpreB genes is coated with H3K4 methylation and 
H3 acetylation (Szutorisz et al. 2005). λ5 and VpreB 
are activated in pro-B cells concomitantly with 
spreading of the active histone modifi cations from 
a central element. Similarly, an 80 kb active, H3K4-
methylated domains is present in human pancre-
atic islets containing four β cell-specifi c genes, but 
not in control HeLa cells (Mutskov and Felsenfeld 
2009). Th ese genes are not constitutively expressed 
in β cells but can be activated in the presence of 
glucose. 
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Spreading of a specifi c chromatin state in cis is also 
a prominent feature of certain types of hetero-
chromatin outside of dosage compensation. Th is 
has been impressively demonstrated in fi ssion 
yeast, where Silent Information Regulator (Sir) 
protein spreading across the silent mating type 
locus is restricted by boundary elements. (Noma 
et al. 2001). Also fl y pericentric heterochromatin 
comprising HP1 spreads onto normally HP1-free 
sequences in chromosomal translocations where 
heterochromatin is ectopically placed distally from 
the centromere. Th is spreading is not homoge-
neous, suggesting a ‘hopping’-like model, and its 
eff ects on gene expression are gene-dependent 
(Vogel et al. 2009).

Th us, it appears that coating of extended genomic 
regions with a certain chromatin type is a common 
feature in genome organization and gene regula-
tion in organisms across phyla. 

3D interactions 
and gene regulation

It is conceivable that genes with similar mecha-
nisms of regulation tend to be closer together in cis 
because in this way, high local concentrations of 
trans-acting factors at some places in the nucleus 
can be used effi  ciently to regulate multiple genes 
within a region. Th is notion is supported by 
reports of foci of transcription factors or splicing 
factors overlapping with activated genes, and of 
so-called transcription factories which contain 
elongating RNA polymerase II apparently attached 
to some structure (Sutherland and Bickmore 
2009).

Also gene silencing can involve contact between 
distant loci: In fl ies, pairing of chromosomes medi-
ates silencing of PcG target genes in trans (Castelli-
Gair et al. 1990). It does not only occur across ho-
mologous chromosomes, but can also be observed 
across diff erent chromosomes dependent on the 
insertion of a regulatory module containing a Poly-
comb response element (Bantignies et al. 2003).

Recently, mutual interactions of the entire genome 
have been probed in human lymphoblastoid 
cells, albeit with megabase resolution. Two main 
groups of loci with increased mutual interactions 
were seen, coinciding with transcriptionally ac-
tive, accessible and inactive, inaccessible regions 
(Lieberman-Aiden et al. 2009). 

Th is result suggests that increased contact of genes 
with similar activity is a general feature of nuclear 
organization. To what extent chromatin features, 
mutual interaction and gene regulation are linked, 
remains currently unclear.

Many inactive regions of the genome are prefer-
entially located at the nuclear periphery in fl ies 
and mammals (Pickersgill et al. 2006; Guelen et al. 
2008). Th ese regions, termed lamina associated 
domains, are usually gene-poor and extend over 
tens to hundreds of kb. 

Although the mechanism that brings chromatin 
in contact with the nuclear lamina is still under 
investigation, it has become clear that changes in 
transcriptional activity of genes are often corre-
lated with lamina interaction (Peric-Hupkes et al. 
2010). 

Th e lamina also appears to have an active role 
in repression, as indicated by deletion of lamin 
in Drosophila and artifi cial tethering of reporter 
genes to the lamina in mammalian cells (Finlan et 
al. 2008; Reddy et al. 2008; Shevelyov et al. 2009). 
Conversely, components of the nuclear pore 
complex associate with active genes and stimulate 
transcription of some genes (Kalverda et al. 2010). 
Th ese distinctions suggest that interactions with 
nuclear envelope components are a major factor 
in chromatin domain organization and possible 
gene regulation.

Chromatin memory

Chromatin is changed upon signals from inside 
and outside the cell to adapt to the environment 
and determine cell fate. While initiating a change 
in chromatin is one aspect of signal integration, 
maintaining the changed state in the absence of 
the signal is another.

An eff ective way to impart transcriptional 
memory is by DNA methylation. Methylation at 
CG dinucleotides (in plants, also in other sequence 
contexts) is widespread (Feng et al. 2010), and 
functions through proteins whose binding to DNA 
is facilitated or inhibited by the methylation mark. 
After DNA replication, maintenance methylases 
which travel with the replication fork can copy 
methylation marks onto the newly synthesized 
DNA strand, ensuring propagation of methylation 
patterns (Vertino et al. 2002).  
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IAlso parental imprinting via DNA methylation is 
a common phenomenon in plants and mammals 
(Feil and Berger 2007). DNA methylation is closely 
linked to chromatin states; in particular, it works 
together with PcG silencing in lineage specifi cation 
in mammals (Hernandez-Munoz et al. 2005; Mohn 
et al. 2008; Terranova et al. 2008).

Chromatin has memory functions on its own as 
well independently of DNA methylation. Such a 
function was fi rst discovered in fl ies in situations 
where mutant phenotypes of some genes vary 
between genetically identical cells. A mutation 
in an eye pigmentation gene changing normally 
red eye color into white is stochastically repressed 
in a chromosomal rearrangement that puts this 
gene in proximity to pericentric heterochromatin. 
Because the descendants of cells with diff erences 
in silencing inherit the silenced or active state, the 
eyes appear patchy, a phenomenon known as posi-
tion eff ect variegation (PEV) (Wakimoto 1998). 

Also PcG silencing persists across cell division, and 
so does its activating counterpart mediated by 
Trithorax group proteins (Ringrose and Paro 2007). 
Th e histone variant H3.3 has also been implicated 
in memory of active transcription (Ng and Gurdon 
2008).

Chromatin-mediated memory across cell divisions 
requires that some component stably remains 
on the mitotic chromosomes. Additionally, a 
mechanism must exist to ensure that in S-phase, 
newly deposited histones are modifi ed in the 
same way as in the mother cell, or the same set of 
non-histone proteins must be recruited. In theory, 
histone modifi cations provide a solution for the 
former because core histones remain on mitotic 
chromosomes, but for the latter not many poten-
tial mechanisms are known. 

One has been suggested for the HP1-H3K9me3 
system: the methyltransferase Suv39h1 methylates 
H3K9, thereby creating a binding site for HP1 (Rea 
et al. 2000; Lachner et al. 2001). HP1 and Suv39h1 
in turn interact directly, resulting in a positive 
feedback loop that might yield a stable chromatin 
state. Th is feedback loop may also promote cis-
spreading of the methylation mark and binding of 
the two proteins (Aagaard et al. 1999; Schotta et al. 
2002). Such a mechanism may possibly also modify 
newly deposited histones during replication. 

Many non-histone chromatin proteins leave the 
chromosomes during mitosis, but some remain 
and can provide memory function (Dey et al. 
2009). Th e extent to which this happens remains 
to be elucidated.

Interactions among chromatin components

Th e groups of proteins introduced so far create a 
unique chromatin environment that varies along 
the genome, promoting or inhibiting the binding 
of other factors. For DNA binding factors (DBFs), 
the most important determinants are occlusion of 
DNA by nucleosomes and competition for binding 
sites with other DBFs. 

Furthermore, even accessible DNA can be a bind-
ing substrate or not depending on whether it is 
methylated or kinked e.g. by high mobility group 
proteins (Bianchi and Agresti 2005). A host of 
chromatin proteins binds not to DNA but to other 
proteins. Obviously, the most important param-
eter for them is the presence of their binding 
partners. Th e situation is similar for proteins that 
bind to histones with specifi c covalent modifi ca-
tion, with the diff erence that interaction requires 
not only the presence of the binding partner (the 
histone), but also the activity of the modifying 
enzyme (e.g., methyltransferase). 

Th us, which proteins are bound at a given location 
is a result of the promoting and inhibitory interac-
tions between chromatin proteins, both direct and 
indirect. Some protein-protein interactions are 
strong enough so that the involved proteins can 
be isolated biochemically as a complex (Table 1). 

Many chromatin protein complexes have been 
identifi ed, often comprising diff erent enzymatic 
activities that help explain biological processes. 
For example, the Drosophila Polycomb repressive 
complex 2 contains the H3K27 methyltransferase 
E(Z) as well as the histone deacetylases RPD3 (Tie 
et al. 2001), in keeping with the genetic interac-
tions between PcG proteins and RPD3 (Chang et 
al. 2001).
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Th e functions of chromatin proteins in transcrip-
tional regulation and their interaction with other 
chromatin proteins are frequently studied by their 
genetic and biochemical interactions with another 
chromatin component of interest, or by detailed 
investigation of their interactions with specifi c 
model genes. 

While these approaches have yielded crucial 
information in understanding chromatin and 
have allowed the discovery of important play-
ers in chromatin, they come with the caveat that 
generalizations frequently lead to misconceptions. 
A prominent example is that of PEV reporter sys-
tems in Drosophila: While immensely powerful in 
discovery of important components of HP1-type 
chromatin, it has incorrectly lead to the notion 
that this type of chromatin is generally repres-
sive. Genome-wide location mapping has, quite 
contrastingly, shown that outside of pericentric 
heterochromatin, HP1 binds predominantly to 
expressed genes.

Th e goal of the approaches in this thesis is to use 
genome-wide location mapping to infer func-
tions and interactions of chromatin proteins. By 
comparing binding maps of chromatin proteins 
to known genomic features and location maps 
of other chromatin components, it is possible to 
identify underlying patterns. 

Specifi cally, we aimed at understanding how bind-
ing of structural chromatin components like linker 
histones is determined; what role the formation of 
chromatin domains has in genome organization 
and transcriptional regulation; and how chromatin 
proteins interact with each other to generate the 
observed binding patters.

As a model system, we chose the Drosophila 
melanogaster embryonic cell line Kc167. Com-
pared to mammalian cells, Drosophila has a 
relatively small genome of ~165 Mb (exclud-
ing highly repetitive DNA) and ~14,000 genes. 
Moreover, this model organism has less functional 
redundancy of chromatin proteins compared 
to mammals, while still retaining most of the 
important chromatin complexes. Drosophila has 
been a model of choice for the study of chromatin 

for almost 80 years, so results can be linked to an 
enormous amount of other data. Kc167 cells are 
easy to culture and form relatively homogenous 
cell populations. 

Th e main technique used in this thesis, DNA 
adenine methyltransferase identifi cation (DamID), 
allows effi  cient location mapping without the 
need for antibodies (van Steensel et al. 2001) and is 
well established for Kc167 cells (Greil et al. 2006).

Specifi cally, the following topics will be 
addressed in this thesis: 

Linker histones are involved in aggregation of 
nucleosomes into denser structures and have been 
implicated in transcriptional repression. At the 
same time, they are among the most abundant 
nuclear proteins in many cells, begging the ques-
tion how their binding to chromatin is regulated 
so that it does not interfere with the need to 
access genes and regulatory sites. In Chapter 1, 
the genome wide binding sites of histone H1, the 
only somatic linker histone in Drosophila, are 
investigated. H1 is shown to bind pervasively with 
the exception of active transcription start sites and 
regulatory sites. Its binding is inversely correlated 
with the histone variant H3.3, and we demonstrate 
that the H3.3 protein antagonizes H1 binding. 

Clustering of genes with related function and 
expression pattern is wide-spread. Is this re-
fl ected in similar clustering of the binding sites of 
chromatin proteins? Chapter 2 is a systematic 
study of enrichment of chromatin protein binding 
at the multi-gene level, of proteins ranging from 
structural chromatin components to transcrip-
tion factors. Nearly all the studied proteins are 
shown to be non-randomly distributed on various 
scales. Domains of enrichment are likely to be 
functionally relevant because the genes in these 
domains tend to be involved in similar functions, 
be co-expressed during development, and remain 
clustered during evolution. 

While chapter 2 looks at diff erent chromatin 
proteins individually, a large collection of binding 
maps lends itself to study how multiple chromatin 

Th esis outline
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proteins infl uence each other’s binding. Using 
Bayesian Network Inference, an expanded collec-
tion of protein binding profi les is used to predict 
targeting interactions in Chapter 3. Important 
known interactions are recapitulated, and 5 
predicted interactions are tested experimentally 
and confi rmed. A central role of the chromatin 
remodeler BRAHMA in transcription factor bind-
ing is suggested.

Finally, Chapter 4 reports a systematic high-
resolution survey of the chromatin composition 
of the entire genome of Drosophila Kc cells. Using 
DamID combined with genomic tiling arrays we 
constructed a compendium of 53 high-resolution 
binding maps of chromatin proteins that represent 
most of the major known chromatin complexes. 
By computational integration of these data we 
identifi ed fi ve principal types of chromatin, 

defi ned by unique combinations of proteins. 
Th ese chromatin types form domains ranging in 
size from ~1kb to >100kb. Two of these chro-
matin types are the well-characterized HP1 and 
PcG types. Strikingly, the majority of the inactive 
genome is found to reside in a novel silent type. 
Furthermore, the active portion of the genome 
segregates into two distinct chromatin types. 
Th ese results provide the fi rst systematic view of 
the chromatin organization of a eukaryote.

In summary, the work presented in this thesis 
considerably extends out knowledge of interac-
tions between important chromatin proteins and 
about the domain organization of the Drosophila 
genome.
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Introduction
Nuclear DNA in eukaryotic cells is packaged in 
a complex fi ber called chromatin. Chromatin 
plays an active role in regulating all DNA-related 
processes, like transcription, replication, and DNA 
repair. Th e fundamental building block of chro-
matin is the nucleosome, consisting of an octamer 
of core histones with 146 bp of DNA wrapped 
around it (van Holde, 1988; Wolff e, 1998). At spe-
cifi c sites in the genome core histones are replaced 
with variant histones that have distinct regula-
tory functions. Furthermore, specialized proteins 
named linker histones associate with nucleosomes 
near the entry-exit point of linker DNA, protecting 
another ~20 bp (Simpson, 1978; Travers, 1999). 

In most eukaryotic cells, linker histones are present 
in concentrations similar to that of nucleosomes 
(Woodcock et al., 2006), suggesting that a large 
proportion of the nucleosomes is bound by a 
linker histone molecule. Histone H1 and its iso-
forms are linker histones that are commonly found 
throughout the eukaryotic kingdom. 

Linker histones are believed to be necessary for 
folding of nucleosomes into higher order struc-
tures. Th e presence of linker histones renders chro-
matin assembled in vitro more compacted and 
more refractory to transcription and nucleosome 
remodelling by ATP-driven remodelling enzymes 
(Osipova et al., 1980; Shimamura et al., 1989; Horn 
et al., 2002). Aggregation of nucleosome arrays 
into 30 nm fi bers can be observed in the pres-
ence of linker histones (Huynh et al., 2005), and 
similar structures have been isolated from cells 

(Gilbert and Allan, 2001). Furthermore, polytene 
chromosomes of fruit fl y larvae expressing ~20% 
of the wild type amounts of H1 appear generally 
decondensed (Lu et al., 2009; Siriaco et al., 2009). 
Finally, H1 also controls the length of the linker 
DNA that separates two nucleosomes. At lower 
occupancy of H1, linker DNA tends to be shorter, 
i.e., the spacing of nucleosomes is reduced (Lu et 
al., 2009; Woodcock et al., 2006). Taken together, 
these data provide compelling evidence that H1 is 
a major modulator of chromatin structure. 

Linker histones must fulfi ll important regulatory 
functions in multicellular organisms. Mice which 
lack three out of six somatic H1 subtypes die in 
midgestation, and fruit fl ies with low amounts of 
H1 have reduced viability and defects in peri-
centric heterochromatin (Fan et al., 2005; Lu et 
al., 2009; Siriaco et al., 2009; Siriaco et al., 2009). 
In embryonic stem cells derived from mice with 
lethal H1 depletion, transcriptional changes are 
observed for various genes (Fan et al., 2005). A 
recent study in human cells suggests that each of 
the six somatic H1 variants controls a distinct set 
of genes (Sancho et al., 2008). 

Th e fact that not all genes are equally aff ected by 
depletion of H1 suggests that H1 may bind to only 
a subset of genes. However, the precise binding 
pattern of H1 in the genome is still poorly un-
derstood. From early microscopy and chromatin 
fractionation studies, we know that H1 associates 
primarily with transcriptionally inactive regions of 
the genome (Jamrich et al., 1977; Chiu et al., 1977). 
Drosophila H1 binds to DNA-dense bands on poly-
tene chromosomes in a manner that is dependent 

Abstract
Linker histones are involved in the formation of higher-order chromatin structure and the 
regulation of specifi c genes, yet it still remains unclear what their principal binding determinants 
are. We generated a genome-wide high resolution binding map of linker histone H1 in Droso-
phila cells, using DamID. H1 binds at similar levels across much of the genome, both in classic 
euchromatin and heterochromatin. Strikingly, there are pronounced dips of low H1 occupancy 
around transcription start sites of active genes and at many distant cis-regulatory sites. H1 dips 
are not due to lack of nucleosomes. Rather, all regions with low binding of H1 show enrichment 
of the histone variant H3.3. Knockdown of H3.3 causes H1 levels to increase at these sites, with a 
concomitant increase in nucleosome repeat length. Th ese changes are independent of transcrip-
tional changes. Our results show that the H3.3 protein counteracts association of H1, providing a 
mechanism to keep diverse genomic sites in an open chromatin conformation.
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on the ATP-dependent remodeling enzyme ISWI 
(Corona et al., 2007; Siriaco et al., 2009). In a human 
breast cancer cell line, H1 has been found by chro-
matin immunoprecipitation to be depleted from 
a set of active promoters where poly(ADP-ribose) 
polymerase-1 (PARP) is enriched (Krishnakumar et 
al., 2008), but it remains to be determined to what 
extent this pattern is isoform-specifi c. 

Here, we characterize the genomic binding of 
histone H1 in detail. Our aims were to identify 
signals that might regulate H1 binding and to 
understand the functional relationships of H1 with 
other chromatin components that mark repressed 
or active parts of the genome. We used Droso-
phila as a model system, because this organism 
has only one isoform of H1. We generated whole 
genome, high resolution maps of H1 in the Kc167 
cell line using DNA adenine methyltransferase 
identifi cation (DamID) (Greil et al., 2006). We then 
compared the binding sites of H1 with those of 
Polycomb (Pc) and Heterochromatin Protein 1 
(HP1) as markers of heterochromatin, and with 
RNA Polymerases and the core histone variant 
H3.3 as markers for active sites. Th is revealed that 
H1 binds pervasively throughout the genome, 
without clear diff erences between classic eu-
chromatin and heterochromatin. However, H1 is 
excluded from thousands of active promoters and 
other regulatory regions. We demonstrate that 
H3.3 contributes to the exclusion of H1 from these 
sites. Th is antagonism provides a mechanism that 
helps to maintain active regulatory regions in an 
accessible state.

Results
Histone H1 binds universally with 
characteristic dips

To map histone H1 binding in the Drosophila 
genome, we generated a DamID profi le in Kc167 
cells. In short, trace amounts of H1 tagged with 
Dam methylase were transiently expressed, 
thereby methylating adenines in the vicinity of 
binding sites. Methylated DNA fragments were 
selectively amplifi ed and cohybridized with Dam-
only control material to NimbleGen oligonucle-
otide microarrays with 300 bp median resolution 
covering the entire nonrepetitive part of the fl y 
genome. Th e resulting map shows that H1 binding 

is similar at the majority of probes, with the excep-
tion of conspicuous dips that are up to a dozen kb 
wide (Fig. 1A,B,E). 

Because of the near-stoichiometric nuclear 
abundance of H1 relative to nucleosomal histones 
(Woodcock et al., 2006), we interpret this pattern 
as a uniform global binding of H1 interrupted by 
local gaps, which are called dips hereafter. To verify 
our DamID results, we performed chromatin im-
munoprecipitation (ChIP) with an affi  nity purifi ed 
H1 antiserum for selected loci. DamID and ChIP 
measurements were in good agreement with each 
other (Supplementary Fig. 1A,B).

Using a simple running median-based algorithm, 
we identifi ed 4792 dips in the DamID binding 
profi le with a median length of 1867 bp. Of these, 
4319 dips (90%) had at least 1 bp overlap with 
genes annotated in FlyBase release 5.8 (total over-
lap 71% compared to 57% expected by chance, p = 
7.8x10-47; Fig. 1A,B,E). Th us, most of the fl y genome 
is decorated with H1, and dips are relatively short 
and predominantly localized at genes.

Th e baseline H1 level outside dips was similar 
in pericentric heterochromatin known to be 
bound by HP1 (de Wit et al., 2007) and in regions 
traditionally denoted as euchromatin (Fig. 1A,C). 
Th is also holds for regions known to coincide with 
large Polycomb (Pc) domains (Tolhuis et al., 2006) 
(Fig. 1B,C). A minor diff erence between these 
diverse chromatin compartments was the number 
of H1 dips. Th e frequency of H1 dips was lower in 
pericentric heterochromatin than in euchromatin 
and lowest in Pc domains (Fig. 1D). HP1-marked 
heterochromatic regions are known to be rela-
tively gene-poor (Hoskins et al., 2007), and genes 
in Pc domains are on average more silent than in 
euchromatin (Tolhuis et al., 2006; Schwartz et al., 
2006). Th ese results suggest that in general, H1 
binds in a similar manner in all classic chromatin 
types and diff erences exist only in dip frequency 
due to regional diff erences in gene density and 
activity.
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H1 dips are mainly active TSSs

H1 has been shown to be absent from a set of ac-
tive promoters in human cells (Krishnakumar et al., 
2008). To test whether most H1 dips in our Droso-
phila profi le also coincide with active promoters, 
we compared the 40% most active and inactive 
genes (Pickersgill et al., 2006) in alignments of 
their 5’ and 3’ ends. Th is showed that H1 levels are 
clearly lower throughout the transcribed region of 
active genes, with a pronounced dip centered over 
the transcription start site (TSS) (Fig. 2A,B and 
Supplementary Fig. 2A-D).

In order to investigate the relationship between H1 
occupancy and transcription at a higher resolu-
tion , we measured occupancy of RNA polymerase 
by DamID of RpII18, the 18 kDa subunit that is 
common to the three nuclear RNA polymerases. 
RpII18 occupancy was in good agreement with 
mRNA levels (Spearman’s ρ=0.66 after averaging 
the DamID signal per gene). Indeed, RpII18 signals 
were strongly anticorrelated with H1 (Spearman’s 
ρ = -0.58, p < 2.2x10-16; Fig. 1E and Supplementary 
Fig. 3A). Th e group of active genes, but not the 
inactive genes, exhibited high average RpII18 bind-
ing with a pronounced enrichment at the TSS (Fig. 
2A and Supplementary Fig. 2C). Th is relationship 
was retained when the analysis was restricted to 
tRNA genes (Fig. 2C), illustrating that H1 and RNA 
polymerases bind to chromatin in an opposite 
manner.

In many organisms, active genes have a short 
nucleosome-free region (NFR) upstream of their 
TSSs at the site of RNA polymerase assembly 
(Yuan et al., 2005; Mavrich et al., 2008; Barski et 
al., 2007). To investigate whether the observed 
H1 dips were simply attributable to NFRs, we 
generated a map of nucleosome occupancy in Kc 
cells with 10 bp resolution for a total of 5.2 Mb of 
the fl y genome, distributed over multiple regions 
(see methods). While the group of active genes 
showed a well defi ned NFR, inactive genes did 
not, as anticipated (Supplementary Fig. 2A,C). 
Th e fi rst nucleosome upstream and downstream 
from the TSS were spaced about 350 bp from 
each other, a similar value to what was found in 
Drosophila embryos (Mavrich et al., 2008). Th is is 
likely too small to be the cause for H1 dips at TSSs 
(Fig. 1E and 2A). Furthermore, along bodies of 
active genes the average nucleosome occupancy 
was not diff erent than outside genes or along 
inactive genes, whereas H1 levels were lower than 
median (Fig. 2A,B, Supplementary Fig. 2). Trans-
posable elements (TEs) are an example of genomic 
features that are less bound by RpII18 than the 
genome median (Fig. 2D). In contrast, H1 levels are 
above median, while average nucleosome density 
does not diff er signifi cantly. All these diff erences 
underline that histone H1 binding is not simply 
determined by nucleosome occupancy. Instead, 
H1 dips are regions where nucleosomes are less 
frequently bound by H1 .

Figure 1: Characteristics of the H1 binding profi le

A, Profi le of H1 and HP1 (de Wit et al., 2007) at the boundary of pericentric heterochromatin on chromosome 2R. 
Red bars indicate H1 dips as defi ned in Materials and Methods. Hatched bar indicates heterochromatin according 
to Release 5 of the Drosophila genome (Hoskins et al., 2007). Black and white bars indicate genes on the top and 
bottom strand, respectively. Profi les are depicted as 3-probe running median. B, H1 and Pc (Tolhuis et al., 2006) 
across a region of chromosome 2L with Pc domains. Hatched bars indicate Pc domain as annotated in (Tolhuis et 
al., 2006). Other details as in A. C, DamID binding values of H1, Pc (Tolhuis et al., 2006) and HP1 (de Wit et al., 2007) 
outside of annotated H1 dips in pericentric heterochromatin (defi ned as in (Hoskins et al., 2007) and including the 
whole of chromosome 4), Pc domains, or euchromatin (remaining parts of the genome). Only probes overlapping 
with the design regions of the microarray used in (de Wit et al., 2007; Tolhuis et al., 2006) were analyzed. Lower end, 
thick line and upper end of the boxes indicate 1st quartile, median and 3rd quartile, respectively; whiskers extend to 
the most extreme data points with a distance to the box at most 1.5 times the box height. D, Frequency of genes 
and H1 dips in the same genomic regions as defi ned in C. E, Detail of genomic profi les. Red, H1 DamID; black, 
RpII18 DamID; grey, nucleosome occupancy (MNase digestion); turquoise, enrichment of H3.3 over H3 in biotin-
ChIP (Mito et al., 2007). Pale red vertical bars highlight H1 dips. Black and white boxes denote genes on the top and 
bottom strand, respectively, with introns depicted as lines.
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Figure 2: H3.3 enrichment is inversely correlated with H1 binding

Average binding profi les aligned to genomic features. Colored lines represent running means of 2% of the probes in 
the window region except where indicated otherwise. Datasets are the same as in Fig.1. 

A-B, Transcription start sites (A) and transcript 3’ ends (B) of the 40% most active genes. Expression profi le taken 
from (Pickersgill et al., 2006). Arrow indicates the location of genes. C, Centers of tRNA genes. D, 5’ ends of naturally 
occurring transposable elements (running mean of 0.5% of depicted probes). Arrow indicates the location of TEs. 
E, Binding sites of the trxG protein Zeste in Drosophila embryos (Moses et al., 2006). F, Co-binding sites of the PcG 
proteins Enhancer of Zeste and Posterior Sex Combs in S2 cells (Schwartz et al., 2006).

Intergenic H1 dips may be regulatory elements

About 10% of the H1 dips are located outside of 
annotated genes. We hypothesized that they may 
represent not yet annotated TSSs or cis-regulatory 
regions. In both cases, they would be expected to 
often occur close to known genes. Indeed, inter-

genic H1 dips were more frequently positioned 
within 2 kb of a gene than expected by chance (p 
< 0.002).

Furthermore, if intergenic H1 dips represent func-
tional genomic elements, their chromatin state 
might resemble that of known TSSs or regulatory 
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sites. We used formaldehyde-assisted isolation of 
regulatory elements (FAIRE) to test if intergenic H1 
dips were enriched in regulatory elements. FAIRE 
enriches for DNA sequences that are relatively free 
of bound protein and have been shown to overlap 
with active regulatory sites and DNaseI hypersensi-
tive sites (Hogan et al., 2006; Giresi et al., 2007). We 
compared intergenic H1 dips with TSSs of active 
genes or two classes of regulatory sites: putative 
Polycomb response elements (PREs) marked by 
Enhancer of Zeste (E(Z)) and Posterior Sex Combs 

(PSC) (Schwartz et al., 2006), and known embry-
onic binding sites of the Trithorax group (trxG) 
protein Zeste (Z) (Moses et al., 2006). Both of these 
classes of sites coincided with low levels of H1 
relative to fl anking regions (Fig. 2E,F). Active TSSs 
gave the highest average FAIRE signals with a peak 
just upstream of the TSS as has been reported to 
be the case for DNaseI hypersensitivity (Sabo et 
al., 2004) (Fig.3A). Also Z and E(Z)/PSC sites were 
clearly enriched in FAIRE signal, suggesting that 
these sequences are binding sites for their cognate 

A B

C D

FAIRE
H1
RpII18
Nucleosomes

Figure 3: Intergenic H1 dips are reminiscent of regulatory elements

Alignment of FAIRE data (gold), H1 (red), RpII18 (black) and nucleosome occupancy (grey) to genomic features as 
in Fig. 2. A, TSSs of the 40% most active genes as measured in (Pickersgill et al., 2006); B, embryonic Z binding sites 
(Moses et al., 2006); C, co-binding sites of E(Z) and PSC (Schwartz et al., 2006); D, geometric centers of H1 dips that 
have no overlap with genes.
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proteins and in an open chromatin conformation 
also in Kc cells (Fig. 3B,C). Intergenic H1 dips gave 
similar FAIRE signals as Z binding sites (Fig. 3D). 
Additionally, while H1 was depleted similarly at 
intergenic dips and active TSSs, RpII18 enrichment 
was between that of active TSSs and Z binding 
sites (Supplementary Fig. 2), suggesting that many 
of them are not active TSSs. Th us, it appears likely 
that at least a subset of the intergenic H1 dips are 
indeed regulatory elements.

Binding of H3.3 and H1 are negatively correlated

We observed that at binding sites of Z as well 
as E(Z) and PSC, H1 dips did not coincide with 
enrichment of RpII18. Th erefore, presence of RNA 
polymerase or active transcription cannot gener-
ally explain H1 depletion at regulatory sites. As 
an alternative, we considered the histone variant 
H3.3, which is known to be enriched at both ac-
tive genes as well as regulatory sites (Ahmad and 
Henikoff , 2002; Mito et al., 2007).

To compare the genomic localization of H3.3 and 
H1, we used a published high-resolution map of 
H3.3 enrichment over the main H3 isoform in S2 
cells (Mito et al., 2007), which are known to have 
a similar expression pattern as Kc167 cells (Muller 
et al., 2008). For direct comparison, we resampled 
the H3.3 dataset to the same resolution as the H1 
data (see methods). Strikingly, there was a strong 
negative correlation (Spearman’s ρ = -0.49, p < 
2.2x10-16; Supplementary Fig. 3B), even though the 
H3.3 and H1 profi les were obtained with diff erent 

techniques and on diff erent microarray platforms.

Almost all sites with low H1 signals were enriched 
in H3.3 (Fig. 1E). In alignments for genomic fea-
tures, H3.3 was enriched on average at transcrip-
tionally active sites (Fig. 2A-C). H3.3 was depleted 
at TEs, which are lowly transcribed and bound by 
H1 throughout (Fig. 2D). A notable exception were 
regulatory sites: there, H3.3 is enriched while H1 
is depleted although RNA polymerase is not (Fig. 
2E,F). Th us, while the presence or activity of RNA 
polymerase cannot explain the low levels of H1 at 
regulatory sites, H3.3 and H1 levels were inversely 
correlated at all investigated classes of genomic 
features.

Depletion of H3.3 RNAi leads to increased H1 
binding

Because of the clear negative correlation between 
the H3.3 and H1 binding patterns, we wondered 
whether H3.3 might play an active role in the 
local exclusion of H1. To test this hypothesis, we 
studied the genome-wide changes in H1 bind-
ing after depletion of H3.3 by RNA interference 
(RNAi). To simultaneously knock down both H3.3 
genes which code for identical polypeptides, we 
treated Kc167 cells with long dsRNAs for 5 days. 
Total H3.3 mRNA was reduced by 54% relative to 
treatment with dsRNA against the noninvolved 
white gene (Fig. 4A, average of two experiments). 
We then again mapped H1 by DamID in both 
conditions. While the general pattern of H1 bind-
ing was preserved, binding levels in many, but 

Figure 4: Depletion of H3.3 causes increased binding of H1

A, Quantitative RT-PCR of His3.3A and His3.3B mRNA after knockdown of white or simultaneous knockdown of 
His3.3A and His3.3B. Average of cumulative mRNA concentration (His3.3A+His3.3B) after knockdown was 46%. B, 
Examples of H1 levels at H1 dips upon H3.3 knockdown. DamID binding values after knockdown of white (black) 
and H3.3 (red). Black and white boxes denote genes on the top and bottom strand, respectively, with introns 
depicted as lines. C, Scatter plots of H1 change (log2 ratio of DamID values of H3.3 knockdown over white knock-
down) vs. H1 binding after white knockdown for all microarray probes. Colors are according to H3.3 enrichment 
(log2 of H3.3 ChIP over H3.1 ChIP(Mito et al., 2007)) resampled to the same resolution with blue ≤ -1 and yellow 
≥ 1.5. Blue and yellow lines are regression lines of the points associated with the lowest 20% and highest 20% H3 
enrichment, respectively. D-F, Alignment of H1 DamID values after white knockdown (black) and H3.3 knock-
down (red) as in Fig. 2. D, TSSs of the 40% most active genes; E, geometric centers of intergenic H1 dips; F, 5’ ends 
of transposable elements. Asterisks indicate statistical signifi cance of diff erence in window +/-1 kb (p < 4.4x10-22, 
Mann-Whitney U-test). G, Western blots of whole-cell extracts after knockdown. H, Western blots of supernatants 
(SN) and pellets (PEL) after sequential extraction with 80 mM and 600 mM salt containing buff ers. One-fortieth of 
the sample was loaded in each lane. – indicates whole cell lysate of untreated cells.
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not all H1 dips increased (Fig. 4B). Th ese changes 
were relatively mild, possibly owing to the limited 
degree of H3.3 knockdown, but nevertheless 
reproducible. Detailed analysis indicated that the 
local increase in H1 binding after H3.3 knockdown 
was related to the initial magnitude of the H1 dip, 
as well as to the initial levels of H3.3 in the dip (Fig. 
4C). In particular, dips with relatively low initial 
H3.3 levels showed more prominent changes in 
H1 levels, suggesting that a threshold level of H3.3 
may be needed for eff ective exclusion of H1 over 
the course of the experiment. Consistent with this 
threshold model, we observed that a more modest 
knockdown of H3.3 specifi cally aff ected the group 
of dips with low initial H3.3 levels, but not dips 
with high initial H3.3 levels (Supplementary Fig. 
4A,D). Th e diff erences between these two groups 
were also observed when replicate experiments 
were analyzed separately.

Despite the variation in the eff ects on H1 binding 
between individual dips, depletion of H3.3 by 
roughly 50% caused a signifi cant overall change in 
H1 levels in dips located at TSSs as well as in inter-
genic regions (both p < 4.4x10-16, Mann-Whitney 
U-test; Fig. 4D,E). In comparison, no change could 
be observed at TEs, where H3.3 is not enriched 
(Fig. 4F).

Th ese comparisons rely on the assumption that 
overall H1 levels in the cells did not change glob-
ally during H3.3 knockdown. Indeed, cellular levels 
of H1 and H3 did not change during treatment as 
tested by western blotting (Fig. 4G). To investigate 
whether the fraction of H1 that was associated 
with chromatin might have decreased, we sequen-
tially extracted nuclei of treated cells with buff ers 
containing increasing salt concentrations. After 
prior incubation with 15 mM salt buff er, no H1 
could be detected in supernatants containing 80 
mM salt, whereas comparable amounts of H1 were 
released with 600 mM salt in both H3.3 knock-
down and control cells (Fig. 4H).

Reduced H3.3 levels might impact transcription 
and thereby lead to gain of H1 at formerly active 
TSSs as a secondary eff ect. To test if that was the 
case, we generated mRNA expression profi les 
from white and H3.3 RNAi-treated cells. Transcript 
changes were not correlated with H1 changes per 
gene (Spearman’s ρ= 0.02, Supplementary Fig. 
4C), indicating that altered transcription could 
not have been responsible for H1 changes upon 

H3.3 RNAi. Th e transcriptional changes were not 
specifi c for genes enriched in any functional an-
notation. However, they were connected to the 
H3.3 knockdown, because the aforementioned 
weaker knockdown yielded similar transcriptional 
changes (Supplementary Fig. 4B). In summary, we 
conclude that reduction of H3.3 leads to increased 
association of H1 at sites where H1 was previously 
depleted, in a manner that is mostly independent 
of the local activity of transcription.

Increased nucleosome repeat length 
after H3.3 RNAi

A well-established property of H1 is the linear 
relationship between the H1:nucleosome ratio 
and nucleosome repeat length (NRL) (Woodcock 
et al., 2006; Siriaco et al., 2009). We reasoned that if 
H1 binding to chromatin is increased in cells with 
reduced H3.3, we should be able to observe an 
increase in NRL. 

Towards this end, we isolated nuclei from Kc167 
cells treated with H3.3 or white dsRNA as before 
and digested the chromatin with increasing 
amounts of micrococcal nuclease (MNase). In 
mild digestions yielding nucleosome ladders, we 
observed a small increase in NRL in H3.3 vs. white 
knockdown cells in four out of four experiments 
(Supplementary Fig. 5A; see Supplementary Fig. 
5B for quantitation). It should be noted that with 
the partial H3.3 knockdown, a strong change in 
NRL could not be expected given that even almost 
complete reduction of H1 itself causes only a 14-
bp diff erence in NRL (Siriaco et al., 2009).

To verify this increase with a more sensitive 
method, we hybridized DNA from more complete 
digestions yielding mostly mononucleosomes to 
high density microarrays as previously for wildtype 
cells (Supplementary Fig. 5C).  As a sensitive tool 
to detect patterns in nucleosome spacing, we cal-
culated autocorrelations for each treatment and 
subtracted baseline fl uctuations that are derived 
from regional diff erences in accessibility to MNase 
(Supplementary Fig. 6 and Materials and Meth-
ods). Th e resulting normalized autocorrelation 
plots are depicted in Fig. 5. 

While NRL in control treated cells closely resem-
bled wildtype cells at about 189 bp, it increased 
to 193 bp in H3.3 RNAi treated cells. Th ese results 
are consistent with the enhanced binding of H1 
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Figure 5: Depletion of H3.3 leads to increased nucleosome repeat length

Mononucleosomal DNA from RNAi-treated cells (Supplementary Fig. 5C) was hybridized to tiling microarrays 
together with in vitro-digested control DNA. Signals were subjected to autocorrelation analysis (see Materials and 
Methods and Supplementary Fig. 6) to yield average nucleosome spacing. Probes in HP1-bound regions (de Wit et 
al., 2007) have been excluded because nucleosome spacing is diff erent in these regions. Dotted lines at multiples of 
the estimated nucleosome repeat length (NRL) indicate positions of peaks and valleys corresponding to nu-
cleosomes and linker DNA in white (black) and H3.3 (grey) knockdown cells..

after H3.3 depletion, and suggest that H3.3 aff ects 
nucleosome packaging by modulating H1 levels. 

We expected that the changes in nucleosome 
spacing would be most prominent near the H1 
dips. Unfortunately, we were unable to confi rm 
this, because the autocorrelation analysis lost its 
power to resolve periodic signals when applied 
to short data segments and much fewer data 
points. It is thus possible that the eff ect of H3.3 
on nucleosome spacing is not restricted to H1 dip 
regions, but rather more global. Th is could be the 
case if H3.3 is present in low but non-zero amounts 
along the entire genome.

Discussion
H1 distribution along the genome

We present a detailed analysis of the genome-wide 
distribution of linker histone H1 in Drosophila, 
which we obtained using the DamID method. A 
characteristic feature of the H1 pattern is its perva-
sive binding interrupted by thousands of local dips 
that mostly coincide with TSSs of active genes and 
putative regulatory elements. Th is is remarkably 
similar to the pattern of H1 as detected by ChIP in 
human cells (Krishnakumar et al., 2008), suggest-
ing the evolutionarily conserved behavior of H1 
proteins, and at the same time providing cross-
validation between the fundamentally diff erent 
DamID and ChIP methods.
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Contrary to our expectations, we could not fi nd 
general diff erences in H1 binding between regions 
classically denoted heterochromatin and euchro-
matin, even though chromatin in these regions is 
thought to form diff erent structures (Sun et al., 
2001). Instead, we fi nd that the H3.3 protein, or 
functional properties inherent to it, locally restricts 
H1 association. Th is result is supported by the fact 
that H3.3 depletion leads to increased H1 binding 
at sites with previously low H1. Nucleosome repeat 
length (NLR) increases concomitantly, in line with 
the known linear relationship of NLR to the cellular 
concentration of H1 (Lu et al., 2009; Woodcock et 
al., 2006). 

Th e data provided by our MNase microarrays did 
not provide the resolving power required to dis-
cern whether the NRL changes occur specifi cally 
in H1 dips, as might be expected, or globally. We 
conclude that H3.3 contributes to a mechanism 
whereby active genomic sites, both genes and 
regulatory elements, are maintained in an H1 free 
state, and thus remain readily accessible to regula-
tory factors. 

Our results refi ne the long-standing paradigm that 
H1 is depleted from actively transcribed genomic 
regions that are visible as interbands on polytene 
chromosomes (Jamrich et al., 1977).  Mutu-
ally exclusive binding of H1 with diff erent RNA 
polymerases does not encompass whole genomic 
regions, but happens at the scale of transcription 
units.

At many H1 dips, but also along the bodies of 
active genes, H1 signals are intermediate. Th is may 
be interpreted as partial occupancy in both time 
and space: At such sites, H1 may be bound at only 
a fraction of the nucleosomes, or alternatively it 
may only be bound sometimes. Also the fact that 
loci with high or low initial H3.3 react diff erently 
after H3.3 RNAi should be interpreted in that way: 
in a fraction of cells within the population, sites 
with low exchange rates (and thus low H3.3 levels) 
may not be able to acquire H3.3 at all in between 
two rounds of replication, leading to increased H1 
binding.

Relationships between H1, transcription and 
H3.3

Our data show that H1 binding is counteracted 
by H3.3. Replication independent (RI) incorpora-
tion of H3.3 has been shown to occur in the wake 

of transcription (Schwartz and Ahmad, 2005). It 
is probable that the process of local chromatin 
disruption, caused by passing RNA polymerase or 
by the action of remodeling enzymes, and subse-
quent RI chromatin assembly may expel H1, leav-
ing dips. When H3.3 levels are reduced, other H3 
isoforms may to some extent be used for RI chro-
matin assembly, leading to increased H1 binding. 
Technically, it is diffi  cult to assess the magnitude of 
the eff ect of the process of RI chromatin reassem-
bly relative to the eff ect of H3.3 itself, as this would 
require experimental manipulation of transcrip-
tion without aff ecting H3.3 incorporation.

We have not addressed whether the presence of 
H1 also has repercussions for H3.3 incorporation, 
or indeed for histone turnover and the processes 
that cause it. In vitro, H1 is a strong suppressor of 
nucleosome remodeling and transcription. We 
could not achieve signifi cant knockdown of H1 
(data not shown). In our H3.3 RNAi experiments, 
the observed transcriptional changes were not 
correlated with H1 changes, suggesting that H1 
does not infl uence transcription in a simple, direct 
manner in vivo. Th is notion is in line with the fact 
that in murine cells that have only half of the 
normal H1, transcriptional changes are limited to 
specifi c sets of genes (Fan et al., 2005). In addition, 
drastic reduction of H1 is not lethal in fl ies, which 
might be expected if transcription was globally 
aff ected (Lu et al., 2009).

H3.3 has been implicated in maintaining tissue-
specifi c transcription patterns in somatic cloning 
experiments (Ng and Gurdon, 2008). We therefore 
speculate that a possible mechanism of active site 
maintenance involving H1 may only be required 
during diff erentiation.

Possible mechanisms of H1 exclusion by H3.3

Th e restriction that H3.3 exerts on H1 binding 
may occur by several possible mechanisms. Firstly, 
amino acids and posttranslational modifi cations 
that distinguish H3.3 from H3 may regulate H1 
binding to the nucleosome. Although the two H3 
isoforms diff er in only four amino acids, one of 
them (Ser31 of H3.3, corresponding to alanine in 
H3) is located in the fl exible N-terminal tail which 
is thought to exit the nucleosome near the dyad 
and could potentially be in contact with bound H1 
(Davey et al., 2002). Furthermore, the two isoforms 
are known to carry distinct posttranslational 
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modifi cations before and after they are assembled 
into nucleosomes (McKittrick et al., 2004; Loyola 
et al., 2006). Diff erent modifi cations that exist in 
non-nucleosomal mammalian H3 and H3.3 have 
been shown to impact their later modifi cation 
states (Loyola et al., 2006). In such a way, diff erent 
sets of modifi cations could permanently diff eren-
tiate the two H3 isoforms.

A second possibility is that nucleosome stability 
determines H1 binding. (Jin and Felsenfeld, 2007) 
showed that nucleosomes with H3.3 and especially 
with both H3.3 and the H2A replacement histone 
H2A.Z are biophysically less stable. A greater 
propensity for disruption of these nucleosomes 
may result in unstable H1 docking sites and thus 
decreased eff ective affi  nity of H3.3-containing 
nucleosomes for H1.

Th irdly, H3.3 may promote binding of other 
proteins that are known to aff ect H1 localiza-
tion. ISWI, the ATPase subunit of the CHRAC and 
ACF chromatin remodeling complexes that can 
remodel and assemble H1-containing chromatin 
in vitro, respectively, is required for association of 
H1 to polytene chromosomes (Siriaco et al., 2009). 
In a human cancer cell line, where H1 is absent 
from a subset of TSSs that are occupied by PARP, it 
has been demonstrated that PARP depletion can 
cause some genes to be downregulated and ac-
quire H1 (Krishnakumar et al., 2008). PARP has also 
been found to directly regulate ISWI, suggesting 
that ISWI may globally promote H1 binding except 
where it is specifi cally inhibited (Sala et al., 2008). It 
remains to be investigated whether PARP and H3.3 
each independently contribute to the local exclu-
sion of H1, or are part of the same mechanism.

H1 and heterochromatin

In a recent publication, (Lu et al., 2009) have shown 
that fl ies with strongly diminished H1 levels have 
heterochromatin defects: dimethylation at H3K9 
is strongly reduced in larval cells and HP1 does not 
localize to the chromocenter, indicating that H1 is 
necessary for heterochromatin establishment or 
maintenance. 

Yet in Kc cells we did not observe a diff erence in 
H1 baseline levels between regions that are bound 
or not bound by HP1. It follows that although H1 
is necessary, it cannot be suffi  cient for targeting of 
H3K9 methylation and HP1 to heterochromatin. 

Possibly distinct modifi cations or accessory factors 
of H1 exist in these regions. Alternatively, folding 
of chromatin into higher-order structures may play 
a role in heterochromatin defi nition, and higher-
order structures may require long uninterrupted 
nucleosome arrays. Genes and associated H1 dips 
are scarcer in pericentric heterochromatin, and it 
may be this fact that allows higher-order struc-
tures to form.

In this work, we show that local inhibition of 
Drosophila H1 association with the genome by the 
histone variant H3.3 is a means of modulating H1 
binding at many places in the genome. Th is is the 
fi rst case of regulation of linker histone binding 
through a histone variant. Further studies will be 
required to determine the molecular mechanism 
of this regulation, and to elucidate functional 
consequences of this negative interaction.
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Material and Methods
Constructs

RpII18-Dam and control Dam-only constructs 
have been described previously (van Steensel and 
Henikoff , 2000;Moorman et al., 2006). To obtain 
pN-GW-DamMyc-H1, the His1 open reading frame 
was amplifi ed from genomic DNA from Kc167 
cells, inserted into pENTR/D-TOPO (Invitrogen) 
and recombined with a variant of pNDamMyc 
that had been made compatible by insertion of a 
GATEWAY recombination cassette (Invitrogen).

Cell culture and DamID

Kc167 cells were cultured and transiently trans-
fected with DamID vectors as described (Moor-
man et al., 2006). RNA interference experiments 
were performed with dsRNAs directed against 
white, His3.3B, or His3.3A and His3.3B that were in 
vitro transcribed with the RiboMax kit (Promega) 
from PCR amplicons as published (white) (Greil et 
al., 2003), or designed by the Harvard Drosophila 
RNAi Screening Center  www.fl yrnai.org;
His3.3A with crossreaction to His3.3B, DRSC03343; 
His3.3B, DRSC28380). 5x106 cells were seeded on 
day 1 with 150-200 μg dsRNA in 5 ml serum-free 
BPYE. After one hour, 5 ml BPYE with 10% serum 
was added. 

Th e procedure was repeated on day 3. Cells were 
transfected with DamID constructs on day 5 and 
grown for another 24h in BPYE supplemented with 
dsRNA. Cells were harvested 24 h after transfec-
tion. In vivo methylated DNA was amplifi ed as de-
scribed (Moorman et al., 2006) and hybridized to 
microarrays carrying 380,000 60-mer DNA oligos 
(Choksi et al., 2006) (Roche-NimbleGen Inc.). For 
each protein and RNAi treatment, material from 
two independent experiments were hybridized in 
opposite dye orientations over Dam controls.

Expression analysis

Total RNA was extracted with TRIzol (Invitrogen) 
and treated with DNaseI. For H3.3 knockdown 
control, RNA was reverse transcribed and analyzed 
by TaqMan qPCR using an amplicon for Fmo-2 
for normalization. See Supplementary Table 1 for 
primer and probe sequences. Genomic transcrip-
tion profi les were generated using INDAC oligo 
arrays version http://www.indac.net

printed at the NKI Central Microarray Facility, 
with each oligonucleotide spotted twice. RNA 
from the same H3.3 RNAi and white RNAi-treated 
cell cultures that were also used for H1 DamID 
was cohybridized and two replicates were done 
for each condition. Th e Rosetta error model was 
applied to assign statistical signifi cance (Weng et 
al., 2006).

H1 antibodies

Polyclonal rabbit anti-H1 antiserum was raised 
against a mixture of the synthetic peptides 
EP062866 (NH2-CAGTKAKKASATPSHP-CONH2) 
and EP062867 (NH2-CATAKKPKAKTTAAKK-
CONH2) and was affi  nity purifi ed against only 
peptide EP062866 (Eurogentec). Specifi city for H1 
was tested in peptide dot blots, Western blots, and 
immunofl uorescence microscopy (Supplementary 
Fig. 1A and not shown).

Chromatin immunoprecipitation (ChIP)

About 2.4x108 growing cells were crosslinked and 
treated for ChIP according to protocol PROT03 
on the Epigenome Network of Excellence website 
www.epigenome-noe.net Chromatin was 
fragmented to 300-600 bp in a Bioruptor (Diagen-
ode) and immunoprecipitated with affi  nity puri-
fi ed H1 antiserum. Relative DNA concentrations 
were measured by TaqMan qPCR (see Supplemen-
tary Table 1 for primer and probe sequences) and 
represented as log2 ratios over ChIP input.

Salt extraction of chromatin

Nuclei were isolated from untreated or RNAi-
treated Kc cells as follows: All steps were done 
on ice. Cells were washed 3 times with PBS and 
pelleted 3 times in Lysis buff er (10 mM Tris-HCl pH 
8.0, 0.4% Triton X-100, 0.5 mM DTT, 15 mM NaCl, 
4 mM MgCl2, 2 mM CaCl2, Complete Protease 
Inhibitors (Roche)). Nuclei were sequentially 
extracted with 80 mM buff er and 600 mM buff er 
as described (Henikoff  et al., 2009). 1/40th of spin 
pre-cleared supernatants and pellets were used for 
Western blots with H1 and H3 (Abcam ab1791) 
antibodies.

Formaldehyde-assisted isolation of 
regulatory elements (FAIRE)

Th e FAIRE protocol for human cells (Giresi et al., 
2007) was adapted for Kc cells as follows: Cells 
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grown in suspension were fi xed by addition of 
formaldehyde to a fi nal concentration of 2%. After 
incubating for 15 min at room temperature with 
agitation, glycine was added to a fi nal concentra-
tion of 125 mM, and samples were incubated with 
tumbling for 5 min at room temperature. Cells 
were pelleted and washed twice with ice-cold PBS. 

Each pellet (0.1-0.15g of cells) was resuspended in 
3 ml of buff er L1 (50 mM Hepes pH 7.5, 140 mM 
NaCl, 1 mM EDTA, 10% glycerol, 5% NP-40, 0.25% 
Triton X-100) and incubated 10 min. on ice with 
occasional inverting to mix. Cells were pelleted, 
resuspended in 3 ml of buff er L2 (10 mM Tris pH 
8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA), 
and incubated 10 min. at room temperature with 
agitation. Cells were pelleted and resuspended 
in 3.9 ml of buff er L3 (10 mM Tris pH 8.0, 100 
mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% 
Na-Deoxycholate, 5 mg/ml N-lauroyl sarcosine, 
with Complete protease inhibitors (Roche)) and 
sonicated using the Bioruptor to yield mainly 
fragments smaller than 500 bp. DNA was isolated 
by two extractions in buff er-saturated phenol/
chloroform/isoamyl alcohol (25:24:1). Th e DNA 
was precipitated, RNA was removed with RNase 
A, and DNA was purifi ed using Qiagen’s MinElute 
kit. Purifi ed DNA was labeled and hybridized to 
microarrays as for DamID. Control material in 
these hybridizations was genomic DNA from cells 
that had not been crosslinked.

Nucleosome spacing analysis

Nuclei from 13x106 cells were isolated as described 
above and were taken up in 200 μl MNase buff er 
(15 mM Tris-HCl pH 7.5, 60 mM KCl, 15 mM NaCl, 
2 mM CaCl2, 0.5 mM DTT, 20% glycerol) and 150 
units Micrococcal nuclease (Worthington) was 
added at room temperature followed by 20 min. 
incubation to yield predominantly mononu-
cleosomes. Reactions were stopped by addition of 
1 μl 0.5 M EDTA and 5 μl 20% SDS. Chromatin was 
digested with RNaseA and Proteinase K, extracted 
with phenol and precipitated with ethanol. Diges-
tion was checked by running on 1.2% agarose 
gels. DNA was labeled according to NimbleGen’s 
protocol and hybridized to custom microarrays 
featuring 380,000 probes clustered in 18 regions 
with a median 10 bp spacing. Th ese regions were 
chosen to represent diverse parts of the genome in 
terms of chromosomal location and gene density. 
Genomic DNA from Kc cells digested in vitro with 

MNase to a size of 100-1000 bp served as control 
material.

Analysis of microarray experiments

Normalization and analyses of DamID, FAIRE and 
nucleosome position microarrays were done using 
custom R scripts. Raw data from each array were 
loess normalized, median centered, and dye-swap 
arrays averaged. H1 dips were defi ned as follows: 
After applying a running median over windows of 
5 probes, dips were defi ned as regions of at least 
600 bp with log2 DamID ratios below -1, whereby 
at most one consecutive position above -1 was 
permitted. Th is set of parameters yielded an 
FDR≈0.087. 

A list of H1 dips is provided as supplementary 
data. Downstream analyses were robust with 
respect to parameter settings. Pc domains were 
taken from (Tolhuis et al., 2006) and transposed 
to FlyBase release 4. Th e defi nition of hetero-
chromatin was taken from FlyBase release 5 and 
transposed to release 4. To calculate baseline H1 
binding and H1 dip/gene frequencies, all probes 
outside dips or H1 dips/genes that overlapped 
with design regions of microarrays used for HP1 
and Pc data were considered.Th e H3.3 and H3 
maps from (Mito et al., 2007) were taken from 
GEO dataset GSE4091. Only reporters in the 
regions with 50 bp spacing were used. To calculate 
correlation with DamID data, H3.3/H3 data were 
resampled to the resolution of the microarrays 
used for DamID by averaging values of report-
ers falling into the space of one reporter of the 
DamID array plus/minus half the median reporter 
distance with linear distance weights. 

Normalized autocorrelations of nucleosome posi-
tions were calculated from normalized log2 signals 
by subtracting background autocorrelation de-
rived from accessibility diff erences on larger scales 
from ordinary autocorrelations. Th is background 
was calculated as the correlation of each probe 
with a 19 probe (180 bp) window as described in 
Supplementary Fig. 5. Periodicities were estimated 
from the resulting graphs. Microarray platform 
specifi cations, raw and normalized datasets have 
been deposited in the Gene Expression Omnibus, 
accession GSE16885.
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Alignment plots

Custom Perl scripts were used to align probes to 
indicated genomic features. For direction features 
(genes, TEs), probes upstream, downstream 
or within a feature until the next feature were 
assigned to each feature. Probes that could be 
assigned to more than one feature were recycled. 
For nested features, probes within one feature 
but outside another feature were assigned to the 
former. 

For undirected features (binding sites, tRNA cen-
ters), probes were assigned to the closest feature. 
Where datasets from diverse platforms are shown 
in the same panel, alignment was done separately 
for each dataset in the native resolution to all the 
genomic features overlapping with data available 
for this dataset. Active and inactive genes were 
defi ned as the bottom and top 40% active genes as 
measured in (Pickersgill et al., 2006).

Supplementary information is available at Th e 
EMBO Journal Online.
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Supplementary Figure 1: H1 chromatin immunoprecipitation (ChIP) and antibody

A,  Comparison of H1 DamID and ChIP at selected genes. ChIP values are relative enrichment in TaqMan PCR; 
DamID values represent mean of microarray probes within 250 bp of the TaqMan amplicons. For both, lace has 
been set to 1 and values are the mean of two experiments. 

B, H1 antibody quality control. Left, Western blots with crude polyclonal antibody for H1 fraction from bovine 
pancreas, Kc cells transiently expressing Dam-myc and Kc cells transiently expressing Dam-myc-H1 from DamID 
vectors after induction by heat shock. Right, dot blots with crude H1 serum, affi  nity purifi ed H1 serum, and 
fl ow-through of affi  nity purifi cation against two H1 peptides. For ChIP and Western blots shown in fi g. 4, affi  nity 
purifi ed serum was used.
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Supplementary Figure 2: Alignment of genomic features

Binding profi les of chromatin proteins at genomic features as shown in fi g.2 of the main text. A and B, TSSs and 3’ 
ends of the 40% most active genes. C and D, TSS and 3’ ends of the 40% most inactive genes. E, centers of intergenic 
H1 dips. F, Zeste (Z) binding sites. G, binding sites of both Enhancer of Zeste (E(Z)) and Posterior Sex Combs (PSC).
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A B

Supplementary Figure 3: Correlation of H1 with RpII18 and H3.3

A, Scatterplot of H1 and RpII18; B, scatterplot of H1 and H3.3 ChIP in S2 cells (Mito et al., 2007) resampled to the 
resolution of DamID microarrays. Spearman’s ρ and associated p-values are indicated.

Supplementary fi gure 4: H3.3 knockdown

A, Quantitative RT-PCR of His3.3A and His3.3B mRNA levels after knockdown of white (w), His3.3B alone (H3.3B 
RNAi) and simultaneous knockdown of His3.3A and His3.3B (H3.3A+B). Values are represented as relative con-
centration with respect to cumulative concentration of His3.3A and His3.3B after white knockdown. B, Expression 
changes after knockdown of His3.3B or His3.3A and His3.3B represented as log2 change in each knockdown over 
white knockdown. Colored dots are genes changing signifi cantly with p < 0.01. C, Expression changes (log2 change 
in each knockdown over white knockdown) and H1 changes in knockdowns of His3.3B or H3.3isA and His3.3B. 
Average H1 change for each gene is represented as log2 of H1 in H3.3 knockdown over H1 in white knockdown. D, 
Scatter plots of H1 change (log2 ratios of DamID values after H3.3 knockdown and white knockdown) vs. H1 bind-
ing after white knockdown for all microarray probes. Details as in fi g. 4E.
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Supplementary fi gure 5: MNase digestion of chromatin after depletion of H3.3

A, Quantifi cation of the agarose gel in fi g. 5A. Lanes corresponding to MNase digested material from white and 
H3.3 RNAi treated cells were analyzed with ImageJ software using the ‘Plot Profi le’ analysis tool. Black triangles 
indicate peaks corresponding to tetranucleosomes. B, DNA from MNase digestions of untreated (-), white knock-
down (w) or H3.3 knockdown (H3.3) cells that was used to generate microarray profi les analyzed in fi g. 5B. MNase 
digested purifi ed genomic DNA (gDNA) served as control material in hybridizations.
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1

Supplementary fi gure 6:  Details of normalized autocorrelation analysis of nucleosome occupancy

Microarray signals from hybridizations of MNase digestions over in vitro digested genomic DNA were processes as 
follows: Per cluster of probe regions on the array, autocorrelation was calculated for lags between 0 and 1500 bp 
in steps of 10 bp (correlation of each probe with the probe shifted to the “right” by the indicated lag, top panel). 
Probes that were not in the 10 bp register were omitted. To calculated background autocorrelation that is not 
derived from nucleosome positions but from regional diff erences in MNase sensitivity, autocorrelations were 
calculated as above, but for each probe not with one probe, but a window of probes whose center is shifted by lag 
(middle panel). Probe-window combinations with windows that extended beyond the cluster of probes and thus 
overlapping with fewer probes were omitted. Normalization was done by subtracting background from single-
probe autocorrelations, facilitating the determination of peak positions (bottom panel). For all panels, values 
calculated for each cluster of probes were added per lag and divided by the number of contributing clusters.
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Introduction
It is becoming increasingly clear that the ordering 
of genes in metazoan genomes is non-random 
(Hurst et al. 2004; Kosak and Groudine 2004). 
Functionally related genes are often located next 
to one another in the linear genome, and this prox-
imity can be essential for their coordinated regula-
tion during development (Sproul et al. 2005). 
Well-studied examples of this are the β-globin 
gene locus (de Laat and Grosveld 2003) and the 
hox gene clusters (Kmita and Duboule 2003; 
Duboule 2007). Genome-scale studies point at the 
existence of many more clusters of functionally 
related genes (Lee and Sonnhammer 2003; Miller 
et al. 2004; Yi et al. 2007). In addition, analysis of 
transcriptome datasets has shown that genes with 
a similar expression pattern are frequently located 
in clusters in the genome. For example, testis- and 
sperm-specifi c genes in Drosophila melanogaster 
(Boutanaev et al. 2002; Dorus et al. 2006) and 
muscle-specifi c genes in Caenorhabditis elegans 
(Roy et al. 2002) are signifi cantly clustered. Analysis 
of genome-wide expression profi les during Dro-
sophila development has identifi ed many clusters 
of co-expressed neighboring genes, sometimes 
10-30 genes in size (Spellman and Rubin 2002). 
Furthermore, the human genome shows large 
regions in which most genes are expressed at 
high levels, alternating with regions that contain 

predominantly lowly expressed genes (Caron et 
al. 2001; Versteeg et al. 2003). Th ese observations 
strongly suggest that juxtaposition of genes in 
the linear genome can facilitate their coordinated 
regulation. However, the underlying molecular 
mechanisms are poorly understood.

Chromatin is a principal orchestrator of transcrip-
tion. Neighboring genes can be packaged together 
into a single chromatin domain that may act as a 
regulatory unit (Kosak and Groudine 2004; Sproul 
et al. 2005; Dillon 2006) (Talbert and Henikoff  
2006). Several chromatin domains have been char-
acterized in detail in a variety of species (Orlando 
and Paro 1993; Tolhuis et al. 2002; Bernstein et al. 
2005; Cai et al. 2006; Pickersgill et al. 2006; Tolhuis 
et al. 2006). However, it remains unclear whether 
such domains are relatively rare, or represent a 
general principle of genome organization. Here, we 
present a systematic survey of chromatin domain 
organization of the D. melanogaster genome 
by computational analysis of a broad panel of 
genome-wide chromatin protein binding maps. 
Our results demonstrate that at least half of the 
Drosophila genome consists of multi-gene chroma-
tin domains. Strikingly, these domains can be very 
large and include dozens of neighboring genes. We 
provide evidence that most of the newly identifi ed 
domains are of functional relevance.

Abstract
In eukaryotes, neighboring genes can be packaged together in specifi c chromatin structures that 
ensure their coordinated expression. Examples of such multi-gene chromatin domains are well-
documented, but a global view of the chromatin organization of eukaryotic genomes is lacking. 
To systematically identify multi-gene chromatin domains, we constructed a compendium of 
genome-scale binding maps for a broad panel of chromatin-associated proteins in Drosophila 
melanogaster. Next, we computationally analyzed this compendium for evidence of multi-gene 
chromatin domains using a novel statistical segmentation algorithm. We fi nd that at least 50% of 
the fl y genome is organized into chromatin domains, which often consist of dozens of genes. Th e 
domains are characterized by various known and novel combinations of chromatin proteins. Th e 
genes in many of the domains are coregulated during development and share biological func-
tions. Furthermore, fewer chromosomal rearrangements occur inside chromatin domains than 
outside domains during evolution. Our results indicate that a substantial portion of the Droso-
phila genome is packaged into functionally coherent, multi-gene chromatin domains. Th is has 
broad mechanistic implications for gene regulation and genome evolution.
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Results
A compendium of chromatin 
protein binding maps

To systematically identify chromatin domains, 
we assembled a compendium of genome-scale 
binding maps of 29 broadly selected Drosophila 
chromatin components. We included previously 
published DamID and ChIP-on-chip datasets 
(Mito et al. 2005; Choksi et al. 2006; Pickersgill et al. 
2006; Pym et al. 2006; Tolhuis et al. 2006; Greil et al. 
2007; Pindyurin et al. 2007) as well as newly gener-
ated DamID maps for nine additional proteins (see 
Methods). Th e full list consists of heterochromatin 
proteins, Polycomb group proteins, chromatin 
remodeling proteins, high mobility group (HMG) 
proteins, various DNA binding factors, histone 
modifi cations, and specialized histones (Table 1). 
While most binding maps were obtained in the 
Kc167 cell line, which provides a homogeneous 
cell population, the map of the variant histone 
H3.3 was derived from the S2 cell line, and those 
of eve and Prospero from Drosophila embryos. 
At present, this is the most extensive collection of 
genome-scale chromatin protein binding maps in 
a metazoan. 

Detection and visualization of clustering in 
protein binding maps

Th e defi nition of a multi-gene chromatin domain 
is not trivial. Intuitively, it might be defi ned as a set 
of adjacent genes that are all bound by a chroma-
tin protein X. However, it is conceivable that one 
or more genes loop out from a domain and do not 
bind X. In this case, the domain would consist of 
two or more sub-domains, and it is not obvious 
whether one should regard it as a single larger 
domain or as multiple smaller domains. Both views 
may in fact be correct; for example, the larger 
domain may determine the overall expression pat-
tern of the included genes, while the sub-domains 
may act as separate fi ne-tuning units, and the 
intervening gene(s) may separate the units. Th is is 
just one theoretical example of a possible confi gu-
ration; many diff erent types of domain structures 
may exist (Kosak and Groudine 2004; Sproul et al. 
2005; Dillon 2006; Talbert and Henikoff  2006).

To obviate the need for detailed models, we took 
an unbiased statistical approach. We defi ned 
chromatin domains as regions of local enrichment 
in occupancy by a specifi c chromatin component 
over multiple adjacent genes. We required that 
this local enrichment is statistically signifi cant, i.e., 
it must not be explainable by random fl uctuations. 
Practically, this means that this local enrichment 
should not be observed when the order of genes in 
the genome is randomly permuted. To detect and 
visualize such regions, we modifi ed and extended a 
previously reported sliding window method (Ver-
steeg et al. 2003) (see Methods). For each window 
of w consecutive genes, we tested whether the 
distribution of protein occupancy values diff ers 
from what is expected by chance, by comparing it 
to a null model in which the linear order of genes 
in the genome is randomly permuted. 
For each possible window position along each 
chromosome arm, and each possible window size, 
we accordingly computed a P-value representing 
the probability of observing the same or a larger 
degree of linear clustering by chance. Note that 
because all possible window sizes are analyzed, this 
approach allows for the identifi cation of hierar-
chical structures of domains within domains. We 
emphasize that this approach does not require any 
pre-defi ned threshold for the level of protein oc-
cupancy, which would be arbitrary in the absence 
of objective criteria for choosing such a threshold.

To visualize the P-values that quantify the local 
enrichment of protein occupancy in multi-gene 
regions at all possible spatial scales for each 
chromosome, we use a triangular graph we call 
“domainogram”, in which window position is 
indicated on the horizontal axis, window size 
on the vertical axis, and P-value by a color scale. 
Fig. 1A shows a domainogram of the binding of 
Heterochromatin Protein 1 (HP1) on chromo-
some arm 2R. Th is graph reveals that a few large 
chromosomal regions are signifi cantly enriched for 
HP1 binding (bright purple and red colors). Th e 
pericentromeric region shows strong enrichment 
of HP1, consistent with previous reports (James 
and Elgin 1986; de Wit et al. 2007). 
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In addition, a telomere-proximal region of highly 
signifi cant enrichment is identifi ed that was not 
previously known. Interestingly, this region displays 
a nested organization: two smaller regions of 
enrichment at ~18 and 20 Mb together are part of 
a substantially larger region.  No such enrichments 
are seen after random permutation of the gene 
order (Fig. 1C,D), underscoring that our statisti-
cal criterion for spatial clustering is suffi  ciently 
stringent.

Non-random local enrichments are 
abundant and can be dynamic

We systematically generated domainograms for 
all proteins in the compendium (Fig. 2) and Sup-
plementary Fig. S1. Strikingly, nearly all proteins 
exhibit non-random enrichment at multiple sites 
in the genome. In some cases, such as for Lamin 
(Lam; Fig. 2A) and Polycomb (Pc; Fig. 2D) this is 
consistent with previously reported evidence for 
clustering of target genes (Negre et al. 2006; Pick-
ersgill et al. 2006; Tolhuis et al. 2006). 

Figure 1: Visualization of chromatin domains by “domainograms” 

To visualize local enrichment of a chromatin component, we calculate a probability score for the enrichment in 
a window of w neighboring genes under a null model in which all genes are randomly permuted. Th is calculation 
is done for all possible windows, ranging in size from a single gene to all genes on an entire chromosome arm, and 
for all possible window positions. A color scale (ranging from black for non-signifi cant scores close to 1, to red for 
highly signifi cant scores <10-6, see color scalebar) is used to visualize the probability scores in a triangular graph, 
which we term “domainogram”. Horizontally, each score is plotted at the chromosomal position of the center 
of the window, and vertically the windows are ordered by size. Th us, we obtain an intuitive visualization of local 
enrichments at all possible scales. See Methods for a detailed description. (A) Domainogram of HP1 binding on 
the right arm of chromosome 2. (B) Genomic map of HP1 binding used to generate the domainogram. (C-D) 
domainogram plot and corresponding binding map after random permutation of the HP1 binding values along 
the genome. Genomic locations (Mb) are indicated below each graph in A-B. .
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For many other proteins, such as the HMG protein 
D1 and the transcription factor Mnt (Fig 2B and 
C), the non-random genomic distribution has not 
been reported before. 

In several instances, the patterns of enrichment 
suggest a nested architecture, with larger domains 
subdivided into two or more smaller regions of 
enrichment (e.g., Fig. 2A-C). More complex enrich-
ment patterns, sometimes covering a substantial 
part of a chromosome arm, can also be seen (e.g., 
D1 on chromosome 2L, Fig. 2B). Taken together, 
these results indicate that most chromatin 
components are highly non-randomly distributed 

along the Drosophila genome. 

Most of the maps used for this analysis were 
obtained using cDNA arrays to detect protein 
binding. Th is means that genes are the units of 
mapping, and only protein binding at or in the 
fl anking regions (about 1-2kb on either side) of 
genes is detected (van Steensel et al. 2003). 
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bcd FBpp0081165 x Moorman et al., 2006 Kc167 DamID
brm FBpp0075279 x (a) Kc167 DamID
D1 FBpp0081468 x (a) Kc167 DamID
DSP1 FBpp0088319 x x (a) Kc167 DamID
esc FBpp0079907 x Tolhuis et al., 2006 Kc167 DamID
eve FBpp0087478 x Pym et al., 2006 embryos DamID
Trl FBpp0089419 x (a) Kc167 DamID
gro FBpp0084337 x (a) Kc167 DamID
H3K27me3 - x x Tolhuis et al., 2006 Kc167 ChIP
H3K4me3 - x Tolhuis et al., 2006 Kc167 ChIP
His1 FBpp0085248 x (a) Kc167 DamID
His3.3A FBpp0078649 x x Mito et al., 2005 S2 ChIP
HP1 FBpp0079251 x Greil et al., 2007 Kc167 DamID
Lhr FBpp0086073 x Greil et al., 2007 Kc167 DamID
HP4 FBpp0076480 x Greil et al., 2007 Kc167 DamID
HP5 FBpp0073349 x Greil et al., 2007 Kc167 DamID
HP6 FBpp0077134 x Greil et al., 2007 Kc167 DamID
Jra FBpp0087499 x Moorman et al., 2006 Kc167 DamID
Lam FBpp0078733 x Pickersgill et al., 2006 Kc167 DamID
Max FBpp0074785 x Moorman et al., 2006 Kc167 DamID
MBD-like FBpp0081547 x (a) Kc167 DamID
Mnt FBpp0070554 x (a) Kc167 DamID
Pc FBpp0078059 x Tolhuis et al., 2006 Kc167 DamID
Prospero FBpp0088660 x Choksi et al., 2006 embryos DamID
Sce FBpp0084614 x Tolhuis et al., 2006 Kc167 DamID
Sin3A FBpp0087003 x (a) Kc167 DamID
Sir2 FBpp0080015 x x (a) Kc167 DamID
SuUR FBpp0075933 x Pindyurin et al., 2007 Kc167 DamID
Su(var)3-7 FBpp0082204 x (a) Kc167 DamID
Su(var)3-9 FBpp0082583 x x Greil et al., 2007 Kc167 DamID

(a) this study

Table 1: Overview of binding profi les of chromatin components that were used in this study
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Figure 2: Genome-wide domainograms reveal non-random local enrichment of chromatin 
components 

(A-C) domainograms for Lamin (A), D1 (B) and Mnt (C) along all major chromosome arms. Simple and nested 
patterns of local enrichment are visible. (D) domainogram comparison for Polycomb (mapped by DamID, Tolhuis 
et al. 2006) and H3K27me3 (mapped by ChIP, Tolhuis et al. 2006) on chromosome 3R. Only window sizes <100 
probed genes are shown. (E) HP1 distribution on chromosome 2R in Kc167 cells grown in serum-containing 
(BPYE) and serum-free (HyQ) medium. A strong telomere-proximal region of enrichment is only observed in BPYE 
medium (indicated by the red bar). Data from BPYE medium is the same as in Fig. 1A-B. (F) Domainograms of 
chromosome 2L for HP6 binding after RNAi of its binding partner HP1 and after a control RNAi (data from Greil et 
al. 2007). In D–F, only the bottom parts of the domainogram triangles are shown. .



To test whether this restriction might aff ect the 
identifi cation of regions of enrichment, we also 
constructed domainograms of high-resolution til-
ing array DamID data of HP1. Comparison showed 
that cDNA array data yielded essentially the same 
enrichment patterns as tiling array data, although 
the latter provide a more fi ne-grained view (Sup-
plementary Fig. S2). To rule out the possibility that 
the observed patterns of enrichment are the result 
of an experimental bias of the DamID technique, 
we compared DamID data for Pc with ChIP data 
for H3K27me3, the histone modifi cation that 
forms the primary docking site for Pc (Fischle et al. 
2003) (Fig. 2D). Reassuringly, the domainograms 
are very similar. 

We were surprised to fi nd that 9 out of 29 proteins 
displayed moderate but signifi cant enrichment 
along the entire X chromosome (note the purple 
or red colors in the top parts of the X chromo-
some domainograms in Figure 2C and Supple-
mentary Fig. S1). For histone H3.3 in male S2 cells 
this was previously reported and attributed to 
the dosage compensation mechanism (Mito et al. 
2005), which ensures ~2-fold increased expression 
of most genes on the single male X chromosome 
(Hamada et al. 2005; Straub et al. 2005). Th e global 
X-enrichment of several other proteins (Bicoid, 
Brahma, eve, Groucho, HP1, HP6, MBD-like, Mnt, 
Trl) in female Kc167 cells is surprising, but may 
be linked to the observation that X-linked genes 
in females also display slightly but signifi cantly 
enhanced gene expression levels compared to 
autosomal genes (Gupta et al. 2006).

To assess whether domains of enrichment are sta-
ble or dynamic entities, we compared HP1 binding 
patterns in Kc167 cells under two diff erent cultur-
ing conditions, viz. medium with serum (BPYE) 
and without serum (HyQ). While some HP1 
domains (e.g., in pericentric regions) remain con-
stant under these two conditions, other domains 
appear to be dynamic (Fig 2E and Supplementary 
Fig S1). For example, the large telomere-proximal 
region of enrichment on chromosome 2R is only 
observed when the cells are grown in BPYE, and is 
completely absent in HyQ (Fig 2E). Th is indicates 
that this region on 2R consists of a large cluster of 
conditional HP1 target genes that bind HP1 simul-
taneously upon an (yet unknown) intracellular 
signaling event that is triggered by serum. We have 
also studied the dynamics of chromatin domains 

formed by the protein HP6 by interfering with 
its interaction partner HP1 (Fig 2F). After knock-
down of HP1, we see the formation of a chromatin 
domain around 10 Mb. Th ese results show that 
the external environment or perturbation of 
chromatin complex composition can infl uence the 
formation of chromatin domains.

Defi nition of discrete domains 
of enrichment

While the domainograms are useful for visual-
izing regions of local spatial enrichment, they do 
not provide precise domain boundaries, as would 
be desirable for subsequent functional analyses 
(see below). To this end, we developed a dynamic 
programming algorithm that for each protein 
identifi es the optimal genomic partitioning into 
discrete domains. To capture potentially nested 
domain structures, we performed this proce-
dure iteratively using a maximum domain size 
constraint, and combined results for all possible 
values of this maximum domain size. As a result, 
the domainogram is simplifi ed to a set of partially 
overlapping discrete domains of enrichment. For 
a detailed description of our algorithm, see Meth-
ods. We refer to the discrete domains identifi ed by 
the partitioning algorithm as Blocks of Regulators 
In Chromosomal Kontext (BRICKs). We note that 
whereas some chromatin domains may be discrete 
in reality, others may have less sharply defi ned 
borders. In the latter case the discretization into 
BRICKs represents an oversimplifi cation for practi-
cal purposes.Figure 3A shows the BRICKs identi-
fi ed for factor D1 on chromosome arm 2L. When 
tested on simulated data that consist of various 
discrete domains placed in a noisy background, 
our algorithm identifi es most domains correctly, 
with a low false-positive rate (Supplementary Fig. 
S3). 

Parameters were chosen such that for randomly 
permuted datasets the algorithm discovers ~40 
times fewer discrete domains than in the actual 
biological binding maps, i.e., the estimated false 
discovery rate (FDR) is ~2.5%. 

Importantly, our algorithm was designed to 
discover the intrinsic size of the binding domains: 
a larger region containing two or more smaller 
BRICKs will only be parsed as a BRICKs itself if in-
creased binding occurs to the regions in between 
the smaller domains (Figure 3B). Th erefore, the 
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nested domain structure that can be observed be-
tween 12-14 Mb in Figure 3A presumably refl ects a 
complex chromatin domain structure. 

Consistently, in computer simulations of chromo-
somes with simple discrete domains our algorithm 
typically does not fi nd nested or overlapping 
BRICK patterns (Supplementary Fig. S3). 

BRICKs reveal combinatorial relationships be-
tween subsets of chromatin proteins

To compare the spatial binding patterns of the 29 
tested proteins, we used a visual representation in 
which their respective BRICKs are stacked, provid-
ing a compact simultaneous view of their chromo-
somal domain structure (Fig. 4A and Supplemen-
tary Fig. S4). Th is revealed that several proteins 
have strongly overlapping BRICKs, suggesting that 
these proteins may act together to form a distinct 
chromatin domain. 

As expected, heterochromatin components HP1, 
Su(var)3-9, HP3/Lhr, HP4, HP5 and HP6 colocalize 
in BRICKS in pericentric regions (Supplementary 
Figure S4) and can also be seen to form a small 
consistent domain at position ~8Mb on chromo-
some 2L (Fig. 4A). Likewise, the BRICK structures 
of the Polycomb Group complex components Pc, 
Sce, esc and H3K27me3 are highly similar. Other 
combinations of proteins are more surprising. For 
example, the BRICKs for Mnt, H3K4me2, Sin3, and 
eve overlap strongly on chromosome 2L around 
~10Mb (Fig. 4A). BRICKs of Lamin, His1, D1, and 
SuUR also overlap, between ~15 and ~20 Mb on 
chromosome 2L. 

Some proteins can be part of diff erent types of 
domains: In pericentric regions, D1 shares BRICKs 
with HP1 and other heterochromatin compo-
nents, but at other sites D1 is found in various 
combinations with Lam, SuUR and His1 (Supple-
mentary Fig. S4). Similarly, Sin3 forms diff erent 

Figure 3: Identifi cation of the most probable 
locations of discrete chromatin domains

An algorithm based on dynamic programming (see 
Methods) was used to identify the most probable 
partitioning into discrete domains of local enrich-
ment (BRICKs). (A) Top panel: domainogram of D1 on 
chromosome arm 2L. Bottom panel: corresponding 
locations of identifi ed BRICKs (up to a BRICK size of 
100). Nested BRICK structures can be identifi ed, in 
which large BRICKs overlap with smaller BRICKs. Th ey 
are visualized as a stack of BRICKs, and are all used for 
subsequent functional analyses. (B) Simplifi ed cartoon 
illustrating that the BRICK detection algorithm only 
combines two smaller BRICKs into one larger BRICK 
if the protein binding values between the two smaller 
BRICKs are signifi cantly elevated above background. 
Th us, higher-level BRICKs are not just a trivial conse-
quence of two smaller BRICKS being in close proximity 
of one another..
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Figure 4: BRICK locations for all tested proteins

(A) BRICKs on chromosome arm 2L. BRICKs smaller than 100 probed genes are shown for all analyzed proteins. Th e 
proteins are ordered by hierarchical clustering, with proteins that have the strongest overlapping domains closest 
together in the fi gure. (B) Combined overview of the BRICKs for all proteins on all chromosome arms. BRICKs of dif-
ferent proteins are color-coded as indicated. Vertical position corresponds to the number of genes contained in the 
BRICK. Note that a substantial part of the Drosophila genome (~50%) is covered by at least one BRICK.
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combinations with Sir2, H3K4me2, and Mnt (Fig. 
4A and Supp Fig. S4), and also with H3.3 and eve 
(with the caveat that the latter profi les were not 
obtained in Kc167 cell line, see above). Th ese re-
sults are suggestive of a combinatorial “chromatin 
code” that marks specifi c domains. 

A merged overview of BRICKs in all chromosomes 
(Fig. 4B) reveals that a substantial part of the 
Drosophila genome is organized into chromatin 
domains. When BRICKs are limited to a maximum 
of 100 consecutive genes, 50% of the genome, 
corresponding to 54% of all genes, is covered by 
at least one BRICK. Th ese results demonstrate a 
strikingly high degree of non-random organization 
of genes into chromatin domains.

BRICKs represent functionally relevant genomic 
domains

BRICKs typically show average protein binding 
log-ratios ranging from ~0.4–3 (Supplementary 
Fig. S5), which corresponds to ~1.3–8 fold enrich-
ments of a chromatin component in each BRICK 
relative to the genome-wide median value. Even 
subtle modulations of protein-genome interac-
tions may have biologically relevant eff ects on 
gene regulation, but functional evidence is re-

quired to confi rm this. To directly address whether 
BRICKs represent chromatin domains of func-
tional importance, we performed three diff erent 
analyses.

First, we hypothesized that genes may be pack-
aged together in a BRICK to facilitate their syn-
chronized expression during development. To test 
this, we determined the degree of developmental 
co-expression of genes within each BRICK, using a 
previously published Drosophila gene expression 
dataset (Stolc et al. 2004). Fig. 5A illustrates that a 
large fraction of the BRICKs indeed show substan-
tial coregulation. 

Because neighboring genes are often coregulated 
(Spellman and Rubin 2002; Stolc et al. 2004), we 
asked specifi cally whether genes within BRICKs 
display a higher degree of coexpression than genes 
in size-matched control windows located outside 
BRICKs. Statistical analysis of these data (Fig. 5B, 
see Supplementary Methods and Supplementary 
Fig. S6) demonstrates that for about half of the 
investigated chromatin proteins the degree of 
coregulation is signifi cantly higher within BRICKs 
than in control windows. Th is indicates that many 
BRICKs may be important for the developmental 
synchronization of gene sets. 

Figure 5: Evidence for functional relevance of BRICKs

(A-B) Developmental co-expression of genes within BRICKs. (A) Combined BRICKs of all proteins as in Fig. 4B, 
colored for the relative degree of developmental coregulation of the genes within each BRICK (average pairwise cor-
relation between all the genes in the domain). To be able to compare BRICKs of diff erent sizes, we normalized the 
average pairwise correlation to a z-score by dividing by the standard deviation of 1000 average pairwise correlations 
of a random subset of n genes (see Supplementary Methods). (B) Statistical signifi cance of coregulation of genes 
within BRICKs, for each chromatin protein. For each BRICK a quantile score was determined, representing the rank 
of the coregulation in the BRICK, compared to the set of all equally-sized windows. Th e P-value was calculated using 
a Kolmogorov-Smirnov test for deviation from a uniform distribution, representing the null hypothesis that BRICKs 
do not show more coregulation than non-BRICK windows (see Supplementary Methods for details). Th e dotted 
line indicates the signifi cance threshold (p<0.001).

(C-D) Shared functions of genes within BRICKs. (C) BRICKs that are signifi cantly enriched for at least one GO 
category at an FDR cut-off  of 1% are marked in green (see Methods). (D) Th e fraction of GO-enriched BRICKs for 
every chromatin protein. Next to each bar are the absolute numbers of GO-enriched and total BRICKs, respectively. 
(E-G). Reduced numbers of synteny breakpoints within BRICKs. (E) Part of chromosome arm 2L, showing positions 
of synteny breakpoints (dotted blue vertical lines) relative to BRICKs (black horizontal lines). Note that breakpoints 
tend to be located just outside BRICKs. (F). Statistical signifi cance of exclusion of synteny breakpoints from BRICKs 
formed by Prospero. Combined BRICKs for all proteins, up to the indicated BRICK size, were tested for exclusion of 
synteny breaks using a hypergeometric test. (G) Statistical signifi cance of exclusion of synteny breaks from BRICKs 
separated by chromatin protein. Th e P-values are the smallest values taken from plots as in F (see Supplementary 
Fig. S9).
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We note that this analysis is based on the assump-
tion that chromatin domains remain unaltered 
between the cells in which the protein binding 
patterns were mapped (mostly Kc167 cells) and 
the developmental stages for which expression 
data was obtained (six diff erent stages rang-
ing from early embryos to adult fl ies (Stolc et al. 
2004)). While several reports indicate that many 
chromatin domains indeed are (at least in part) 
very similar in diff erent cell types, tissues, and de-
velopmental stages (de Wit et al. 2005; Pickersgill 
et al. 2006; Tolhuis et al. 2006), it is clear that some 
domains are also more plastic (e.g, Fig. 2E and 
Pickersgill et al. 2006). 

Our co-expression analysis does not take into 
account such potential dynamics in domain struc-
ture, and therefore may be expected to underesti-
mate the correlation between BRICK organization 
and coordinated gene expression. 

Second, we asked whether genes within each 
BRICK have common functions. To this end, we 
tested for enrichment of specifi c Gene Ontology 
(GO) categories (Ashburner et al. 2000) within 
each BRICK (see Methods). Fig. 5C shows that, at 
an estimated FDR of 1% (Supplementary Fig. S7 
and Supplementary Methods), roughly half of all 
BRICKs are enriched for one or more GO catego-
ries. Th is number is signifi cantly higher than what 
is expected by chance, even if the known genomic 
clustering of GO categories (Lee and Sonnhammer 
2003) is taken into account (P=0.017, based on 
1,000 genome-wide circular permutations of the 
association between genes and GO categories). A 
striking example is a BRICK defi ned by the protein 
Prospero (Supplementary Fig. S8); in this BRICK 
many genes encode transcription regulators that 
are implicated in the Notch pathway. In total, we 
fi nd 150 GO categories enriched in one or more 
BRICKs (data not shown). Fig. 5D summarizes the 
fraction of GO-enriched BRICKs for all proteins 
separately. In conclusion, the observation that 
BRICKs are frequently enriched for genes with 
related functions argues that they are likely to 
serve as functional modules. Comparison between 
Figures 5A and C shows that BRICKs enriched 
for GO annotation are often not enriched for co-
expression, and vice versa.

Th ird, we reasoned that if BRICKs are functionally 
important, chromosomal rearrangements that 
disrupt the BRICK structure should be subject to 

negative selection during evolution. To test this, 
we analyzed the positions of synteny breakpoints 
in the genome of D. melanogaster relative to D. 
pseudoobscura (Richards et al. 2005); these two 
species diverged about 25-50 million years ago 
(Beckenbach et al. 1993; Russo et al. 1995; Tamura 
et al. 2004). Indeed, we fi nd that synteny break-
points are often located adjacent to BRICKs, rather 
than within BRICKs (Fig. 5E). Statistical analysis 
shows that BRICKS defi ned by His1, Prospero, 
Lamin, SuUR and D1, with sizes up to 40 probed 
genes, have signifi cantly fewer synteny breaks 
(~67% reduction) than expected based on the 
distribution of synteny breaks in the genome (Fig. 
5F-G and Supplementary Fig. S9). Larger BRICKs 
typically do not show this reduction, possibly 
because their integrity as a single domain is less 
important, or because they cannot be preserved 
at the high overall rate of synteny breaks (on aver-
age one breakpoint per 15 genes, median is 8). 

While we cannot strictly rule out that syntenic 
breaks and chromatin domain boundaries have a 
common mechanistic origin, the apparent evolu-
tionary selection against the break-up of chro-
matin domains suggests that many of them are 
functionally important.Together, these three lines 
of evidence support the functional importance of 
BRICKs in the Drosophila genome.

General sequence properties of BRICKs

Finally, we asked whether BRICKs represent regions 
with specifi c general sequence properties. First, we 
tested whether BRICKs are regions of unusual gene 
density. For the set of BRICKs of each protein we 
calculated the average gene density, and compared 
it with the genome-wide average gene density 
(Fig. 6A). Th is analysis shows that diff erent sets 
of BRICKs vary substantially in gene spacing. For 
example, consistent with previous observations 
(Pickersgill et al. 2006), genes within Lam BRICKs 
are relatively widely spaced. Th e same is true for 
BRICKs of other heterochromatin proteins, such 
as SuUR, esc and HP1. By contrast, genes within 
BRICKs of H3K4me3, Mnt, and Sir2 have very short 
intergenic regions. 

Also the gene lengths of genes within BRICKs can 
vary between proteins (Fig. 6B). In BRICKs associ-
ated with inactive chromatin (esc, Sce, Lam) the 
genes tend to be longer than in BRICKs of active 
chromatin (H3K4me3, Mnt). Analysis of repeat 
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Figure 6: Gene spacing with BRICKs

For each type of BRICK (defi ned by a single chromatin component) the average value is plotted for (A) gene den-
sity; (B) gene length; (C) fraction of repetitive (i.e., non-unique) sequence; (D) G/C content. All values are plotted as 
deviations from the genome-wide average (vertical lines)..

content (Fig. 6C) showed that BRICKs formed by 
classical heterochromatin proteins such as HP1, 
Su(var)3-9 and HP1-associated proteins (Greil et 
al. 2007) are more repeat-rich than other BRICKs, 
which is consistent with previous analyses (de Wit 
et al. 2005; de Wit et al. 2007). BRICKs defi ned by 
individual proteins show only minor variation in 

G/C content (Figure 6d). It is important to note 
that the combined BRICKs for all proteins do not 
show a systematic bias related to gene density, 
gene size, repeat density, or C/G content. Th ere-
fore it is unlikely that their detection is an artifact 
of variation in any of these parameters along the 
genome.



66

Discussion
Th e results presented here indicate that at least 
half of the Drosophila genome is organized into 
large chromatin domains, most of which are func-
tionally relevant. Our estimate of the coverage of 
the genome by domains is likely to be an underes-
timate. Because the BRICK segmentation algo-
rithm is computationally intensive, we restricted 
the BRICK sizes to a maximum of 100 genes. Th e 
domainograms however indicate that substantial 
non-random clustering also occurs above this 
limit. Furthermore, even though our compendium 
of binding maps includes a wide range of known 
protein complexes, many other proteins must be 
mapped for a complete view. Finally, we provided 
evidence that at least for some chromatin proteins 
the domain structure may depend on the cellular 
state. We predict therefore that maps of protein 
binding in various cell types will reveal additional, 
cell-type specifi c BRICKs. Taken these issues into 
account, our estimate that approximately half of 
the fl y genome is organized in chromatin domains 
is conservative.

Previous analyses of genome-wide expression data 
have revealed that there are domains of similarly 
expressed genes in the genome of Drosophila 
(Boutanaev et al. 2002; Spellman and Rubin 2002; 
Stolc et al. 2004). Spellman and Rubin have shown 
that ~20% of the genome can be found in coregu-
lated domains ranging in size between 10 and 40 
genes, with a median of 13. Th e BRICKs range in 
size between 2 and 100 with a median of 26. How-
ever, we stress that due to the very diff erent nature 
of the methods that were employed in both stud-
ies this comparison should be interpreted with 
caution. 

Th e domainograms and BRICK patterns suggest 
that chromatin domains can have a complex, 
nested structure. It is tempting to speculate that 
looping interactions take place in such nested 
regions. It is noteworthy that transcription fac-
tors such as Trl, bcd, and Jra also exhibit spatial 
clustering. Th ese factors do not spread along the 
chromatin fi ber but instead have focal binding 
sites (Moorman et al. 2006). 

BRICKs of transcription factors must therefore be 
interpreted as non-random clusters of focal bind-
ing sites. Genes in BRICKs defi ned by transcription 
factors generally do not show simple co-expression 
but tend to have common functions (Fig. 5B,D). 

Th is is reminiscent of the mammalian β-globin 
locus, in which functionally related genes are not 
co-expressed but instead are transcribed in a 
temporally defi ned order. Several transcription 
factors have multiple binding sites in the β-globin 
locus (Mahajan and Weissman 2006), and looping 
interactions play an important role (Tolhuis et al. 
2002). 

We therefore speculate that some of the transcrip-
tion factor BRICKs may be similar in structure to 
the β-globin locus. Our BRICK database (provided 
in GFF fi le format as Supplementary Dataset S2 
online) provides a rational starting point for the 
selection of loci to probe for looping interactions 
using the 3C/4C/5C technologies (de Laat 2007). 

Th e surprisingly widespread occurrence of chro-
matin domains has two major implications. First, 
chromatin domains provide a plausible explana-
tion for earlier observations that neighboring 
genes in eukaryotic genomes are often co-regulat-
ed (Spellman and Rubin 2002; Stolc et al. 2004). 

Our results suggest that chromatin domains may 
at least be partially responsible for the synchro-
nized expression of neighboring genes. Second, 
our data suggest that chromatin domains impose 
considerable constraints on genome evolution. 

Most likely, this is due to negative selection of 
genome rearrangements that disrupt the integrity 
of chromatin domains, but it is also possible that 
chromatin domains stabilize the chromatin fi ber 
and thereby physically prevent chromosome 
rearrangements. In summary, the widespread chro-
matin domain organization provides new clues 
towards the understanding of the mechanisms of 
transcription regulation as well as genome evolu-
tion.
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Methods
DamID and ChIP-on-chip data

Table 1 summarizes the protein binding maps 
that we used. Published DamID and ChIP-on-chip 
profi les were taken from refs (Mito et al. 2005; 
Choksi et al. 2006; Pickersgill et al. 2006; Pym et al. 
2006; Tolhuis et al. 2006; Greil et al. 2007; Pindyurin 
et al. 2007). In addition, we generated new DamID 
profi les for brm, Trl (GAGA factor), gro, Mnt, 
Sin3A and Sir2 using previously reported Dam-
fusion expression vectors (van Steensel et al. 2001; 
Orian et al. 2003; Bianchi-Frias et al. 2004; Moor-
man et al. 2006), and for full-length D1, DSP1, His1, 
MBD-like, and Su(var)3-7 using newly constructed 
Dam-fusion vectors. 

Th ese new profi les were generated in Kc167 
grown in serum-containing medium as described 
(Moorman et al. 2006). Th e DamID profi le of 
HP1 in Kc167 cells grown in serum-free Hyclone 
Insect-Xpress medium (“HyQ”) was not previ-
ously published but was generated in parallel with 
the already published profi le of HP1 from cells 
in serum-containing medium (Greil et al. 2007), 
allowing for direct comparison. New plasmid se-
quences are available at http://research.
nki.nl/vansteensellab.

DamID experiments were performed as described 
previously (Greil et al. 2006). Binding profi les repre-
sent the average of triplicate experiments, with 
one experiment in the reversed dye orientation. 
Log2 ratios were averaged across replicates. Th e 
raw data can be accessed via the Gene Expression 
Omnibus under accession number GSE10219, the 
combined binding data is also provided as Supple-
mentary Dataset S1 online, and the set of BRICKs is 
supplied in GFF format as Supplementary Dataset 
S2 online. All data were generated in Kc167 cells, 
except for the maps of His3.3A, eve and Prospero. 
His3.3A data are from the S2 cell line (Mito et al. 
2005); Prospero (Choksi et al. 2006) and eve (Pym 
et al. 2006) data are from stage 10-11 and stage 17 
embryos, respectively. 

Except for the eve and Prospero maps, all data 
were generated using 12k cDNA arrays. Each 
cDNA probe detects the binding at or in the vicin-
ity (~1-2kb) of a gene (van Steensel et al. 2003). 
Th us, genes are the units of our analysis. To ensure 
that each cDNA probe constitutes an indepen-

dent datapoint, overlapping cDNA probes were 
removed, using the following rules: 1) if a probe 
overlapped with multiple other mutually non-
overlapping probes we removed the former probe 
from the dataset, 2) if two probes overlapped 
more than 20%, the smaller of the two probes was 
removed. 

Binding data of eve and Prospero were generated 
with genome-wide tiling arrays (Choksi et al. 2006). 
To allow for direct comparison with the cDNA ar-
ray based data, we resampled the tiling array data, 
so that we had one datapoint per gene. For this 
we used the gene annotation from release 4.3 of 
the Flybase genome annotation http://www.
fl ybase.net/. For every gene in the genome 
we calculated the average of all the probes encom-
passed by that gene. As with the cDNA data, when 
two genes overlapped more than 20%, the smallest 
gene was removed, with the exception of genes 
that overlapped with multiple non-overlapping 
genes, in which case the gene overlapping with 
multiple genes was removed. After removal of 
overlapping genes we are left with 12821 genes for 
which we have reliable eve and Prospero data.

For the comparison of cDNA data to high-
resolution data, the HP1 tiling array data was not 
resampled to one datapoint per gene. For the 
comparison we have used the left arm of chromo-
some 2, which contains >222k probes (1 probe per 
100 bp) (Mito et al. 2005). Since for large amounts 
of probes, domainogram analyses become com-
putationally very intensive, the tiling array data is 
averaged into equal-sized bins of 3 kb. Th ese data 
were used as input for the algorithm.

Computation of P-Values for 
Multi-Gene Windows

Because DamID and ChIP log-ratios for a specifi c 
protein are often not normally distributed (data 
not shown), we used a non-parametric approach 
to evaluate local enrichment. For each binding 
profi le, probes were sorted by DamID or ChIP ratio 
in descending order and converted to single-gene 
quantile scores:

Qi =
ri − 1

2

N
Here N equals the total number of probes and ri is 
the rank for probe i=1,…,N. To integrate evidence 
for binding across multiple adjacent probes for 



68

each window (i,w) of width w ending at probe 
i, we computed a multi-gene P-value, Piw, from 
the single-probe quantile scores (Qi-w+1, … , Qi), 
with i≥w. We defi ne Piw so as to have a uniform 
distribution on the interval [0,1] if all the Qi values, 
which are uniformly distributed by construction, 
are independent random variables. To this end we 
used a transformation due to R.A. Fisher (Fisher 
1948): Given the product statistic

Si w = −2ln Qi−w+ j
j=1

w

∏

can be computed using a χ2-distribution with 2w 
degrees of freedom:

Note that for w=1, we have Pi1=Qi. Th e Piw can be 
visualized simultaneously in a triangular diagram 
(domainogram) using an approach similar to 
Versteeg et al. (Versteeg et al. 2003). Image fi les 
were created using custom perl scripts (available 
upon request).

Dynamic Programming Procedure for Defi ning 
BRICKs

To identify the most probable discrete domains of 
size >1 (BRICKs) from the Piw data structures, we 
used a dynamic programming algorithm (Viterbi 
1967). We modifi ed our scoring scheme so as to 
favor the “no-domains” segmentation consisting of 
only w=1 windows by introducing a bias factor γ 
and defi ning:

Each possible segmentation of the genome into 
non-overlapping windows corresponds to a path 
{(i(k), w(k))} through the Piw triangle, where k = 
1,...,K runs over all K windows in the segmentation 
(K≤N). Here i(k) denotes the last gene in the k-th 
window, while w(k) denotes the length of the k-th 
window. Th e optimal segmentation minimizes an 
objective function equal to the product over all 
windows constituting the path:

Th is segmentation can be determined using the 
recursion relation

 

and the initial condition V0 = 1. Backtracking 
starting from i = N according to 

  ia i − w
defi nes the optimal segmentation.

To identify the nested structure present in the 
domain organization, we perform the previ-
ously discussed computation, with restriction of 
the maximum window size (wmax). Th is way the 
segmentation is restricted to smaller window sizes, 
which leads to the identifi cation of smaller BRICKs. 
Th e analysis is iterated until the segmentation for 
all wmax>1 has been determined. See Supplemen-
tary Methods for more detailed information on 
the BRICKs algorithm.

GO enrichment analysis

Th e Flybase Gene Ontology annotation fi le v1.92 
was used to for the enrichment. GO categories 
containing fewer than 5 genes were ignored. 
Enrichment of GO categories in each BRICK was 
determined using the cumulative hypergeometric 
distribution, accounting for multiple testing of 
all combinations of domains and GO categories. 
As both the BRICK structure and the GO dataset 
are hierarchically organized, we estimated the 
FDR using a Monte Carlo simulation in which all 
genes were randomly permuted while keeping the 
assignment to GO categories and BRICK structure 
intact. For each BRICK d, the P-value (cumulative 
hypergeometric distribution) for each GO cat-
egory was determined, and the smallest of these 
was recorded as Pd. 
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Th e false discovery rate for each BRICK is then 
given by FDR(Pd), where

FDR(P) =
D(P)
D(P)

In the denominator, D(P) represents the number 
of BRICKs with a minimal p-value smaller than P, 
while the numerator represents an average of the 
same quantity over random permutations. Figure 
S6 shows the distribution of the actual p-values 
belonging to the BRICKs for all proteins combined 
and the p-value distribution from 10,000 random 
genome permutations. 

We have also performed this analysis for BRICK 
sets defi ned by individual proteins. In this analysis 
the FDR cut-off  was based on 1000 randomiza-
tions. We have used this per protein calculation 
of the FDR cut-off  to determine the number of 
enriched BRICKs shown in Figure 5D.

A circular permutation test was performed to 
account for possible uneven distribution of GO 
category members across the genome. In this anal-
ysis we circularly permuted the genes along the 
BRICK set. Using the above mentioned FDR(Pd) 
as a cutoff  we determined the number of BRICKs 
(BRICKGO) that fell below this threshold. Th e distri-
bution of BRICKGO of 1000 circular permutations 
is compared to the actual number of signifi cantly 
enriched BRICKs to determine the P-value.

Synteny analysis

Release 4.3 of the D. melanogaster genome an-
notation (Berkeley Drosophila Genome Project) 
contains information on the start and end location 
of regions that are syntenic to genomic regions in 
D. pseudoobsura. Th ese locations represent syn-
teny breakpoints. Since it has been reported that 
the scaff olds from the dot chromosome (chromo-
some 4 in D. melanogaster and chromosome 5 in 
D. pseudoobscura) could not reliably ordered in D. 
pseudoobscura (Richards et al. 2005), we omitted 
chromosome 4 from our synteny calculations. On 
the other chromosome arms of D. melanogaster, 
the distribution of the synteny breakpoints is not 
signifi cantly diff erent from a uniform random 
distribution (Kolmogorov-Smirnov test, P = 0.6498; 
data not shown).  

Synteny blocks spanning multiple genes some-
times contain insertions of a single gene from a 
diff erent locus in D. pseudoobsura. In the genome 
annotation, these events are marked by two 
syntenic block entries. We decided that insertion 
of a single gene, does not constitute a break in a 
synteny block, when it is embedded in a larger 
region of synteny. For the formation or break-up 
of chromatin domains, insertion of a single gene is 
likely a less deleterious event then an actual break 
in synteny.

Depletion of synteny breakpoints from BRICKs 
was determined as follows. Given the start and end 
position in a BRICK, we determined the genes that 
are encompassed by the BRICK. Since breaks in 
synteny almost exclusively occur in between genes, 
we counted the number of intergenic regions 
within all the BRICKs (n). Next we determined the 
number of synteny breakpoints within the BRICKs 
(k). Given that there are 955 synteny breakpoints 
(K) in the D. melanogaster genome and 14351 
intergenic regions (N), we can calculate a prob-
ability score using the cumulative hypergeometric 
distribution for for k syntenic breakpoints in a 
BRICK containing n intergenic regions.

Th e median synteny block size is 8 genes, whereas 
some BRICKs are much larger (by defi nition up 
to 100 genes). Because of this partial discrepancy 
in scale, we performed the synteny analysis for 
subsets of BRICKs smaller than a given maximum 
size (BRICK size is the number of probed genes 
per BRICK). Plotting –log10(P-value) as a function 
of the maximum BRICK size visualizes the size-
dependent depletion of synteny breakpoints from 
BRICKs (Figure S8). Figure 5G shows the P-values 
corresponding to the most signifi cantly depleted 
BRICK size range for each protein.
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Supplementary Methods
Pseudo-code describing the BRICK algorithm

#max is the number of probes on the chromosome
defi ne an empty array for the probabilities of length max
defi ne an empty array to hold the window lengths of length 
max
for i=1 until max
w=1
min_p, length_min_p #defi ne the minimal pvalue and the 
length
#associated with it
while(w <= i)
calculate Qiw
if w==1
Qiw=Qiw**gamma
Qiw=Qiw**w
Qiw=Qiw*V_prob[w-i]
if Qiw < min_p
min_p, length_min_p=min_p, w
w++
V_length[i],V_prob[i]=length_min_p,min_p

Traceback:

w=max
while(w > 0)
save domain length stored at V_length[w]
decrement w by V_length[w]

Choosing the bias factor γ
We estimated the false discovery rate (FDR) of 
BRICK identifi cation by determining the number 
of windows of size w > 1 identifi ed in a random 
permutation of the genome. In a randomly 
permutated genome all domains identifi ed are by 
defi nition false. Low values of γ favor parses con-
sisting of w=1 windows. We seek an optimum such 
that the number of falsely identifi ed domains does 
not exceed 5% of the number of domains that 
we identify in an actual binding profi le (i.e. FDR 
< 0.05).To estimate the number of false positive 
BRICKs identifi ed we calculated the optimal path 
through 1,000 randomly permutated genomes. 
We performed these analyses for various values 
of γ (in decreasing order: 0.01, 0.005, 0.001, 0.0005 
and 0.0001) and scored the number of identifi ed 

BRICKs, as well as the number of genes located 
within identifi ed BRICKs. 

Th is was done for both the randomized datasets 
and the compendium of 30 protein binding maps. 
Figure SM1 shows histograms of the identifi ed 
BRICK sizes for various values of γ. FDR can be 
defi ned in two ways:

FDR• BRICKs = average number of BRICKs 
detected in 1,000 randomizations / aver-
age number of BRICKs detected in the 
30 protein maps

FDR• probes = average number of probes 
located in BRICKs detected in 1,000 ran-
domizations / average number of genes 
in BRICKs detected in the 30 protein 
maps
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Figure SM1: Cumulative histograms of BRICK sizes 
for binding profi les and randomized data

(A-E) Cumulative histograms show size distribution for 
BRICKs in the 30 binding profi les (black bars) and in 1000 
randomized genomes (grey bars). γ values of 0.01, 0.005, 
0.001, 0.0005 and 0.0001 were tested. Height of the bars 
indicates the average number of identifi ed BRICKs of given 
size or smaller per experiment. Th e horizontal line denotes 
the FDR cut-off  of 5%, for this given γ level. For γ=0.0001 the 
FDR is below 5%.
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Th e average number of BRICKs or probes repre-
sents the average number that we pick up per 
binding profi le or per genome permutation. We 
settled on γ = 1x10-4, which yields FDRBRICKs = 
2.5% and FDRgenes = 1.6%. Both FDR values are well 
below 5%, representing a stringent cutoff .

Performance of the BRICK identifi cation 
algorithm on synthetic data

We further tested the reliability of the BRICK 
identifi cation algorithm on a synthetic dataset 
that emulates a binding map of a hypothetical 
protein with a number of pre-defi ned chromo-
somal domains of various sizes and with various 
levels of binding. Th e datasets that we used for the 
Qi-transformed real protein binding maps, contain 
~8,000 probes. Th erefore we began with a set of 
8,000 uniformly distributed quantile scores. 

Th e top 25% of these quantile scores were devided 
into 3 categories: the top 1% (strong binding), 
top 1%-10% (medium binding) and top 10%-25% 
(weak binding). We then constructed a synthetic 
chromosome arm of 1,200 genes. On this chromo-
some arm we placed seven domains consisting 
of 5-100 neighboring genes that were assigned 
quantile scores selected from one of these cat-
egories, i.e., domains consisted of either “strong”, 
“medium” or “weak” genes. Genes between these 
domains were randomly assigned a value from the 
remainder of the quantile scores. Th us, we created 
a model of a chromosome arm with several some-
what “noisy” domains in an otherwise unstruc-
tured “noisy” background.

We then tested whether the domains on the 
synthetic chromosome could be identifi ed by the 
BRICKs algorithm. Th is was repeated in 100 inde-
pendent simulation runs. Figure S3A and S3B show 
an example of, respectively, a domanogram and 
the actual quantile scores in one simulation. Figure 
S3C shows the BRICKs that were identifi ed in each 
of the 100 simulation runs. 

Recovery of domains is generally reliable, although 
it depends somewhat on the domain size and 
signal levels in the domains. Domains of size 30 
consisting of medium genes and domains of size 
10 consisting of strong genes are always detected. 

Domains consisting of 100 weak genes or 5 strong 
genes are detected most of the times (~75-80% 
recovery). Domains consisting of 10 medium genes 
are rarely detected (12% recovery), and domains 
consisting of 20 or fewer weak genes are not 
recovered at all using our method. Importantly, 
all identifi ed BRICKs corresponded to pre-defi ned 
domains, underscoring the low FDR of the algo-
rithm. Only in rare instances (3 out of 100 simula-
tions) are two neighboring domains detected as 
one large BRICK. Th us, the large BRICKs that were 
identifi ed in many of the DamID and ChIP-on-chip 
maps are not the result of an intrinsic tendency 
of the algorithm to merge neighboring domains, 
but are likely to represent true biological domains. 
Taken together, these results indicate that our 
algorithm reliably detects domain organization in 
a noisy background.

Co-expression analysis

Developmental expression data was taken from 
(Stolc et al. 2004). On this array, every exon in the 
genome is represented by a probe. Probe inten-
sity values were log-transformed. For genes with 
multiple exon probes a mean intensity per gene 
was calculated. To avoid biases in correlation, the 
data for every developmental stage was variance 
normalized (mean of 0 and unit variance). Using 
this dataset we calculated the average pairwise 
Pearson correlation (APC) across all possible pairs 
of genes in a BRICK. For visualization purposes 
however, we need to correct the APC, since it 
decreases with the size of the window. For a win-
dow of n genes we scaled the APC using a scaling 
factor Sn. Sn was determined as follows. From the 
total set of genes we select n random genes. We 
calculate the APC for this subset of genes. We do 
this selection 1000 times for a given n. Sn is now 
the standard deviation over 1000 APCs.

Neighboring genes frequently show coregula-
tion (Stolc et al. 2004; Spellman and Rubin 2002). 
Because BRICKs obviously encompass neighboring 
genes, we want to determine whether, on a ge-
nomic scale, BRICKs are enriched for coregulated 
genes. We do this by comparing the expression 
patterns of the genes in BRICKs to the expression 
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Figure SM2: Flow chart explaining the coexpression analysis

(A) Partial correlation matrix depicting the correlation values that are included in the calculation of the average 
pairwise correlation (APC) for the shown BRICKs. (B) For BRICKs that overlap with smaller BRICKs, correlations 
that have been used in the calculation of the APC of the smaller BRICK are not included, leading to the subtracted 
structures. (C) Outline of the algorithm. For every BRICK a quantile score is calculated, representing the rank of the 
APC of the BRICK in a genomic context.
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pattern of all other same-sized windows in the 
genome. However, for this analysis it is important 
to keep in mind that the BRICKs show hierarchi-
cal and overlapping organization (outlined in Fig. 
SM2A). To guarantee that the APCs are indepen-
dent observations, we include a specifi c correla-
tion between two genes only once in our analysis. 
Th is is achieved in the following manner. In fi gure 
SM2A, BRICKs 1 (yellow) and 2 (green) are the 
smallest BRICKs in the region, and the APC for 
those BRICKs are calculated by taking the mean 
of the correlations in (the lower triangle of) the 
square. Th e red BRICK (3), however, overlaps with 
the two smaller BRICKs, therefore for the calcula-
tion of the APC, the correlation in the dark gray 
squares are not taken into account. Th is leaves 
only the correlations in the light gray structure 
(subtracted structure). For the black BRICK we 
repeat the same procedure; all the correlations 
that fall within a smaller overlapping BRICK are left 
out of the calculation of the APC. Only the white 
subtracted structure is calculated. For every BRICK 

we compare the APC in the window or subtracted 
structure to the APC in all the same-sized win-
dows or subtracted structures in the genome. 

From this we can determine the rank of the APC 
of the BRICK in the genome. Th e coregulation rank 
of the BRICK is transformed to a quantile score 
(qBRICK) by dividing by the number of windows. Fig-
ure S5 shows cumulative distribution plots of qBRICK 
for all binding profi les. Under the null hypothesis 
that chromatin domains are not enriched for 
co-regulated genes, one would expect the distribu-
tion of qBRICK to resemble a uniform distribution 
between 0 and 1. Deviation from the uniform 
distribution (gray dashed diagonal in Figure S5), 
represents enrichment of coregulated genes in the 
domains of a given protein. We test for this using 
a Kolmogorov-Smirnov test for deviation from a 
uniform distribution.
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Supplementary Figure 2:  

Comparison of cDNA data with high-resolution tiling array data. Domainograms for high resolution tiling array 
DamID data (top) and cDNA array DamID data (bottom) for HP1 on chromosome 2L

Supplementary Figure 1 is available for download at 

http://dx.plos.org/10.1371/journal.pgen.1000045.
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Supplementary Figure 3 

Domainogram and BRICK identifi cation from syn-
thetic data. Simulated data were generated to test the 
visualization and detection of chromatin domains. 
We created a virtual chromosome arm of 1200 genes, 
each associated with a quantile score (range 0–1) 
representing the ranked binding of a virtual protein. 
On this chromosome arm we placed seven domains 
consisting of 5–100 neighboring genes that were 
assigned quantile scores representing either “strong” 
(randomly selected quantile scores 0.99–1.00), 
“medium” (0.90–0.99) or “weak” (0.75–0.90) binding. 
Th e remainder of the genes was assigned a random 
value. (A) Domainogram derived from an artifi cial 
dataset, and (B) the corresponding simulated data. 
Yellow, orange and red rectangles denote the domains 
of weak, medium, and strong binding, respectively. (C) 
Plot showing the performance of BRICK detection on 
100 separate simulation runs. Horizontal lines denote 
the coordinates of identifi ed BRICKs in each simula-
tion run (vertical axis). Sensitivity of BRICK detection 
depends on the size and intensity of the domain, 
but identifi cation of spurious domains or fusion of 
separate domains occurs very rarely.

Supplementary Figure 4 is available for download at 

http://dx.plos.org/10.1371/journal.pgen.1000045.
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Supplementary Figure 5 

Enrichments of protein binding in BRICKs. Boxplots are shown of the average protein binding (DamID or ChIP) 
logratio for each BRICK size. Boxes show 25th–75th percentile, and the horizontal line inside each box indicates the 
median

Supplementary Figure 6 is available for download at
http://dx.plos.org/10.1371/journal.pgen.1000045
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Supplementary Figure 7 

Empirical cumulative distribution of p-values for 
enrichment of GO categories. P-values of enrich-
ment for GO categories were calculated using the 
cumulative hypergeometric distribution. Empirical 
distribution of the p-values in the domains is shown 
in black. Th e gray line denotes the empirical distribu-
tion of p-values from 10,000 randomized genomes. 
Th e dashed gray line denotes the p-values for which 
the FDR is 0.01.
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Supplementary Figure 9 is available for download at

http://dx.plos.org/10.1371/journal.pgen.1000045.
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Supplementary Figure 8 

A Prospero chromatin domain is enriched for genes encoding transcription factors involved in Notch signaling. (A) 
Bottom part of a domainogram of chromosome 3R for Prospero binding. Below the plot the corresponding BRICK 
structure is shown. (B) Chromosomal map showing tiling array data with log2 binding ratios for Prospero (Choksi 
et al. 2006) in a BRICK region. (C) Genes located in the same region. Th ree major GO categories are indicated by 
diff erent colors..
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Introduction
In the eukaryotic cell nucleus, hundreds of pro-
teins interact directly or indirectly with DNA to 
form the chromatin fi ber, which is arguably the 
most intricate molecular complex in the cell. Th ese 
proteins together control genome-wide transcrip-
tion patterns, as well as other functions such 
as maintenance and replication of the genome. 
Proteins in the chromatin fi ber can be divided 
into three major classes: (i) histones, which form 
nucleosomes that constitute the basic packaging 
unit of chromatin; (ii) DNA binding factors (DBFs), 
which typically recognize specifi c sequence motifs, 
and (iii) proteins that do not contact DNA directly 
but interact with DNA via other proteins, which 
we will refer to as chromatin proteins.

Essentially all of these proteins show highly specifi c 
binding patterns along the genome. Histones are 
the most abundant protein component of the 
chromatin fi ber, but nevertheless display some 
sequence preference (Kaplan et al. 2008) and show 
reduced binding at the 5’ ends of active genes 
(Rando and Ahmad 2007). Histones carry a mul-
titude of post-translational modifi cations, many 
of which have specifi c location patterns along 
genome (Berger 2007; Rando 2007). DBFs generally 
show focal binding patterns that are to a large ex-
tent dictated by the locations of their recognition 
motifs in the genome, but also by the accessibility 
of these motifs and by interactions with other 
proteins (Kim and Ren 2006; Morse 2007). Th e 
targeting of chromatin proteins is determined by 
interactions with specifi c histone modifi cations, 

DBFs and other chromatin proteins. In turn, the 
location of histone modifi cations is modulated by 
DBFs and chromatin proteins. Th us, the genomic 
binding pattern of each chromatin component 
may be determined by a multitude of interactions 
with other components. How this highly complex 
network of interactions leads to the formation of 
distinct types of chromatin at diff erent parts of the 
genome is still poorly understood.

In vivo genomic binding maps can provide im-
portant insights into the signals that govern the 
genomic targeting specifi city of a chromatin com-
ponent (van Steensel 2005; Kim and Ren 2006). 
Comparison of the binding maps of multiple pro-
teins can be particularly informative. For example, 
if two proteins have highly similar distributions 
along the genome, this may indicate that the two 
proteins share a common targeting mechanism, 
or that one protein recruits the other. Conversely, 
mutually exclusive distributions suggest that the 
two proteins may be targeted by diff erent, incom-
patible mechanisms, or that one protein prevents 
the other protein from binding.

Here, we describe a systematic search for target-
ing interactions among a broad set of chromatin 
components. We defi ne a targeting interaction 
X→Y as an interaction between two chromatin 
components X and Y, such that the presence of 
X at a specifi c set of genomic loci promotes the 
association of Y with these loci. Note that this is 
a functional defi nition rather than a biochemi-
cal defi nition; i.e., a targeting interaction does 
not necessarily require a direct protein-protein 

Abstract
In eukaryotes, many chromatin proteins together regulate gene expression. Chromatin proteins 
often direct the genomic binding pattern of other chromatin proteins, for example by recruitment 
or competition mechanisms. Th e network of such targeting interactions in chromatin is complex 
and still poorly understood. Based on genome-wide binding maps, we constructed a Bayesian 
network model of the targeting interactions among a broad set of 43 chromatin components in 
Drosophila cells. Th is model predicts many novel functional relationships. For example, we found 
that the homologous proteins HP1 and HP1c each target the heterochromatin protein HP3 to dis-
tinct sets of genes in a competitive manner. We also discovered a central role for the remodeling 
factor Brahma in the targeting of several DNA-binding factors, including GAGA factor, JRA and 
SU(VAR)3-7. Our network model provides a global view of the targeting interplay among dozens 
of chromatin components..
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interaction; it may also involve one or more inter-
mediate biochemical interactions or enzymatic 
activities. To map targeting interactions systemati-
cally, we analyzed a broad compendium of in vivo 
genome-wide binding profi les among a broad 
set of chromatin components in Drosophila. By 
computational analyses and direct experimen-
tal evidence we demonstrate the high overall 
reliability of the predicted network of targeting 
interactions. We highlight several sets of interac-
tions that illustrate how the interplay between 
multiple proteins determines their distribution 
along the genome. Specifi cally, we uncover distinct 
mechanisms that determine the genomic binding 
patterns of the heterochromatin components HP3 
and SU(VAR)3-7, and we demonstrate that the 
nucleosome remodeling protein Brahma (BRM) 
has a central role in the targeting of various DBFs. 
Finally, by analysis of the genes that are bound by 
each chromatin protein we present evidence for 
compartmentalization of regulatory functions 
within the chromatin interaction network.

Results
A compendium of binding maps of chromatin 
components

We set out to identify candidate targeting interac-
tions among chromatin proteins by assembling 
a compendium of maps of 43 broadly selected 
chromatin components in Drosophila (Fig. 1). 
Th e maps were generated by either chromatin 
immunoprecipitation (ChIP) (Lieb 2003) or the 
DamID method (Greil et al. 2006). Th e set of maps 
was chosen to represent diverse classes of chro-
matin components and it is currently the broadest 
collection of chromatin profi les assembled in any 
eukaryote. Th e compendium includes maps of 
6 histone modifi cations and one histone variant 
(H3.3), 9 DBFs, and 26 chromatin proteins, such 
as classic heterochromatin proteins, Polycomb 
Group (PcG) proteins, nucleosome remodelling 
factors, high mobility group proteins, histone 
modifying enzymes, co-factors, and several other 
types (Table 1 and Supplementary Dataset 1 
online). We also included a map of late replication 
timing (LateRep) (Schübeler et al. 2002), which is 
an important attribute of chromatin. While most 
maps were published previously, we generated ad-
ditional DamID maps for six new proteins in order 

to further increase the diversity of protein types  
(Table 1).  All data were generated in the Kc167 cell 
line, except for histone H3.3, which was mapped in 
the closely related S2 cell line.  All binding profi les 
were detected using cDNA arrays, which report 
protein associations at genes or in the fl anking 
regions (about 1 kb on either side) (van Steensel et 
al. 2003). For 4,380 genes, complete binding data 
were available for each of the 43 chromatin com-
ponents.  Hierarchical clustering of the genomic 
binding maps reveals similarities and dissimilarities 
between the protein binding patterns (Fig. 1). For 
example, HP1, HP3-6, and SU(VAR)3-9, which are 
all known components of classic heterochromatin 
(de Wit et al. 2007), show highly similar bind-
ing patterns (top six rows in Fig. 1). Likewise, the 
Polycomb Group components PC, ESC, SCE and 
H3K27me3 cluster closely together.

Bayesian Network Inference of protein 
targeting interactions

Next, we employed the technique of Bayesian Net-
work Inference (BNI) (Pearl 1988; Cooper and Her-
skovits 1992; Friedman 2004; Pe’er 2005) to build 
a detailed model of the targeting interactions 
among all 43 chromatin components. BNI has two 
properties that make it particularly useful for this 
purpose. First, it has the ability to “explain away” 
indirect correlations. For example, if  the proteins 
B and C are independently recruited by protein A 
to a common set of target loci, then the binding 
maps of B and C will not only correlate with A, but 
also with each other. Th e correlation between B 
and C in this example does not refl ect a functional 
interaction between these two proteins, unlike 
the A-B and A-C correlations. In BNI terminology, 
B and C are said to be conditionally independent 
given A. BNI models the conditional relationships 
among all variables, resulting in a network model 
of the most probable targeting interactions (i.e., 
the conditionally dependent relationships).

Second, under certain assumptions (Friedman et 
al. 2000) BNI models the most probable causal-
ity direction of interactions in the network. In the 
context of our chromatin data, we interpret the 
predicted causality direction as the most likely 
direction of a targeting interaction between two 
chromatin components (e.g., it is more likely that 
component X targets component Y than the in-
verse). Although such causality predictions should 
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Table 1. Overview of chromatin components analyzed in this study.

M
apped chrom
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ponent

FlyBase protein accession
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BF
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uclear Envelope

H
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odifi cation

H
M

G
 protein

Cofactor

C
hrom

atin rem
odeling

H
istone m

odifying enzym
e

O
ther

D
ata source (reference)

Cell line 

M
apping m

ethod

BCD FBpp0081165  x           (Moorman et al. 2006) Kc167 DamID

BEAF-32 FBpp0086572 x x this study Kc167 DamID

BRM FBpp0075279          x   (de Wit et al. 2008) Kc167 DamID

CTBP not specifi ed         x    (Bianchi-Frias et al. 2004) Kc167 DamID

D1 FBpp0081468        x     (de Wit et al. 2008) Kc167 DamID

MYC FBpp0070501 x (Orian et al. 2003) Kc167 DamID

DNMT2 FBpp0110211            x this study Kc167 DamID

DSP1 FBpp0088319    x     x     (de Wit et al. 2008) * Kc167 DamID

ESC FBpp0079907    x         (Tolhuis et al. 2006) Kc167 DamID

GAF (Trl) FBpp0089419  x           (de Wit et al. 2008) Kc167 ChIP

GRO FBpp0084337         x    (de Wit et al. 2008) Kc167 DamID

H FBpp0076296  x           (Bianchi-Frias et al. 2004) Kc167 DamID

H3ac -  x (Schübeler et al. 2004) Kc167 ChIP

H3K4me2 -  x (Schübeler et al. 2004) Kc167 ChIP

H3K4me3 -       x      (Tolhuis et al. 2006) Kc167 ChIP

H3K27me3 -    x    x      (Tolhuis et al. 2006) Kc167 ChIP

H3K79me2 -  x (Schübeler et al. 2004) Kc167 ChIP

H4ac -  x (Schübeler et al. 2004) Kc167 ChIP

H1 FBpp0085248      x       (de Wit et al. 2008) Kc167 DamID

H3.3 FBpp0078649      x     x   (Mito et al. 2005) S2 ChIP

HP1 FBpp0079251   x          (Greil et al. 2007) Kc167 DamID

HP1c FBpp0083702            x (Greil et al. 2003) Kc167 DamID

HP3 (Lhr) FBpp0086073   x          (Greil et al. 2007) Kc167 DamID

HP4 FBpp0076480   x          (Greil et al. 2007) Kc167 DamID

HP5 FBpp0073349   x          (Greil et al. 2007) Kc167 DamID

HP6 FBpp0077134   x          (Greil et al. 2007) Kc167 DamID

JRA FBpp0087499  x           (Moorman et al. 2006) Kc167 DamID

LAM FBpp0078733    x        (Pickersgill et al. 2006) Kc167 DamID

LateRep - x (Schübeler et al. 2002) Kc167 BrdU

MAX FBpp0074785  x           (Moorman et al. 2006) Kc167 DamID

MBD-like FBpp0081547          x   (de Wit et al. 2008) Kc167 DamID

MNT FBpp0070554  x           (Orian et al. 2003) Kc167 DamID

PARP FBpp0112608            x this study Kc167 DamID

PC FBpp0078059    x         (Tolhuis et al. 2006) Kc167 DamID

RPD3 FBpp0073173 x this study Kc167 DamID

SCE FBpp0084614    x         (Tolhuis et al. 2006) Kc167 DamID

SIN3A FBpp0087003         x    (de Wit et al. 2008) Kc167 DamID

SIR2 FBpp0080015         x   x  (Bianchi-Frias et al. 2004) Kc167 DamID

SU(HW) FBpp0082404 x x this study Kc167 DamID

SU(UR) FBpp0075933   x          (Pindyurin et al. 2007) Kc167 DamID

SU(VAR)3-7 FBpp0082204 x  x          (de Wit et al. 2008) Kc167 DamID

SU(VAR)3-9 FBpp0082583   x         x  (Greil et al. 2007) Kc167 DamID

TOP1 FB0073822            x this study Kc167 DamID

* additional replicates done in this study
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be interpreted with caution (see Methods and  
(Friedman et al. 2000)), they provide important 
guidance in the design of follow-up experiments 
(see below). BNI has previously been used in biol-
ogy to predict interactions in gene and protein 
networks (Friedman 2004; Pe’er 2005; Missal et al. 
2006; Djebbari and Quackenbush 2008; Mukherjee 
and Speed 2008) and interactions among histone 
modifi cations (Yu et al. 2008).

We constructed a BN using the compendium of 
43 binding profi les as input data. A previously 
described bootstrapping approach was used to 
compute confi dence scores for each predicted 
interaction (Friedman et al. 2000; Pe’er 2005) 
(Methods and Supplementary Dataset 2 online). 
Th e bootstrapping approach consists of the con-
struction of 1,000 networks that are each based 
on randomly picked subsets of array probes (i.e., 
genes). Th e frequency at which a given edge occurs 
in these 1,000 networks is taken as the confi dence 
score of this edge, which can range from 0 to 100%. 

Fig. 2 shows the network of predicted interactions 
with confi dence scores ≥80%. We will refer to this 
network as BN80. As will be discussed below, we 
chose 80% as a cutoff  because it yields a network 
with high accuracy and suffi  cient coverage. In the 
graph representation of the network, each chro-
matin component is shown as a node, and edges 
between nodes indicate predicted targeting in-
teractions. An added value of BNI with bootstrap-
ping is that it also models the relative probability 
of the causality direction of the interactions. Th is 
probability is refl ected in the bootstrap score for 
each direction and is indicated in Fig. 2 by the sizes 
of the two arrowheads of each edge. For example, 
the edge between Hairy (H) and Groucho (GRO) 
strongly favors the H→GRO direction over the 
opposite direction (95.3% vs. 0.45%), predicting 
that H aff ects the targeting of GRO rather than the 
inverse (which is in agreement with previous data 
(Paroush et al. 1994)). As a contrasting example, 
the LAM-SU(UR) edge has similar bootstrap 
scores for both directions (47.0% and 52.7%), 

MYC
H
GRO
GAF
BCD
MBD-like
BRM
HP1c
DNMT2
TOP1
MAX
H3K4me2
H3K4me3
MNT
SIN3A
H3K79me2
H3ac
H4ac
H3.3
CtBP
SIR2
BEAF-32
RPD3
JRA
DSP1
PARP
SU(HW)
SCE
LAM
PC
ESC
H3K27me3
LateRep
SU(UR)
D1
H1
SU(VAR)3-7
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SU(VAR)3-9
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654321<0

1 65432 7 Mb
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Figure 1: Chromosomal maps of 43 chromatin components

Example showing the binding levels (log2 ratios transformed to z-scores) of 43 Drosophila chromatin components 
along 300 genes in the proximal part of chromosome 2R. Rows were arranged by genome-wide hierarchical clus-
tering, as shown by the tree to the left of the binding data.
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meaning that BNI predicts a targeting interaction 
between the two proteins but cannot resolve the 
causality based on the available data. In total, BN80 
consists of 52 edges among 40 nodes. Of these 
edges, nearly half (25) show a strong directionality, 
with a >3-fold higher bootstrap score in one direc-
tion compared to the opposite direction.

Importantly, BN80 recapitulates many previously 
known complexes and molecular associations (Fig. 
2). For example, it predicts targeting interactions 
that are in agreement with previously reported 
biochemical interactions, e.g., of MNT with both 
SIN3A and MAX (Loo et al. 2005); SIN3A with 
RPD3 (Pile and Wassarman 2000); H with both 
GRO (Paroush et al. 1994) and CTBP (Poortinga 
et al. 1998); and heterochromatin protein HP1 
with SU(VAR)3-9 (Schotta et al. 2002), HP3 and 
HP4 (Giot et al. 2003). Th e edge between Lamin 
(Lam) and LateRep is also striking, given that 
late-replicating DNA is typically located near the 
nuclear lamina (Hiratani et al. 2008). Th us, many 
of the predicted interactions are in agreement 
with previous studies, even though the BNI was 
solely based on genome-wide binding profi les. 
Th e proteins SU(HW), PARP and TOP1 are the 
only three proteins not connected in BN80. Each of 
these proteins has one or more connections with 
boostrap scores of ~70% (Supplementary Dataset 
2 online), i.e. below the 80% confi dence cutoff . 
Th ese interactions may be of biological interest, 
but will be disregarded here.

Computational validation

Because very few targeting interactions have been 
studied so far (particularly not genome-wide), no 
list of confi rmed targeting interactions is available 
that could be used as a “gold standard” to esti-
mate the performance of our BNI approach. We 
therefore used two public databases as surrogate 
reference lists. First, we took the BioGRID database 
(Breitkreutz et al. 2008), which is a compilation of 
known physical and genetic interactions. Although 
the Drosophila section of this database is sparse – 
it only lists 17 interactions among the 43 chroma-
tin components – we found that BN80 recovers 
7 of these 17 interactions (41%). Th is is substan-
tially more than expected by random chance 
(<1 interaction expected, estimated by random 
permutation of nodes). In addition, BN80 predicts 
46 interactions that are not in BioGRID. We note 

that targeting interactions between two proteins 
may also occur in the absence of known physical 
or genetic interactions, or vice versa, and therefore 
one may not expect a perfect correspondence 
between BioGRID and BNI.

Second, we queried the PubMed database for 
publications that mention combinations of 
chromatin components in their abstract or title 
(“co-citations”). We found that 48% (25/52) of the 
BN80-predicted interactions overlap with PubMed 
co-citations (Supplementary Figure 1). In contrast, 
among all pairs of the 43 chromatin components 
not linked by an edge in BN80, only 13% have 
PubMed co-citations, which demonstrates the 
highly non-random nature of BN80. Obviously, 
co-citation of chromatin components in PubMed 
is only a crude approximation of the existence of 
targeting interactions; however, given the large 
number of possible pairs of components (903), 
manual curation of these PubMed co-citations is 
not feasible.

Lowering of the BNI bootstrap confi dence 
threshold increases the total number of predicted 
interactions, but with a larger percentage of inter-
actions not listed in the public databases (Supple-
mentary Figures 1 and 2), and therefore may result 
in a lower overall accuracy. Taken together, these 
analyses indicate that BN80 predicts a large number 
of biologically relevant interactions, about half of 
which involve pairs of proteins that have been pre-
viously linked according to a variety of biochemi-
cal or functional assays, and the other half being 
completely novel.

Experimental validation strategy

An X→Y targeting interaction can be experimen-
tally validated by monitoring the binding pattern 
of component Y after knockdown or deletion 
of component X: if the loss of X causes a specifi c 
reduction of the binding of Y at the original target 
genes of X, then the targeting interaction is (by 
defi nition) confi rmed. According to these criteria 
we confi rmed several of the novel interactions 
experimentally, as described below. 

Competitive targeting of HP3 by 
HP1 and HP1c

First, we considered the predicted targeting inter-
actions in the dense cluster of classic heterochro-
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matin proteins centered around HP1 in BN80 (Fig. 
2). One such protein is HP3, a recently discovered 
heterochromatin component that is thought to 
play a role in Drosophila speciation (Brideau et 
al. 2006; de Wit et al. 2007). Th e HP1→HP3 edge 
predicted that HP1 mediates targeting of HP3, 
which is consistent with the reported physical 
interaction between the two proteins (Giot et al. 
2003; Brideau et al. 2006). Re-analysis of previously 
published data (Greil et al. 2007) shows that HP3 
is indeed selectively lost from the original HP1 
target genes after HP1 depletion (Fig. 3A) but not 
from HP1 non-target genes. Th is confi rms that the 

HP1→HP3 edge represents a bona fi de targeting 
interaction.

Interestingly, BN80 predicts that HP3 is also tar-
geted by HP1c, which is a homolog of HP1. Th e 
genomic binding patterns of HP1c and HP1 are 
essentially non-overlapping (only ~5% of their 
target genes are shared), suggesting that the two 
proteins may compete for HP3 interaction. Indeed, 
depletion of HP1 causes HP3 to shift towards HP1c 
target genes (Fig. 3A), strongly supporting this 
competition model.

We also analyzed the predicted HP1→HP6 
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Figure 2: Bayesian Network model BN80 of the targeting interactions between 43 chromatin com-
ponents

Nodes represent chromatin components; edges represent predicted targeting interactions with a bootstrap score 
(combined for both directions) of at least 80%. Th e size of each arrow is proportional to the bootstrap score of the 
targeting interaction in the corresponding direction. 
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interaction. Again, this targeting interaction was 
confi rmed by a specifi c loss of HP6 from HP1 tar-
get genes upon depletion of HP1 (Fig. 3B). Unlike 
HP3 however, HP6 does not relocate signifi cantly 
to HP1c target genes, in agreement with the lack 
of an edge between the HP6 and HP1c nodes. 
Taken together, BN80 correctly predicts two target-
ing interactions involving HP1, and identifi es a 
competition mechanism involving HP1→HP3 and 
HP1c→HP3 interactions, the balance of which 
determines the distribution of HP3 along the 
genome (Fig. 3C).

BRM targets several DBFs

With six edges, the nucleosome remodelling pro-
tein Brahma (BRM) is the most highly connected 
node in BN80, suggesting a central role in the 
network. Interestingly, fi ve of the six BRM-linked 

proteins are known or predicted to contact DNA 
directly (JRA, GAF, MBD-like, SU(VAR)3-7, histone 
H3.3) (Jaquet et al. 2002; Marhold et al. 2004). For 
each of these fi ve proteins the edge is strongly 
oriented away from BRM, predicting that BRM is 
necessary for the targeting of these DNA-binding 
proteins. We experimentally tested this prediction 
for JRA, GAF and SU(VAR)3-7. As a negative con-
trol we also tested HP1, which is not linked to BRM 
in BN80. Th e results of these experiments show 
that depletion of BRM causes a reduction in the 
binding levels of all three proteins at BRM target 
genes but not at other genes (Fig. 4A-D), confi rm-
ing that BRM is needed for their correct targeting. 
Th is eff ect of BRM is specifi c, because HP1 shows 
no detectable change in its binding levels at BRM 
target genes after knockdown of BRM (Fig. 4E).

Figure 3: 
Experimental validation of predicted HP3 and 
HP6 targeting interactions

Density plots (“smoothed histograms”) showing the 
changes in binding levels of HP3 (A) and HP6 (B) after 
RNAi knockdown of HP1, compared to a control 
knockdown. Changes in binding are shown for 
subsets of genes as indicated. Th e y-axes show relative 
frequency (plots in each panel are normalized to have 
the same surface area). Binding data after knockdown 
are from (Greil et al. 2007). Non-targets are bound 
by neither HP1 nor HP1c. P-values are according to 
two-sided Wilcoxon tests. (C) Cartoon depicting the 
competitive targeting of HP3 by HP1 and HP1c, as 
well as the targeting of HP6 by HP1.
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SU(VAR)3-7 is located in both euchromatin and 
pericentric heterochromatin of polytene chro-
mosomes. Th e targeting to these diff erent regions 
requires diff erent protein domains in SU(VAR)3-7, 
strongly suggesting two distinct molecular 
mechanisms (Jaquet et al. 2002). Consistent with 
the exclusively euchromatic localization of BRM 
(Armstrong et al. 2002) we fi nd that BRM only 
contributes to the targeting of SU(VAR)3-7 to 
euchromatic genes and not to heterochromatic 
genes, as after knockdown of BRM SU(VAR)3-7 
association does not change at targets it shares 
with HP1 (Fig. 4F).  Th e targeting mechanism of 
SU(VAR)3-7 to pericentric heterochromatin is not 
immediately clear from BN80 because this network 
lacks any edges between SU(VAR)3-7 and the 
heterochromatin protein cluster centered around 
HP1. Underrepresentation of pericentric DNA se-
quences on our microarrays could in part account 
for this. Th e pericentric targeting of SU(VAR)3-7 
may be mediated by a physical interaction with 
HP1 (Delattre et al. 2000), and possibly also by 

HP3, which according to BNI has a predicted weak 
targeting interaction with SU(VAR)3-7 (bootstrap 
score 54%; Supplementary Dataset 2 online). Th e 
latter scenario is supported by the fact that HP3 
and SU(VAR)3-7 both contain a BESS domain, 
which is a rare dimerization domain (Jaquet et al. 
2002).

How might BRM contribute to the targeting of 
several DBFs? First, we investigated whether BRM 
targets these DBFs by enhancing their interac-
tions with their binding motifs in DNA. If so, then 
depletion of BRM should lead to a loss of the DBFs 
from motif-containing binding sites rather than 
from sites lacking these motifs. Indeed, for both 
GAF and JRA, we observed that knockdown of 
brm caused a signifi cant loss of the correlation be-
tween binding of these factors and the occurrence 
of the respective motifs  (Fig. 5A).  Th us, both 
proteins require BRM for effi  cient interaction with 
their binding motifs. We could not do the same 
analysis for SU(VAR)3-7, because no binding motif 
is known for this protein.
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Figure 4: BRM mediates targeting of GAF, JRA and SU(VAR)3-7

(A) Western blot of BRM protein after RNAi knockdown of brm. RNAi of white (w), a gene that is not expressed 
in Kc cells, served as a control. Asterisk marks a non-specifi c band. Lamin was probed as a loading control. (B-D) 
Changes in binding levels of GAF, JRA, SU(VAR)3-7 at BRM target genes (green) and non-target genes (grey) upon 
knockdown of brm, relative to control knockdown. (E) No signifi cant changes in HP1 relocation after brm knock-
down. (F) brm knockdown does not aff ect SU(VAR)3-7 binding at heterochromatic genes, defi ned as HP1 target 
genes. P-values are according to Wilcoxon tests..
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(A) Depletion of BRM causes a reduction in the correlation between binding and recognition motif occurrence 
for GAF and JRA, indicating that BRM enhances binding of these DBFs to their recognition motifs. cntrl, control 
knockdown; brm kd, brm knockdown. (B) Depletion of BRM causes a slight decrease in chromatin accessibility at 
BRM target genes. Depicted are changes in accessibility per DpnI-fragment that overlaps with indicated target or 
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that are either BRM targets or non-targets. (D) Cartoon model depicting the targeting of GAF through the com-
bined action of BRM and GAGA motifs. A similar model may apply to JRA and SU(VAR)3-7. P-values are according 
to a test for diff erence between two dependent correlations (Chen and Popovich 2002) (A) or two-sided Wilcoxon 
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Next, we considered that BRM may promote these 
direct DBF-DNA contacts by virtue of its abil-
ity to open up chromatin (Cairns 2007). To test 
this hypothesis, we directly measured the eff ects 
of BRM on chromatin accessibility in vivo using 
freely diff using DNA adenine methyltransferase 
(Dam) as a probe (Gottschling 1992; Wines et al. 
1996; Vogel et al. 2009). We constructed high-
resolution genome-wide maps of methylation by 
Dam, comparing cells in which BRM was depleted 
to control-treated cells (Fig. 5B and Supplemen-
tary Dataset 3 online). Indeed, we found that loss 
of BRM typically caused a mild decrease of local 
chromatin accessibility. Specifi cally, targets of GAF 
and JRA that were also targets of BRM became 
signifi cantly less accessible than non-BRM targets 
(Fig. 5C). Th is result suggests that BRM mediates 
binding of GAF and JRA by virtue of its chromatin 
remodeling activity, making the cognate binding 
sites of these DBFs more accessible (Fig. 5D).

Taken together, BN80 identifi es BRM as an im-
portant player in the targeting of several DBFs. A 
recent genome-wide study in yeast also pointed to 
a central role for chromatin remodeling complexes 
in the control of transcription factor activity 
(Steinfeld et al. 2007), suggesting that this may be 
an evolutionarily conserved mechanism.

Network compartmentalization of 
regulatory function

Besides the prediction of many specifi c targeting 
interactions, BNI also off ers insights into the global 
organization of the targeting interaction network. 
Visualization of the average expression level of the 
target genes of each protein in Kc167 cells (the 
same cell type in which the chromatin compo-
nents were mapped) reveals that the overall net-
work structure is closely linked to regulatory func-
tion (Fig. 6A). Strong repression of gene activity is 
found in the sub-network that includes the PcG 
proteins, Lamin and histone H1, in agreement with 
previous reports (Pickersgill et al. 2006; Sparmann 
and van Lohuizen 2006). Highest transcriptional 
activity occurs at genes targeted by acetylated his-
tones and by H3K79 and H3K4 methylation, which 
is also consistent with other data (Rando 2007). 
Genes bound by the cluster of heterochromatin 
proteins including HP1 and SU(VAR)3-9 show 
overall intermediate expression levels, underscor-
ing the emerging notion that these proteins are 

not strong repressors at their natural target genes 
(de Wit and van Steensel 2009).

We further investigated the nature of the target 
genes of each chromatin component by studying 
their developmental expression patterns (Toman-
cak et al. 2007). Interestingly, the genes bound 
by proteins in the diff erent sub-networks show a 
striking degree of coregulation during develop-
ment. For example, genes expressed in embryonic 
trunk mesoderm are specifi cally enriched among 
target genes of the protein sub-network contain-
ing MNT, MAX and the active histone marks (Fig. 
6B), while genes expressed in yolk cells are prefer-
ential targets of the sub-network centered around 
BRM, CTBP and MBD-like (Fig. 6C). Various other 
sets of tissue-specifi c genes show a non-homoge-
neous distribution across the network (Supple-
mentary Figure 3). Th ese results provide evidence 
for a substantial degree of compartmentalization 
of regulatory function within the chromatin pro-
tein network, with diff erent sub-networks being 
dedicated to groups of genes with distinct tissue-
specifi c functions in the developing embryo.

Discussion
Here, we report the fi rst network model of protein 
targeting interactions in chromatin. Not only does 
this model predict many novel targeting interac-
tions, it also provides insights into the overall archi-
tecture of the chromatin protein network. As such, 
it off ers a powerful framework for tackling the 
complexity of targeting interactions in chromatin. 
Th e merits of BNI are particularly well illustrated 
by the examples that we studied in more depth: it 
provides insight into the previously poorly under-
stood targeting of proteins with complex genomic 
distributions (e.g., SU(VAR)3-7); uncovers novel 
competitive targeting mechanisms (e.g., HP1 and 
HP1c compete for HP3); and identifi es a chroma-
tin remodeling enzyme (BRM) that is a key player 
in the targeting of a broad set of DBFs.

Th e experimental validation of all fi ve BNI-predict-
ed targeting interactions that we tested, together 
with the strong overall enrichment of BN80 for 
known interactions detected by other assays, indi-
cates that our network model is highly robust. Th is 
robustness is in part due to the favorable balance 
between the number of observations (4,380 genes) 



96

and the relatively small number of nodes in the 
network (43), unlike some previous BNI studies 
of gene networks in which the number of nodes 
(i.e. genes) far outweighs the number of avail-
able observations (e.g. experimental conditions) 
(Friedman et al. 2000; Pe’er et al. 2001). Despite 
this robustness, we note that BNI is probabilistic 
by nature and has some intrinsic restrictions (see 
Methods).

For lack of a gold standard, it is diffi  cult to assess 
the number of real targeting interactions that are 
missed by our network prediction. Not all known 
biochemical interactions are recoved in BN80. For 
example, GRO and RPD3 have been reported to 
form a complex (Chen et al. 1999), yet they are not 
linked by BNI. Th is may be because other interac-
tions are quantitatively dominant, consistent with 
genetic evidence that GRO requires interactions 
with other partners for its repressive activity (Man-
nervik and Levine 1999). SU(VAR)3-7 is known to 
be partially located in pericentric heterochromatin 
(Jaquet et al. 2002) but no high-confi dence target-
ing interaction with any other heterochromatin 
protein is predicted by BN80. As mentioned, this 
may be because heterochromatic sequences are 
underrepresented, and other interactions (par-
ticularly with BRM) dominate the connectivity of 
SU(VAR)3-7. Finally, we did not detect a targeting 
interaction between MYC (the product of dm) 
and its heterodimerization partner MAX. Th is is 
explained by previous evidence that the endog-
enous expression level of MAX in Kc cells may be 
too low to drive joint binding of MYC and MAX 
to their E-box binding motif (Orian et al. 2003). 
Instead, BN80 predicts that the high mobility group 
protein D1 may play an unexpected role in the 
targeting of MYC. 

Besides the targeting interactions that we con-
fi rmed experimentally, BN80 predicts several other 
interactions with strong directionality that will 

be worthy of further experimental analysis. For 
example, histone H1, a still poorly understood 
component of repressive chromatin, is predicted 
to regulate the targeting of several other chro-
matin components (ESC, LAM, SU(UR) and D1). 
Another interesting prediction is that the histone 
modifi cation H3K79me2 is regulated by the other 
‘active’ marks H3ac and H3K4me2. Finally, the 
LAM→LateRep is of particular interest because 
late-replicating DNA is typically found near the 
nuclear lamina (Hiratani et al. 2008). Th e strongly 
directed edge suggests that LAM (or another 
closely associated component of the nuclear 
lamina) may help to position late-replicating DNA 
at the nuclear periphery, or to regulate replication 
timing. Th ese and other edges in BN80 represent 
testable hypotheses for future research.

We note that the limited resolution aff orded by 
cDNA microarrays does not permit to resolve dif-
ferential binding across the length of a gene. Th is 
is not a severe limitation for our analysis because 
also targeting interactions between, for instance, 
one protein binding to transcription start sites and 
another protein binding to downstream regions 
of genes may be functionally relevant. Currently, 
suffi  ciently broad sets of high-resolution maps 
of chromatin components are unavailable. Once 
such high-resolution data sets become available 
they will enable the construction of interaction 
networks that focus on distinct genomic features 
such as promoters, enhancers, and coding regions. 
Bayesian logic can be extended to the integration 
of other types of data (Barash and Friedman 2002; 
Jansen et al. 2003; Djebbari and Quackenbush 
2008), such as known physical or genetic interac-
tions. We expect that expansion and increased 
resolution of the compendium of binding profi les, 
together with the inclusion of additional infor-
mation, will progressively lead to an accurate 
computational model of the complex network of 
molecular interactions in chromatin.

Figure 6: 
Examples of compartmentalization of regulatory function in the chromatin network

(A) BN80 with the same layout as in Figure 2, with nodes colored according to the mean expression level (in Kc cells) 
of the target genes of each chromatin component. (B-C) Same as in (A), but node colors depicting enrichment 
(yellow) or depletion (blue) of genes that are expressed in embryonic trunk mesoderm (B) or yolk cells (C). Node 
sizes in (A-C) depict the statistical signifi cance of the observed expression level (A, two-sided Wilcoxon test) or the 
observed enrichment or depletion (B-C, two-sided binomial test), ranging from P>10-3 (smallest nodes) to P≤10-8 
(largest nodes). Tissue expression data in (B-C) are from (Tomancak et al. 2007).
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Methods
DamID

Generation of new protein location maps as 
marked in Table 1 was done by DamID in Kc167 
cells as previously described (de Wit et al. 2008). 
Dam-su(Hw), Dam-Mt2 (DNMT2), Dam-Parp, 
Dam-Top1 and BEAF-32-Dam constructs were 
made for this study, RPD3 profi les were newly 
generated with a published construct (Moorman 
et al. 2006), and the DSP1 profi le is the average of 2 
previously published and 4 new replicates (de Wit 
et al. 2008). Experiments were done in duplicate or 
triplicate and normalized data were averaged. RNA 
interference was performed as described (Greil et 
al. 2007) with modifi cations as follows. On day 0, 
5x106 logarithmically growing cells were seeded in 
serum-free BPYE with 150 μg of dsRNA. After 1h, 
5 ml of BPYE with 10% fetal calf serum was added. 
On days 2 and 4, cells were washed with serum-
free BPYE and again treated with dsRNA. On day 
5, cells were transfected with DamID constructs or 
mock transfected for protein isolation and incu-
bated for 24h with fresh dsRNA. brm dsRNA was 
produced with primers for amplicon DRSC26226 
of the Harvard Drosophila RNAi Screening Center. 
New DamID datasets are available from the Gene 
Expression Omnibus, http:// www.ncbi.
nlm.nih.gov/geo/, accession number 
GSE15807. Microarray data have been deposited 
in the NCBI Gene Expression Omnibus, accession 
GSE15807.

Accessibility assay

Probing of accessibility by diff usible Dam methy-
lase was performed as for DamID, except that 
material from white and brm RNAi-treated cells 
transfected with unfused Dam was co-hybridized 
to genomic tiling microarrays (Choksi et al. 2006). 
Log-ratios of duplicate experiments were loess 
normalized, median centered and averaged. Values 
from probes fully overlapping the same GATC 
fragments in FlyBase release 5 were averaged. Data 
are available from the Gene Expression Omnibus, 
http:// www.ncbi.nlm.nih.gov/
geo/, accession number GSE15807.

BNI

All data preprocessing and statistical analysis was 
done using the R package (http://www.r-
project.org). Th e binding profi les (average 
log2 ratios) of all chromatin components used in 
this study were combined into a single data matrix 
(Supplementary Dataset 1 online). Because the 
BNI algorithm cannot handle missing values, ar-
ray probes with missing data were removed. Th e 
resulting matrix has 4,380 rows (genes) and 43 
columns (chromatin components).

Because BNI on continuous data is computation-
ally expensive, we fi rst discretized the data by 
setting the top 5% most strongly bound genes for 
each chromatin component to 1 (“target genes”) 
and the remainder to 0 (“non-target genes”). Th e 
binarized data were used as input for the BNI algo-
rithm. See below for a justifi cation of this discreti-
zation scheme. Next, static BNI was performed 
using Banjo 2.0 (http://www.cs.duke.
edu/~amink/software/banjo/). A 
fi le listing the parameter settings is provided as 
Supplementary Dataset 4 online. We empirically 
found that more than ~200,000 search iterations 
typically did not yield any new networks with 
substantially better overall network scores; for 
this reason we limited each search (i.e., each single 
bootstrap, see below) to 300,000 cycles. Banjo can 
accommodate substantially larger input data sets 
than the one we used; for example, dummy tests 
indicate that an input matrix of 300 proteins x 
50,000 loci can be processed in ~15 minutes on a 
single CPU with 10 Gbyte memory.

Bootstrapping

As reviewed elsewhere (Pe’er 2005), exact calcula-
tion of the posterior probability of a targeting 
interaction between two chromatin components 
is not feasible. We therefore used a previously 
described nonparametric bootstrapping strategy 
as an approximation (Friedman et al. 2000). We 
ran 1,000 Banjo searches (of 300,000 cycles each), 
each time using as input a data matrix consisting 
of all 43 columns (chromatin components) but 
with 4,380 rows selected by random sampling of  
the original 4,380 rows (genes) with replacement. 
Th us, we computed 1,000 networks, each based 
on slightly perturbed input data. Th ese 1,000 
bootstrap runs required in total approximately 10 
hours on a 1.83 GHz dual processor Apple Mac 
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Mini. Next, for each possible pair of chromatin 
components, the occurrence of the correspond-
ing directed edge in the 1,000 Banjo networks was 
counted, yielding the bootstrap confi dence score 
for the directed edge linking this pair of compo-
nents. Th e 43x43 matrix of confi dence scores is 
available as Supplementary Dataset 2 online.

Comparison to previously known 
interactions

In the absence of a “gold standard” to estimate the 
performance of our BNI approach, we used two 
diff erent public databases as surrogate reference 
lists. First, we used the BioGRID database (Breit-
kreutz et al. 2008) release 2.0.45, which is a compi-
lation of known physical and genetic interactions. 
BioGRID interactions among the 43 chromatin 
components are listed in Supplementary Dataset 
5 online. 

Second, we systematically searched PubMed 
(version 28 October 2008) for the co-occurrence 
of pairs of chromatin components mentioned in 
either the abstract or the title of previous publica-
tions. Supplementary Dataset 5 online lists the 
search terms used for each chromatin component, 
and the resulting co-citation frequencies for each 
pair. Supplementary Figure S1 shows the degrees 
of overlap between BN and either BioGRID inter-
actions or PubMed co-citations, as a function of 
the bootstrap score cutoff  applied. 

Optimization of input profi le discretization.

Th e discretization of the binding profi les prior 
to BNI can be done in various ways, and this may 
aff ect the BNI outcome (Smith et al. 2002; Yu et 
al. 2004). In the absence of a gold standard, we 
reasoned that the most optimal discretization 
scheme should yield a BN with the highest possible 
overlap with BioGRID interactions and PubMed 
co-citations. We compared seven diff erent dis-
cretization schemes. 

Four of these schemes used a quantile threshold 
to binarize the data into “target gene” (value 1) 
or “non-target gene” (value 0) categories. We 
compared ‘target’ defi nitions corresponding to 
the 90th-100th, 95th-100th, 98th-100th and 99th-100th 
percentile of the binding log-ratios for each chro-
matin component. 

In addition, three schemes employed discretiza-
tion into three categories: “low” (value 0), “me-
dium“ (value 1) and “high” (value 2). Here, the 
ranges were either the 0th-33rd, 34th-65th and 66th-
100th percentile, the 0th-5th, 6th-94th and 95th-100th 
percentile, or the 0th-10th, 11th-89th and 90th-100th 
percentile for each chromatin component. For all 
of these seven schemes we conducted BNI with 
1,000 bootstrapping cycles.

To compare these discretization schemes, we 
calculated “performance curves” that visualize the 
overlap with BioGRID or PubMed interactions for 
every possible bootstrap score cutoff  (Supplemen-
tary Figure S2). 

An example of such curves for binarized data 
based on the 95th percentile threshold (Supple-
mentary Figure S2A-B) show that with an increas-
ing bootstrap cutoff , fewer of the previously 
known interactions (listed in the public databases) 
are recovered, but at the same time a larger frac-
tion of BNI-predicted interactions overlaps with 
previously known interactions, suggesting a higher 
specifi city. 

Such a trade-off  between sensitivity and speci-
fi city is typical of many prediction algorithms. 
Comparison of performance curves for the seven 
discretization schemes (Supplementary Figure 
S2C-D) indicates that binarization based on the 
95th percentile threshold yields a BN with the most 
optimal correspondence to previously known 
interactions. 

We therefore concluded that this particular 
discretization scheme yields the most reliable 
prediction of targeting interactions. Th is binariza-
tion was also used for the defi nition of “target” and 
“non-target” genes in the analyses shown in Figures 
3-6.

Robustness of BNI

Th e topology of BN80 is meant to evolve as binding 
data will accumulate. In the ideal case, all the key 
components are already in the network, and the 
addition of new components will merely turn 
predicted direct interactions into indirect ones. 
However, it is also conceivable that the addition 
of a key targeting component will have dramatic 
eff ects on the whole topology of BN80. 
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To assess the impact of non-available data on the 
topology of BN80, we took the following approach: 
assuming that we started with less than 43 compo-
nents, we studied the changes caused by progres-
sively adding new information. 

Combinations of 1-5 chromatin components 
(nodes) were removed from the original dataset 
(each time 50 random combinations, except for 1 
node, where all 43 nodes were deleted individu-
ally), and new networks were constructed by BNI, 
again using a bootstrap confi dence threshold 
of 80%. Th e change in overlap of these trimmed 
networks relative to the original 43-node network 
(Fig. 2) was calculated and plotted. To compute 
the scores, we defi ned the ‘target network’ as the 
original BN80 where the given subset of nodes has 
been deleted, and the ‘common subnetwork’ as 
the undirected intersection of the target network 
and the newly inferred network. 

Th e change in connection (Supplementary Figure 
S4A) was defi ned as the ratio of the number of dif-
fering edges between the inferred network and the 
target network (i.e. present in one and absent from 
the other) to the number of edges of the target 
network. Th e change in orientation (Supplemen-
tary Figure S4B) was defi ned as the ratio of the 
number of edges present in the inferred network 
and the target network but with a diff erent ori-
entation (i.e. oriented in one and not in the other, 
or oriented in an opposite way) to the number of 
edges of the common subnetwork. 

In this analysis only 100 bootstraps were done for 
each BNI because 1,000 bootstraps would have 
required > 3,000 CPU hours in total. Th ese results 
show that on average, for every added/deleted 
node, a change of connectivity occurs on ~2% of 
edges, and a change of orientation on ~1%. Th is 
high robustness suggests that our current predic-
tions on targeting interactions will likely remain 
valid when the BN80  is updated.

Gene expression analysis.

Gene expression levels in Kc cells were taken from 
(Pickersgill et al. 2006). Embryonic tissue gene 
expression data were taken from (Tomancak et 
al. 2007). Enrichment of expressed genes among 
target gene sets (again defi ned as the top 5% genes 
ranked by binding ratio for each chromatin pro-
tein) was calculated using a two-sided binomial 
test. 

Sequence motif analysis

We used GAGA as the consensus binding motif 
for GAF (van Steensel et al. 2003). Th e consensus 
motif for JRA was inferred from in vitro binding 
data (Perkins et al. 1988) as TG[A/C][C/G][A/T]
[C/A]A. 

Some cautionary notes regarding BNI

Th e use of BNI to model biological regulatory sys-
tems is subject to inherent limitations. Concerning 
the data presented in this study, the following 
points deserve mention. 

First, many chromatin components are not yet 
represented in our compendium of binding 
profi les. Such “hidden variables” may aff ect both 
the presence and directionality of some predicted 
edges in the network. Only the generation of a 
complete set of binding profi les for all chromatin 
components will ultimately solve this issue. 

Second, the current implementation of our BNI 
approach does not detect inhibitory interactions 
(i.e., protein A locally prevents the binding of 
protein B). 

Th ird, the theoretical framework underlying BNI 
only allows for the modeling of acyclic directed 
graphs. As a result, loops of interactions (e.g., 
A→B→C→A) are always resolved as a diff erent 
topology in the BN. While these artifacts raise the 
false positive and false negative rates of BNI, our 
computational and experimental evidence suggest 
that BN80 is strongly enriched in bona fi de target-
ing interactions. As such it can be used as a guide 
to formulate useful and testable hypotheses
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Supplementary Material

Supplementary Figure 1: Bayesian Network model BN80 of the targeting interactions between 
43 chromatin components

(A) Total number of edges in BN as a function of bootstrap score cutoff  (black line), and the number of these 
edges that overlap with links between chromatin components as listed in PubMed (co-citations, dark grey) or 
BioGRID (physical or genetic interactions, light grey). (B-C) Dark grey lines: overlap with PubMed co-citations (B) 
or BioGRID interactions (C) as percentage of the total number of edges in the BN. Pale grey lines: same, but for all 
possible edges that are not part of the BN at the indicated cutoff . Vertical dotted line marks the 80% bootstrap 
score cutoff , which defi nes BN80.



107 

Supplementary Material

3

Supplementary Figure 2: 
Eff ect of binding data discretization scheme on BNI performance

(A-B) Performance curve of the BN obtained after binarization if the binding profi les using a 95th percentile 
threshold. Overlap is shown with PubMed co-citations (A) or interactions listed in BioGRID (B), plotted for all 
possible bootstrap score cutoff s, some of which are highlighted by solid circles. (C-D) Th e same overlap plots for 
various discretization schemes used to generate the input data for Banjo. Th e binarization scheme using the 95th 
percentile threshold yields a curve (light blue) that is located more to the upper right corner, indicating that it 
gives the most reliable performance of all schemes.

Supplementary Figure 3 is available for download at 

http://www.genome.org/cgi/pmidlookup?view=long&pmid=20007327
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Supplementary Figure 4 Robustness of BN80

Random combinations of 1-5 chromatin components (nodes) were removed from the original dataset (each time 
50 combinations, or all 43 in the case of single deletions), and new networks were constructed by BNI, again using 
a bootstrap confi dence threshold of 80%. Th e change in overlap of these reduced networks relative to the original 
43-node network (Figure 2) was calculated as explained in the Methods section “Robustness of BNI”. (A) Change 
in overlap of all edges. (B) Change in orientation of edges. Th e lower number of bootstraps used here reduces the 
accuracy of the bootstrap scores, and as a consequence causes a somewhat higher variability in the resulting net-
works; this background variability was estimated by repeating BNI 50 times on the original 43-component dataset 
(grey box, “0”). On average, for every one node diff erence, changes of connectivity are expected on ~2% of edges, 
and changes of orientation on ~1%. of them.
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Introduction
Chromatin consists of DNA and all associated 
proteins. Th e scaff old of chromatin is formed by 
nucleosomes, which are histone octamers in a 
tight complex with DNA. Th is scaff old serves as 
the docking platform for hundreds of structural 
and regulatory proteins. Furthermore, histones 
carry a variety of post-translational modifi cations 
that form recognition sites for specifi c proteins 
(Berger 2007; Rando and Chang 2009). Th e local 
composition of chromatin is a major determinant 
of the transcriptional activity of a gene; some chro-
matin proteins enhance transcription, while others 
have repressive eff ects. 

Traditionally, chromatin is divided into het-
erochromatin and euchromatin. Th is division 
was originally based on diff erential staining by 
DNA-binding dyes, visualized by light microscopy. 
Extensive biochemical, molecular and genetic 
studies over the past two decades have indicated 
that a more refi ned classifi cation is warranted. For 
example, in Drosophila at least two types of het-
erochromatin exist that have distinct regulatory 
functions and consist of diff erent proteins. 

Th e fi rst type is marked by Polycomb Group (PcG) 
proteins and methylation of lysine 27 of histone 
H3 (H3K27). PcG chromatin forms large continu-
ous domains (sometimes more than 100 kb in 
length) that encompass one or multiple genes; it is 
a repressive type of chromatin that primarily regu-
lates genes with developmental functions (Spar-

mann and van Lohuizen 2006; Ringrose 2007). 
Th e second type is marked by Heterochromatin 
Protein 1 (HP1) and several associated proteins, 
combined with methylation of H3K9. Th is type 
of heterochromatin can also cover large genomic 
segments, particularly around centromeres. 
Reporter genes integrated in or near HP1 hetero-
chromatin tend to be repressed,  but paradoxically 
many genes that are naturally bound by HP1 are 
transcriptionally active (Hediger and Gasser 2006; 
Yasuhara and Wakimoto 2006). Direct comparison 
of genome-wide binding maps indicates that PcG 
and HP1 heterochromatin are non-overlapping 
(de Wit et al. 2007).

HP1 and PcG chromatin illustrate two important 
principles of chromatin organization: each type is 
marked by unique combinations of proteins, and 
can cover long stretches of DNA. But are there 
other major types of chromatin that follow these 
same principles? For example, is euchromatin 
also organized into domains with distinct protein 
compositions? Are there perhaps additional types 
of repressive chromatin that have remained un-
noticed?

 In order to construct a “big picture” of chromatin 
type diversity and domain organization, we con-
ducted a systematic survey of 53 broadly selected 
chromatin proteins and four key histone modifi ca-
tions in Drosophila cells. 

Abstract
Th e local protein composition of chromatin is important for the regulation of transcription and 
other functions, yet the diversity of chromatin composition and the distribution along chro-
mosomes is still poorly characterized. By integrative analysis of genome-wide binding maps of 
53 broadly selected chromatin components in Drosophila cells, we show that the genome is 
segmented into fi ve principal chromatin types that are defi ned by unique, yet overlapping com-
binations of proteins, and form domains that can extend over >100 kb. We identify a novel silent 
chromatin type that covers about half of the genome and lacks classic heterochromatin mark-
ers. Furthermore, transcriptionally active euchromatin consists of two distinct types that diff er in 
molecular organization and H3K36 methylation, and regulate distinct classes of genes. Finally, we 
fi nd that the fi ve chromatin types are ordered in a highly non-random fashion along the chromo-
some arms. Th ese results provide a global view of chromatin diversity and domain organization 
in a metazoan cell. .
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We generated genome-wide location maps of each 
component, providing a rich description of chro-
matin composition along the genome. By integra-
tive computational analysis of this large dataset 
we identifi ed, besides PcG and HP1 chromatin, 
three additional principal chromatin types, which 
are defi ned by unique combinations of proteins. 
One of these is a novel type of silent chromatin 
that covers ~50% of the genome. In addition, we 
identifi ed two types of transcriptionally active 
euchromatin that are bound by diff erent proteins 
and harbor distinct classes of genes.

Results 
Genome-wide location maps of 53 chromatin 
proteins

We constructed a database of high-resolution 
binding profi les of 53 chromatin proteins in the 
Drosophila melanogaster cell line Kc167 (Fig. 1A; 
Supplementary Data File 1). Th is embryo-derived 
cell line has a gene expression signature that re-
sembles that of embryos (Greil et al. 2003). 
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Figure 1

Overview of protein binding profi les and derivation of the 5-type chromatin segmentation. (A) Sample plot of all 
53 DamID profi les (log2 enrichment over Dam-only control). Positive values are plotted in black, negative values 
in grey for contrast. Below the profi les, genes on the top and bottom strand are depicted as lines with blocks 
indicating exons. (B) Two-dimensional projections of the data onto the fi rst three principal components. Colored 
dots indicate the chromatin type of probed loci as inferred by a 5-state HMM. (C) Values of the fi rst three principal 
components along the region shown in (A), with domains of the diff erent chromatin types after segmentation by 
the 5-state HMM highlighted by the same colors as in (B).
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For a representative cross-section of the chromatin 
proteome, we selected proteins from most known 
chromatin protein complexes, including a variety 
of histone-modifying enzymes, proteins that bind 
specifi c histone modifi cations, general tran-
scription machinery components, nucleosome 
remodelers, insulator proteins, heterochromatin 
proteins, structural components of chromatin, and 
a selection of DNA binding factors (DBFs) 
(Supplementary Table 1). 

For ~40 of these proteins, full-genome high-
resolution binding maps have not previously been 
reported in any Drosophila cell type or tissue. 
While chromatin immunoprecipitation (ChIP) 
is widely used to map protein-genome interac-
tions (Collas 2009), large-scale application of this 
method is hampered by the limited availability of 
highly specifi c antibodies. 

Moreover, at least for some chromatin proteins, 
ChIP results can greatly depend on the choice of 
crosslinking reagents (Wang et al. 2009) and can be 
unreliable for proteins with short residence times 
(Gelbart et al. 2005; Schmiedeberg et al. 2009). 
We therefore used the DamID technology, which 
does not require crosslinking or antibodies. With 
DamID, DNA adenine methyltransferase (Dam) 
fused to a chromatin protein of interest deposits 
a stable adenine-methylation ‘footprint’ in vivo at 
the interaction sites of the chromatin protein (van 
Steensel et al. 2001; Greil et al. 2006), so that even 
transient interactions may be detected (Wolff e 
and Leblanc 2000; Ringrose and Paro 2007). Note 
that the fusion protein is expressed at very low lev-
els, averting overexpression artifacts. Th e DamID 
profi les of all 53 proteins were generated in dupli-
cate under standardized conditions and detected 
using oligonucleotide microarrays that query the 
entire fl y genome at ~300 bp intervals. 

Comparisons to published and new ChIP data 
confi rm the overall reliability of the DamID data 
(Supplementary Figure 1A:  ChIP-DamID com-
parisons; associated with Fig 1), which was also 
reported in previous comparative studies (Moor-
man et al. 2006; Negre et al. 2006).  

For reference purposes, we also generated ChIP 
maps of histone H3 and the histone marks 
H3K4me2, H3K9me2, H3K27me3 and H3K79me3 
on the same array platform. 

Most of the fl y genome interacts with non-his-
tone chromatin proteins 

Comparison of the DamID profi les for all 53 
proteins shows a variety of binding patterns (Fig. 
1A). Nevertheless, several sets of proteins exhibit 
profi les that are locally or globally highly similar. 
Some similarities were anticipated, such as for 
PC, PCL, SCE and E(Z), which are all PcG proteins 
(Sparmann and van Lohuizen 2006); and for HP1, 
SU(VAR)3-9, LHR and HP6, which are part of clas-
sic HP1-type heterochromatin (Greil et al. 2007). 

We also observe extensive colocalization of Lamin 
(LAM), histone H1 (H1), Eff ete (EFF), Suppressor 
of Underreplication (SUUR) and the AT-hook 
protein D1, which have not been linked previously 
except for LAM and SUUR (Pindyurin et al. 2007). 
Prominent is the overlap in the binding patterns of 
a large set of approximately 30 proteins including 
histone modifying enzymes (e.g. RPD3 and SIR2), 
components of the basal transcription machinery 
(e.g., CDK7, TBP), and others detailed below.

In order to identify target and non-target loci 
for each protein, we applied a 2-state Hidden 
Markov Model (HMM)  to each individual binding 
map (Supplementary Data File 2;  Supplemen-
tary Methods). Th is method identifi es the most 
likely segmentation into “bound” and “unbound” 
probed loci. According to the resulting binary 
classifi cations, the genome-wide occupancy by 
individual proteins varies broadly, ranging from 
about 2% (GRO) to 79% (IAL). 

Interestingly, 99.99% of the probed loci is bound 
by at least one protein, and 99.6% by at least 
three proteins. Th is indicates that, at least at the 
resolution of our maps, essentially no part of the 
fl y genome is permanently in a confi guration that 
consists of nucleosomes only. Approximately 1% 
of the genome shows extremely high protein occu-
pancy, being bound by 36 to 44 of the 53 mapped 
proteins.  Th is observed overlap does not neces-
sarily derive from the simultaneous presence of all 
overlapping proteins; it indicates that all overlap-
ping proteins can at least occupy identical sites.
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Principal chromatin types defi ned by combina-
tions of proteins

Next, we used a computational classifi cation 
strategy to identify the major types of chromatin, 
defi ned as distinct combinations of proteins that 
are recurrent throughout the genome. To identify 
such combinations, we initially performed Prin-
cipal Component Analysis on the 53 quantitative 
DamID profi les to reduce the dimensionality of 
the data. 

We then focused on the fi rst three principal 
components, which together account for 57.7% of 
the total variance. By projecting the genomic sites 
on the principal components, we could distinguish 
fi ve distinct lobes in the three-dimensional scatter 
plot (Fig 1B). No additional distinct lobes could 
be observed upon further inspection of higher-
level principal components. Importantly, the fi ve 
groups were also clearly separated when using 
the previously defi ned binary target defi nitions 
(Supplementary Figure 1B), showing that this re-
sult is robust to diff erent quantifi cation methods. 
We therefore concluded that fi ve major types of 
chromatin can be distinguished, and that further 
sub-classifi cation is not supported by the data 
structure.

Having established that classifi cation into fi ve 
types properly summarizes the data, we fi tted a 
5-state HMM onto the fi rst three principal com-
ponents. Th us, every probed sequence in the ge-
nome was assigned one of fi ve exclusive chromatin 
types (Supplementary Methods). 

To avoid semantic confusion, and in line with the 
Greek word chroma (which means color), we 
labeled each of the fi ve protein signatures with a 
color (BLUE, GREEN, BLACK, RED and YELLOW). 

Th e HMM classifi cation produced a mosaic pat-
tern of chromosomal domains that vary widely in 
length (Fig 1C). We emphasize that this segmenta-
tion is purely data-driven, without using any other 
knowledge besides the 53 DamID profi les. 

Th e segmentation is generally robust: removal 
of any of the proteins except for PC still yields a 
5-state classifi cation that is on average 96.7% iden-
tical to the model obtained with all 53 proteins. A 
detailed analysis of the robustness is summarized 
in Supplementary Figure 1C.

Domain organization of chromatin types

Th e fi ve types of chromatin diff er substantially in 
their genome coverage, numbers of domains, and 
numbers of genes (Fig 2A). We identifi ed a total 
of 8,428 domains that typically range from ~1 to 
52 kb (5th-95th percentiles) with a median length 
of 6.5 kb, although the size distribution depends 
on the chromatin type (Fig 2B). 441 domains are 
larger than 50 kb, and 155 are larger than 100 
kb, with the largest domain being 737 kb. Many 
individual domains include multiple neighboring 
genes (Fig 2C); the largest number of which within 
a single domain is 139 (for a centromere-proximal 
GREEN domain). Taken together, these data indi-
cate that the fl y genome is generally organized into 
large regions that are covered by specifi c combina-
tions of proteins.

BLUE and GREEN chromatin correspond to 
known heterochromatin types

Visualization of the protein occupancy in each of 
the fi ve chromatin types (Fig 3A) shows that most 
proteins are not confi ned to a single chromatin 
type. Rather, the fi ve chromatin types are defi ned 
by unique combinations of proteins.  Importantly, 
BLUE and GREEN chromatin closely resemble 
previously identifi ed chromatin types. GREEN 
chromatin corresponds to classic heterochromatin 
that is marked by SU(VAR)3-9, HP1, and the HP1-
interacting proteins LHR and HP6. As described 
previously (Ebert et al. 2006; Greil et al. 2007), this 
type of chromatin is prominent in pericentric 
regions and on chromosome 4 (Supplementary 
Figure 2A, associated with Fig 3). 

To further validate this classifi cation, we con-
ducted genome-wide ChIP of H3K9me2, a 
histone mark that is predominantly generated 
by SU(VAR)3-9 and bound by HP1 (Schotta et al. 
2003). Indeed, H3K9me2 is highly and specifi cally 
enriched in GREEN chromatin (Fig 3B).

BLUE chromatin corresponds to PcG chromatin 
as shown by the extensive binding by the PcG pro-
teins PC, E(Z), PCL and SCE. Indeed, well-known 
PcG target loci such as the Hox gene clusters 
are localized in BLUE domains (Supplementary 
Figure 2B). Furthermore, genome-wide ChIP of 
H3K27me3, the histone mark that is generated 
by E(Z) and recognized by PC (Sparmann and 
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Characteristics of the fi ve chromatin types. (A) Coverage and gene content of chromatin domains of each type. 
Th e chromatin type of a gene is defi ned as the chromatin type at  its transcription start site (TSS). Grey sectors 
correspond to genes whose TSS maps at the transition between two chromatin types. Silent genes have an average 
RNA tag count below 1 per million total tags (see (D)). (B) Length distribution of chromatin domains, i.e. genomic 
segments covered contiguously by one chromatin type. (C) Distribution of the number of genes per chromatin 
domain. Because some genes overlap with more than one domain, genes are assigned to a chromatin type based 
on the type at the transcription start site. (D) Histogram of mRNA expression determined by RNA tag profi ling. 
Data are represented as log10 (tags per million total tags). Dashed vertical lines in (B)-(D) indicate medians.

van Lohuizen 2006) is highly enriched in BLUE 
chromatin (Fig 3B). We emphasize that these his-
tone modifi cation profi les serve as independent 
validation because they were not used in the 
5-state HMM classifi cation. Th e fact that two ma-
jor well-known chromatin types were faithfully 
recovered indicates that our chromatin classifi ca-
tion strategy is biologically meaningful.

Interestingly, we identifi ed several additional 
proteins that mark BLUE or GREEN chromatin, or 

both. For example, moderate degrees of occu-
pancy of the histone deacetylase (HDAC) RPD3 
occur in both BLUE and GREEN chromatin, in 
accordance with known biochemical and genetic 
interactions of RPD3 with PcG proteins as well as 
SU(VAR)3-9 (Czermin et al. 2001; Tie et al. 2003). 

Th e presence of EFF in BLUE chromatin is 
consistent with a reported role of this protein in 
PcG-mediated silencing (Fauvarque et al. 2001). 
Furthermore, LAM interacts extensively with 
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BLUE chromatin (consistent with the reported 
overlap of Lamin binding and H3K27me2 in 
human cells (Guelen et al. 2008)), but not with 
GREEN chromatin.

BLACK chromatin is the prevalent type 
of silent chromatin

BLACK chromatin covers 48% of the probed 
genome and is thus by far the most abundant type 
(Fig 2A). With a median size of 17 kb and with 134 

domains larger than 100 kb, BLACK chromatin do-
mains tend to be longer than domains of the four 
other types (Fig 2B). BLACK chromatin is overall 
relatively gene-poor (Fig 2A; compare genome 
coverage and number of genes), but it nevertheless 
harbors 4,162 genes.

By mRNA high-throughput sequencing we detect-
ed no transcriptional activity (< 1 mRNA molecule 
per 10 million) for 66% of the genes in BLACK 
chromatin, while the remaining 34% have very low 
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Chromatin types are characterized by distinctive protein combinations and histone modifi cations. (A) Fraction of 
all probed genomic loci within each chromatin type that is bound by each protein. Bound loci were determined 
separately for each protein as described in the text. (B) Levels of histone H3 and four histone modifi cations as 
determined by genome-wide ChIP. Th e distribution of values is shown as “violin plots”, which are symmetrized 
density plots of binding values per chromatin type: the wider the violin, the more data points are associated to 
that value. Dashed horizontal lines indicate the median binding value for each chromatin type. Histone modifi ca-
tion ChIP data were normalized to H3 occupancy.
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activity (Fig 2D). Th is is in agreement with the low 
coverage of BLACK chromatin by RPII18, a subunit 
shared by all three RNA polymerases (Fig 3A) and 
a lack of the active histone marks H3K4me2 and 
H3K79me3 as detected by ChIP (Fig 3B). 

We note that the majority of silent genes in the 
genome is located in BLACK chromatin (Fig 2A). 
Th us, BLACK chromatin is a distinctively silent 
type of chromatin that covers a large part of the 
genome.

BLACK chromatin is almost universally marked by 
four of the 53 mapped proteins: histone H1, D1, 
IAL and SUUR, while SU(HW), LAM and EFF are 
also frequently present (Fig 3A). We analyzed the 
fi ne distribution of these proteins in more detail. 
Close-up views show that H1, D1, IAL, SUUR and 
LAM have a broad distribution within BLACK 
domains, while SU(HW) exhibits a distinct, more 
focal pattern (Fig 4A). 

Averaged profi les centered around the 5’ ends of 
genes show that within BLACK chromatin these 
proteins display an overall enrichment without a 
clear preference for upstream regions, promoters, 
or transcription units (Fig 4B).  In the combined 
other chromatin types these proteins are depleted 
from promoter regions and to a lesser extent from 
gene bodies. 

Th is is less pronounced for IAL, which may be 
related to the fact that this protein binds primarily 
to mitotic chromosomes (Giet and Glover 2001). 
In comparison, TBP, a protein that is not enriched 
in BLACK chromatin, is depleted at genes within 
BLACK chromatin and exhibits local enrichment 
at promoter regions (Fig 4B). Together, these re-
sults indicate that BLACK domains consist of rela-
tively homogeneous stretches of chromatin bound 
by H1, D1, LAM, IAL, SUUR and EFF, interspersed 
by focal sites occupied by SU(HW).

Given that genes in BLACK chromatin in embry-
onic Kc167 cells are expressed at very low levels, 
we investigated whether these genes are perhaps 
activated later in development. Indeed, a survey 
of expression profi ling data (Stolc et al. 2004) 
indicates that most genes in BLACK chromatin be-
come active at a later stage (Fig 4C). Th is suggests 
that BLACK chromatin is under strong develop-
mental control. 

Consistent with this notion, we found that BLACK 

chromatin is particularly rich in highly conserved 
non-coding elements (HCNEs) (Fig 4D), which are 
thought to mediate gene regulation (Engstrom et 
al. 2007). Th e density of HCNEs in BLACK chro-
matin is comparable to that in BLUE chromatin, 
which harbors many developmentally regulated 
genes (Tolhuis et al. 2006), and is much higher than 
in the other three chromatin types. Together, this 
suggests that BLACK chromatin is under strong 
developmental control.

YELLOW and RED chromatin are two distinct 
types of euchromatin

In contrast to BLACK and BLUE chromatin, 
RED and YELLOW chromatin have hallmarks of 
transcriptionally active euchromatin: Most genes 
in these two chromatin types produce substantial 
amounts of mRNA (Fig 2D), and levels of RNA 
polymerase (Fig 3A), H3K4me2 and H3K79me3 
are typically high, whereas levels of H3K9me2 and 
H3K27me3 are low (Fig 3B).

RED and YELLOW chromatin share various 
chromatin proteins (Fig 3A). Among these are the 
HDACs RPD3 and SIR2, as well as the RPD3-inter-
acting protein SIN3A. HDACs have recently also 
been found in transcriptionally active chromatin 
in human cells (Wang et al. 2009). 

Other proteins that are highly abundant in both 
RED and YELLOW chromatin include DF31, a 
little-studied protein that drives chromatin de-
condensation in vitro (Crevel et al. 2001); ASH2, a 
homolog of a subunit of a H3K4 methyltransferase 
complex in yeast and vertebrate cells (Nagy et al. 
2002) and MAX, a DBF that is part of the MYC 
network of regulators of growth and proliferation 
(Orian et al. 2003).

Besides these similarities, RED and YELLOW chro-
matin display striking diff erences. RED chromatin 
is abundantly marked by several proteins that 
are mostly absent from the four other chromatin 
types (Fig 3A). Among these are the nucleosome 
remodeling protein Brahma (BRM); the regula-
tor of chromosome structure SU(VAR)2-10; the 
Mediator subunit MED31; the 55 kDa subunit 
of CAF1, which participates in various histone-
modifying complexes (Martinez-Balbas et al. 1998; 
Tie et al. 2001); and several DBFs including the 
ecdysone receptor (ECR), GAGA factor (GAF), and 
Jun-related antigen (JRA).
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Figure 4

BLACK chromatin is pervasively bound by distinctive proteins and contains silent, but regulatable genes. (A) 
Sample plots of binding profi les of the six proteins that are the most prevalent in BLACK chromatin. Genes on 
both strands as well as chromatin types are depicted below the profi les. (B) Average binding of the 6 proteins pres-
ent in BLACK chromatin and TBP around transcription start sites of genes lying in BLACK chromatin (black line) 
and other genes (grey line). Only genes lying entirely within one type have been considered. (C) Average expression 
of BLACK genes (black line) and other genes (grey) during fl y development (Stolc et al. 2004). For each time point 
the values are normalized to the mean of all genes. (D) Density of highly conserved non-coding elements (HCNEs) 
per chromatin type.

Th ese diff erences in protein composition 
prompted us to investigate the timing of DNA 
replication during S-phase, which is known to 
diff er between chromatin types (Gilbert 2002). 
Analysis of a genome-wide replication timing map 
from Kc167 cells (Schwaiger et al. 2009) shows that 

DNA in RED and YELLOW chromatin is generally 
replicated early in S-phase, as may be expected for 
euchromatin. However, RED chromatin tends to 
be replicated even earlier than YELLOW chromatin 
(Fig 5A). 
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Th is coincides with a strong enrichment of origin 
recognition complex (ORC) binding in RED chro-
matin as mapped by ChIP (MacAlpine et al. 2010) 
(Fig 5B), suggesting that DNA replication is often 
initiated in RED chromatin. 

Th ese observations further underscore that RED 
and YELLOW chromatin are distinct types of 
euchromatin.
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RED and YELLOW are two distinct types of euchromatin. (A) Violin plots of replication timing per chromatin type 
(Schwaiger et al. 2009). (B) Violin plots of origin of replication complex 2 (ORC2) binding per chromatin type 
(MacAlpine et al. 2010). (C) Average binding of MRG15 around 5’ and 3’ ends of genes in RED and YELLOW 
chromatin. Left panel, alignment to 5’ end; right panel, alignment to transcript 3’ ends. Only genes that are entirely 
within one chromatin type are depicted. (D) Average enrichment of H3K36me3 (Bell et al. 2010), plotted as in (C).
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Active genes in YELLOW but not RED chromatin 
carry H3K36me3

Only one protein of the dataset is abundant in 
YELLOW but not in RED chromatin: MRG15, 
which is a chromodomain-containing protein 
(Leung et al. 2001). Because human MRG15 has 
previously been reported to bind H3K36me3 
(Zhang et al. 2006), we compared the fi ne distribu-
tion of MRG15 and H3K36me3 along genes within 
the two chromatin types (Bell et al. 2010). Indeed, 
both are highly enriched along genes in YELLOW 
chromatin, but nearly absent from RED chromatin 
(Fig 5C,D). 

Th ese data are consistent with binding of MRG15 
to H3K36me3 in vivo. Interestingly, H3K36me3 
was previously thought to be a universal marker of 
elongating transcription units (Lee and Shilatifard 
2007; Rando and Chang 2009). Our analysis reveals 
that, at least in Drosophila Kc167 cells, this histone 
mark is mostly absent from genes lying in RED 
chromatin, even though these genes are expressed 
at similar levels as genes in YELLOW chromatin 
(Fig 2D).  

RED and YELLOW chromatin mark 
diff erent types of genes

Th e substantial diff erences between RED and 
YELLOW chromatin suggested that the genes they 
harbor may be regulated by two globally distinct 
pathways. We therefore investigated whether 
genes located in RED and YELLOW chromatin 
have diff erent characteristics. We began by com-
paring the embryonic tissue expression patterns of 
genes in the two chromatin types. Strikingly, genes 
with a broad expression pattern over many em-
bryonic stages and tissues (Tomancak et al. 2007) 
are highly enriched in YELLOW chromatin, while 
genes with more restricted expression patterns are 
depleted (Fig 6A). 

Consistently, Gene Ontology (GO) analysis re-
vealed that annotation terms related to universal 
cellular functions such as “ribosome”, “DNA repair” 
and “nucleic acid metabolic process” are almost 
exclusively found in YELLOW chromatin (Fig 6B), 
while genes  in RED chromatin are linked to more 
specifi c processes such as “receptor binding”, 
“defense response”, “transcription factor activity” 
and “signal transduction” (Fig 6C).  Taken together, 
these results indicate that genes in YELLOW 

chromatin tend to be expressed in most cell types, 
while the expression of genes in RED chromatin 
tends to be restricted to certain cell types only. 

Features of RED chromatin point to complex 
gene regulation

Several other properties of RED chromatin suggest 
extensive gene regulation in these regions. First, 
intergenic regions in RED domains contain about 
two-fold more HCNEs than YELLOW chromatin 
(Fig 4D), although not as much as BLACK and 
BLUE chromatin. Furthermore, genome-wide 
formaldehyde-assisted identifi cation of regulatory 
elements (FAIRE) (Giresi et al. 2007; Braunschweig 
et al. 2009) points to a high density of regulatory 
chromatin complexes in RED chromatin (Fig 6D).

We fi nd that individual RED chromatin loci can 
be locally occupied by as many as 44 of the 53 
tested proteins, with an overall median occupancy 
of 30 proteins (Supplementary Figure 3, associ-
ated with Fig 6). Th ese proteins belong to a wide 
variety of functional and structural categories 
(e.g., homeobox, leucine zipper, chromodomain, 
bromodomain, helix-loop-helix, zinc fi ngers, BTB/
POZ proteins). In contrast, YELLOW chromatin 
has a less complex composition with a median 
occupancy of 12 proteins.

We considered that the high occupancy in RED 
chromatin is due to intrinsic properties such as 
‘openness’ or nucleosome remodeling activity that 
would locally facilitate protein binding. Alterna-
tively, proteins might be individually targeted to 
RED regions through protein-protein interactions 
or other specifi c mechanisms. 

We reasoned that specifi c targeting mechanisms 
should not impact the binding of a non Droso-
phila DBF to the genome; accordingly, enrichment 
in RED chromatin should be observed only under 
the fi rst hypothesis. To test this, we generated 
a DamID profi le for the DNA-binding domain 
(DBD) of yeast Gal4. Th e recognition motif for 
this DBD is present at roughly equal densities 
among the fi ve chromatin types (data not shown). 
We observed no enrichment of Gal4-DBD in 
RED chromatin (Figure 6E). Th is suggests that 
RED chromatin does not intrinsically promote 
protein-DNA interactions, and that high protein 
occupancy is more likely due to specifi c targeting 
mechanisms.
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Figure 6

Genes in RED and YELLOW diff er in regulation and function. (A) Distribution of genes having “broad” and “tissue-
specifi c” expression patterns (defi ned in Tomancak et al. 2007) over the fi ve chromatin types. Left bar shows dis-
tribution of all genes for comparison. (B)-(C) GO slim categories that are signifi cantly enriched (B) or depleted (C) 
in RED compared to YELLOW genes. Bars indicate the fraction of RED and YELLOW genes for the given category 
(BLACK, GREEN and BLUE are not considered here). Vertical dotted line represents the distribution expected by 
random chance. Th e total number of RED and YELLOW genes within each category are indicated on the left. (D) 
Violin plots of the log2 FAIRE signal per chromatin type (Braunschweig et al. 2009). 

Global rules of domain organization.

Finally, to obtain more insight into the relation-
ships between the diff erent chromatin types, we 
asked whether the chromatin domains are ordered 
in a particular pattern along the chromosome 
arms. Specifi cally, we investigated whether certain 
chromatin types have preferential adjacent types. 
We calculated for each possible pair of types how 
often they are directly adjacent, and compared 
this to the frequency that may be expected by 
random chance. Th e resulting observed/expected 

ratios reveal a remarkable non-random ordering 
of chromatin types (Figure 7). In particular, several 
combinations are strongly underrepresented as 
neighbors, such as BLUE/GREEN, RED/GREEN, 
RED/BLACK, and to a lesser extent YELLOW/BLUE. 
Th is suggests that these pairs of chromatin types 
are not compatible as neighbors. Other pairs show 
signifi cant preferential adjacency, such as YEL-
LOW/GREEN, BLUE/BLACK and BLUE/RED. Th us, 
the linear ordering of chromatin domains along 
chromosomes is highly non-random. 
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Figure 7

Chromatin types are ordered in a non-random manner. Adjacency preferences of all combinations of chromatin 
types are represented as lines with widths scaled by the observed/expected frequencies. Associated ratios are 
given on the top right. All ratios are signifi cant at p < 0.01 in 1-sided tests on empirical distributions obtained by 
randomization (Materials and Methods). 
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Discussion 
Here, we report detailed genome-wide binding 
maps of a broad set of 53 chromatin components, 
as well as four histone modifi cations. Systematic 
and unbiased integration of the 53 protein maps 
indicates that the Drosophila genome is packaged 
into a mosaic of fi ve principal chromatin types, 
each defi ned by a unique combination of proteins. 
Extensive evidence demonstrates that the fi ve 
types diff er in a wide range of characteristics 
besides protein composition, such as biochemical 
properties, transcriptional activity, histone modi-
fi cations, replication timing, as well as sequence 
properties and functions of the embedded genes. 
Th is validates our classifi cation by independent 
means and provides important insights into the 
functional properties of the fi ve chromatin types. 

Th e number of chromatin states 

We emphasize that the fi ve chromatin types 
should be regarded as the major types. Some may 
be further divided into sub-types, depending on 
how fi ne-grained one wishes the classifi cation to 
be. For example, within each of the transcription-
ally active chromatin types, promoters and 3’ ends 
of genes  exhibit (mostly quantitative) diff erences 
in their protein composition (data not shown) 
and thus could be regarded as distinct sub-types. 
However, these local diff erences are minor relative 
to the diff erences between the fi ve principal types 
that we describe here. Th e fi ve types are robust to 
the choice of mapped proteins (Supplementary 
Fig 1C), and establish distinctions that were not 
clearly made previously: First, BLACK chromatin 
is a silent compartment that is very diff erent from 
PcG (BLUE) and HP1 (GREEN) chromatin; second, 
YELLOW and RED chromatin are two distinct 
types of euchromatin. 
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We cannot exclude that the accumulation of bind-
ing profi les of additional proteins would reveal 
other novel chromatin types.

We anticipate that the pattern of chromatin types 
along the genome will vary between cell types. 
For example, many of the inactive genes that are 
embedded in BLACK chromatin in embryonic 
Kc167 cells, are active in larvae and adult fl ies (Fig 
4C). Th us, the chromatin of these genes is likely to 
switch to an active type during development.  

While the integration of data for 53 proteins 
provides substantial robustness to the classifi ca-
tion of chromatin along the genome, a subset of 
only fi ve marker proteins (histone H1, PC, HP1, 
MRG15 and BRM), which together occupy 97.6% 
of the genome, can recapitulate this classifi cation 
with 85.5% agreement (Supplementary Fig 1D).  
Assuming that no unknown additional principal 
chromatin types exist in some cell types, DamID or 
ChIP of this small set of markers may thus provide 
an effi  cient means to examine the distribution 
of the fi ve chromatin types in various cells and 
tissues, with acceptable accuracy. Th e corre-
spondence between the chromatin states and 
histone modifi cations (Fig 3, 5) suggests that one 
would obtain an approximate picture by mapping 
H3K9me2, H3K27me3, H3K36me3 and H3K4me2, 
but this set lacks exclusive markers for RED and 
BLACK chromatin.

BLACK chromatin: a novel type of 
silent chromatin 

About half of the Drosophila genome is packaged 
by BLACK chromatin, which consists of a previous-
ly unknown combination of proteins. Essentially all 
genes in BLACK chromatin exhibit extremely low 
expression levels, indicating that BLACK chroma-
tin either completely lacks activating factors or 
constitutes a strongly repressive environment. 

Th e abundant presence of LAM and histone H1, 
two proteins previously linked to chromatin com-
paction and gene repression (Pickersgill et al. 2006; 
Reddy et al. 2008; Sancho et al. 2008; Braunschweig 
et al. 2009) supports the latter notion. Importantly, 
BLACK chromatin is strongly depleted of PcG pro-
teins, HP1, SU(VAR)3-9 and associated proteins, 
indicating that BLACK chromatin is diff erent from 
previously characterized types of heterochromatin 
(which we identifi ed de novo here as BLUE and 
GREEN chromatin). 

Th e proteins that mark BLACK domains provide 
important clues to the molecular biology of this 
type of chromatin. Th ree of these proteins are 
essential: loss of LAM, EFF or histone H1 causes 
lethality during Drosophila development (Cenci 
et al. 1997; Lenz-Bohme et al. 1997; Lu et al. 2009), 
suggesting an important role for BLACK chroma-
tin. Th e enrichment of LAM points to a role of 
the nuclear lamina in gene regulation in BLACK 
chromatin (Pickersgill et al. 2006). 

Indeed, loci that interact with LAM were previ-
ously shown to be preferentially located near the 
nuclear lamina (Pickersgill et al. 2006; Shevelyov et 
al. 2009). Furthermore, depletion of LAM causes 
derepression of several LAM-associated genes 
(Shevelyov et al. 2009). Recent evidence indicates 
that the insulator protein SU(HW) is a regulator 
of LAM - genome interactions (J.v.B., U.B, B.v.S, 
manuscript submitted). 

D1 is a little-studied protein with 11 AT-hook 
domains that may contribute to its targeting to 
the relatively AT-rich BLACK chromatin (data not 
shown). Interestingly, overexpression of D1 causes 
ectopic pairing of intercalary heterochromatin 
(Smith and Weiler 2010), suggesting a role in the 
regulation of higher-order chromatin structure. 

SUUR specifi cally regulates late replication on 
polytene chromosomes (Zhimulev et al. 2003) 
EFF is highly similar to the yeast and mammalian 
ubiquitin ligase Ubc4 that mediates ubiquitination 
of histone H3 (Liu et al. 2005; Singh et al. 2009), 
raising the possibility that nucleosomes in BLACK 
chromatin may carry specifi c ubiquitin marks. 
Th ese insights provide important leads for further 
study of this previously unknown yet prevalent 
type of silent chromatin. 

RED and YELLOW: distinct types of euchromatin 

In RED and YELLOW chromatin most genes are 
active, and the overall expression levels are similar 
between these two chromatin types. However, 
RED and YELLOW chromatin diff er in many re-
spects. One of the conspicuous distinctions is the 
disparate levels of H3K36me3 at active transcrip-
tion units. 

Th is histone mark is thought to be laid down in 
the course of transcription elongation and may 
block the activity of cryptic promoters inside the 
transcription unit (Li et al. 2007). Th e absence of 
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H3K36me3 from genes in RED chromatin is all the 
more surprising that these genes are on average 
2.4 times larger than genes in YELLOW chromatin 
(data not shown). Why active genes in RED chro-
matin lack H3K36me3 remains to be elucidated. 

Th e genomic organization of the YELLOW and 
RED chromatin types is also diff erent. YELLOW 
domains typically contain a cluster of genes (Fig 
2C) whereas most RED domains contain rarely 
more than two genes. 

YELLOW chromatin is highly enriched in genes 
with a broad expression pattern, i.e., constitutively 
expressed genes. Possibly, the aggregation of these 
genes into domains of YELLOW chromatin helps 
to ensure stable expression of these genes. A simi-
lar domain organization of chromatin may explain 
the reported clustering of housekeeping genes in 
the human genome (Lercher et al. 2002).

A striking feature of RED chromatin is the large 
number of proteins that is present, suggesting that 
RED chromatin domains are “hubs” of regulatory 
activity. Th is is likely to be related to the predomi-
nantly tissue-specifi c expression of genes in RED 
chromatin, which presumably requires an intricate 
interplay of many regulatory proteins. Five lines of 
evidence led us to reject the possibility that the 
high protein occupancy in RED chromatin may 
originate from an artifact of DamID, e.g. caused 
by a high accessibility of RED chromatin. First, all 
DamID data are corrected for accessibility using 
parallel Dam-only measurements. Second, several 
proteins, such as EFF, SU(VAR)3-9 and histone 
H1 exhibit lower occupancies in RED than in any 
other chromatin type. Th ird, FAIRE, which is an 
independent technique to identify active regula-
tory elements, reports an enrichment  exclusively 
in RED chromatin. Fourth, the ORC binding data 
also show a specifi c enrichment in RED chromatin, 
even though these data were acquired by ChIP, 
by another laboratory and on another detection 
platform (MacAlpine et al. 2010). Fifth, DamID of 
Gal4-DBD does not show any enrichment in RED 
chromatin.

RED chromatin, with its high occupancy of a 
broad variety of proteins, resembles DBF bind-
ing hotspots that were previously discovered in a 
smaller-scale study in Drosophila cells (Moorman 
et al. 2006). Discrete genomic regions targeted 
by many DBFs have recently also been found 

in mouse ES cells (Chen et al. 2008), hence it is 
tempting to speculate that an equivalent of RED 
chromatin may also exist in mammalian cells.  

Similarities between GREEN and YELLOW 
chromatin 

GREEN chromatin corresponds to the previously 
well-characterized HP1-marked chromatin. Many 
genes in GREEN chromatin are expressed (Fig 2D). 
Th is is generally consistent with previous reports 
(de Wit et al. 2007; Johansson et al. 2007), despite 
the paradoxical fact that HP1-marked chromatin 
can cause position eff ect variegation, i.e., silencing 
of certain, susceptible genes when brought in close 
proximity of HP1-marked chromatin by chro-
mosomal translocations or transgene insertion 
(Girton and Johansen 2008).

It is noteworthy that GREEN chromatin resembles 
YELLOW chromatin in several aspects. Aside from 
active transcription, both types of chromatin 
share the presence of MRG15. Furthermore, both 
types lack RED-specifi c proteins such as BRM, 
SU(VAR)2-10 and MED31 (data not shown). Th ese 
data indicate that the process of transcription 
associated with the YELLOW signature can take 
place in the presence of the HP1/H3K9me2 com-
plex in GREEN chromatin, whereas RED chromatin 
may be incompatible with the features of GREEN 
chromatin. 

Non-random ordering may refl ect compatibility 
of chromatin types.

A striking observation is that the fi ve chromatin 
types are ordered in a highly non-random manner 
along the chromosome arms (Figure 7). Some 
pairs of types are rarely found as neighbors, while 
other pairs appear neutral or even show a slight 
preference to be neighbors. Interestingly, the 
neighbor preferences show striking parallels with 
the overall similarities in protein composition 
between chromatin types. For example, GREEN 
and YELLOW chromatin domains, which have 
overlapping protein compositions (as discussed 
above)  are also preferential neighbors. Likewise, 
BLACK and BLUE chromatin domains share several 
proteins (Figure 3A) and are frequently adjacent 
to each other. Finally, the preferred adjacency of 
RED and BLUE chromatin may be linked to shared 
proteins, because it has been observed that GAF, 
DSP1 and PHO (which are most abundant in RED 
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chromatin) also have important functions in PcG 
(BLUE) chromatin (Dejardin et al. 2005). Converse-
ly, pairs of chromatin types that diff er substantially 
in composition, such as RED/BLACK, RED/GREEN 
and GREEN/BLUE show strong tendencies not to 
be neighbors. 

Th ese observations suggest that chromosomes 
may have evolved to minimize the occurrence 
of adjoining chromatin domains with dissimilar 
protein compositions. Proximity of such ‘incom-
patible’ domains might destabilize one or both 
domains and result in loss of robust regulation of 
the embedded genes, which could manifest itself 
as position eff ect variegation. Although additional 
studies will be needed to further test this model, 
our identifi cation of fi ve principal types of chro-
matin provides a fi rm basis for future dissection of 
the roles of global chromatin organization in gene 
regulation.

Material & Methods 

Constructs

DamID constructs used for this study are listed in 
Supplementary Table 1. Newly generated con-
structs were cloned by using TOPO cloning and 
GATEWAY recombination as described (Braunsch-
weig et al. 2009) or by Cre-mediated recombina-
tion. 

We constructed an acceptor vector containing the 
Hsp70 promoter upstream of Dam by the Creator 
Acceptor Vector Construction Kit (Clontech, 
631618). Donor clones in pDNR-Dual vectors 
containing the cDNA of interest were obtained 
from the Drosphila Genomics Recource Center, 
Bloomington. DamID vectors expressing the 
Myc-tagged Dam fusion proteins were obtained 
by Cre-mediated recombination according to the 
CreatorTM DNA Cloning Kits User Manual (Clon-
tech PT3460-1). 

Nuclear localization was checked for all Dam-
fusion proteins by immuno-fl uorescence micros-
copy with the 9E10 anti-Myc antibody (Santa Cruz 
Biotechnology) after heat-shock induced expres-
sion as described previously (van Steensel and He-
nikoff  2000). Only MNT, GRO and IAL gave weak 

signals in interphase nuclei but were not discarded 
because MNT and GRO were successfully mapped 
by DamID in previous studies (Orian et al. 2003; 
Bianchi-Frias et al. 2004) and IAL binds metaphase 
chromosomes (Giet and Glover 2001).

DamID and Microarrays

DamID assays were carried out as described previ-
ously (Moorman et al. 2006) with a minor modifi -
cation: proteins were grouped in sets sharing the 
same Dam controls for hybridization purposes. For 
each group, 3-5 DamID assays on Dam alone were 
carried out in parallel, the product of which was 
pooled before labeling. Each profi le was the result 
of two independent experiments between which 
the dye orientation was inverted to minimize dye 
bias eff ects.

Fluorescent labeling was done with Klenow poly-
merase according to the NimbleGen array user’s 
guide, version 4.0. 13 μg labeled DNA per channel, 
2.4 μl alignment oligo, 24 μl NimbleGen hybridizia-
tion component A and 1x hybridization buff er in 
a total volume of 120 μl were heated to 98°C for 5 
min and hybridized in a TECAN hybridization sta-
tion for 16 hrs. at 42°C. Microarrays were Nimble-
Gen oligo arrays with 385.000 probes (Choksi et 
al. 2006). Slides were washed sequentially with 
NimbleGen wash buff ers I, II and III with 0.1 mM 
DTT at 42°C, 25°C, and 23°C, respectively. Slides 
were scanned at 5 μm resolution, and raw data 
extracted using NimbleScan software. 

Th e identity of the hybridized material was tracked 
by the presence of unique oligonucleotide spikes 
in each sample. Furthermore, because the Dam-
fusion expression vectors are produced in Dam-
positive bacteria, small amounts of the transfected 
plasmids are co-amplifi ed in the methylation-spe-
cifi c amplifi cation protocol. Th is leads to a strong 
signal in the open reading frame of the mapped 
protein, which allows us to verify the identity of 
the used vector from the microarray data alone. 

Chromatin Immunoprecipitation 

All ChIP experiments and the subsequent linear 
amplifi cation reactions were performed as de-
scribed previously (Kind et al. 2008). Labeling and 
hybridization were performed as for the DamID 
samples. Chromatin was immunoprecipitated 
using anti-H3K27me3 (07-449) and anti-H3K4me2 
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(07-030) from Upstate Biotechnology and anti-
H3K9me2 (1220), and anti-H3 (1791) antibodies 
from Abcam. Histone H1 was immunoprecipitated 
with affi  nity-purifi ed anti-H1 serum (Braunsch-
weig et al. 2009). Th e H3K79me3 antibody was 
kindly provided by Fred van Leeuwen and has 
been described in (Schubeler et al. 2004). Th e 
H3K27me3 antibody has been described in (Peters 
et al. 2003) to be highly specifi c, with minor cross-
reactivity for H3K27me2. Th e specifi city of the 
H3K9me2 and H3K4me2 antibodies have been 
tested by the manufacturers and are reported 
to be highly specifi c for the respective histone-
modifi cations. 

Digital gene expression

Total RNA was isolated from growing Kc cells using 
TriZOL (Invitrogen), and remaining DNA was de-
graded by shearing and DNaseI digestion. Poly(A) 
selection, reverse transcription and tag sequencing 
was carried out on an Illumina Solexa GAII and 
using the tag profi ling kit with DpnII. Two RNA 
samples were sequenced, yielding a total of 7.4 and 
9.0 million reads, respectively. Mapping was car-
ried out by BLAST, requiring at most 2 mismatches 
and 11 consecutively matching bases. 

Only the tags mapping to the last GATC of a tran-
script were counted and represented 70.3% and 
69.4% of the total number of reads, respectively. 
Counts were normalized to the total number of 
reads and replicates were averaged. Gene mapping 
informations were taken from D. melanogaster 
FlyBase release 5.8.

Data analysis

Microarray data normalization and analysis were 
performed with R (R Development Core Team 
2009). All DamID data were subjected to loess 
normalization. 

Th e median correlation between independent 
replicate experiments was 0.72. Because Dam can 
only methylate adenines in the sequence GATC, 
genomic fragments between GATCs (typically 
200-300bp in size) constitute the minimal unit of 
measurement. Th ese fragments are referred to as 
“probed loci” in the text. 

Accordingly, binding log-ratios were determined 
by averaging the loess-normalized M values (log2 
ratio of the channels) of all the microarray probes 

mapping to the same probed locus in FlyBase 
release 5. Th e chromatin type of each probed locus 
was determined as described in the Supplemen-
tary Methods. 

Custom R scripts were used to calculate average 
binding profi les around 5’ and 3’ ends of genes. 
Genomic locations are converted to coordinates 
relative to the nearest 5’ (respectively 3’) end of 
a gene, before applying a running median with a 
window covering 2% of the plotted data. To ensure 
that points are aligned only once, windows around 
the end of a gene range from the midpoint of the 
gene to the mid distance to the next gene. 

HCNEs are defi ned as sequences of at least 50 bp 
having at least 98% identity with another species 
(Engstrom et al. 2007). Accordingly we mapped 
HCNEs by aligning the introns and intergenic 
regions of D. melanogaster (FlyBase release 5.17) 
to the genome of D. mojavensis (FlyBase release 1) 
by exonerate (Slater and Birney 2005). 

For GO analysis, the D. melanogaster GO Slim 
terms were downloaded from http://www.
geneontology.org/GO_slims/ar-
chived_GO_slims/goslim_Droso-
phila.0200. Th e obsolete terms were 
updated according to the data obtained from 
http://www.geneontology.org/
ontology/obo_format_1_2/gene_
ontology_ext.obo (date: 09:11:2009 
14:57). Gene associations were downloaded from 
http://www.geneontology.org/
cgi-bin/downloadGOGA.pl/gene_
association.fb.gz (CVS version 1.159). 

Genes were further associated with all the terms 
higher in the GO hierarchy as indicated by the 
“is_a” and “part_of” keywords. Enrichment or 
depletion for GO terms were tested against the 
hypergeometric distribution, at alpha level 0.01 
(correcting for multiple testing by the Bonferroni 
method). 

Expected frequencies of neighborhood of domains 
of one type to the four other types were calculated 
as relative frequencies of domains of the other 
types. To derive signifi cance levels, domains of 
one type were retained while randomly permut-
ing type assignments of all other domains 20,000 
times. p-values were estimated from the obtained 
frequency distributions and corrected  for multiple 
testing by the Bonferroni method.
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Hidden Markov Models

M values of biological replicates were averaged to 
give probe-wise M values, and values from array 
probes overlapping with one DpnII restriction 
fragment were averaged to a single score. In our ex-
perience, after loess normalization, the Student’s t 
represents an excellent approximation of the score 
distribution.

To identify the binding sites of a protein, we ap-
plied a two-state Hidden Markov Model (HMM) 
with emissions following a Student’s t distribution. 
Th e parameters were fi tted by iteratively maximiz-
ing the expected value of the log-likelihood of 
the observations with a modifi ed Baum-Welch 
procedure. 

Instead of the expectation-maximization al-
gorithm, we used an adaptation of the ECME 
algorithm that is substantially faster (Liu and Rubin 
1994). In short, each cycle consists of two sub-
cycles. In both subcycles, the Forward-Backward 
smoothing estimates are computed, and alterna-
tively the means and variances or the degrees of 
freedom are updated. 

Gaps in the array design were fi lled by L/(D-1) 
virtual positions for which emissions are not avail-
able (NA), where L is the gap size and D the mean 
distance between consecutive GATC sequences. 
When not available, the emission probability was 
set to the same value for every state in order not 
to discriminate between them. Th e most likely 
sequence of states was computed through the 
Viterbi algorithm.

Defi nition of chromatin types

By compiling the DamID scores of the 53 profi les, 
the probed genome can be viewed as a cloud of 
points in 53-dimensional space. In this space, two 
DpnII restriction fragments are close to each other 
if they are bound by the same proteins irrespective 
of their genomic coordinates. In this representa-
tion recurrent protein binding signatures separate 
as distinct lobes of the cloud. 

We performed Principal Component Analysis 
(PCA) to obtain the best representation of the 
cloud in lower dimensions. It immediately ap-
peared that at least three principal components 
are required to give a qualitative representation of 
the data, because a distinct sub-cloud separates in 
the third component. 

Th e projection on the fi rst 3 principal components 
revealed 5 distinct lobes, and none of the 5 lobes 
forked on the fourth or higher principal compo-
nents. Th erefore, we reduced the data to its fi rst 3 
principal components. Th e total variance captured 
hereby was 57.8%. By comparison, the median 
score of variance captured by applying a two-
state HMM to a single DamID profi le was 39.4%, 
suggesting that the procedure effi  ciently removes 
technical variation from the dataset without caus-
ing strong loss of information.

Mapping of chromatin types

Fitting an HMM to the original dataset would 
involve estimating 7,441 parameters (5x4 transi-
tion parameters, 5x53 means, 5x53 variances, 
5x1374 covariances and 1 degree of freedom). We 
therefore replaced the dataset with its projections 
on the fi rst 3 principal components to reduce 
the number of parameters to 66 (5x4 transition 
parameters, 5x3 means, 5x3 variance, 5x3 covari-
ances and 1 degree of freedom), representing a 
substantial gain in robustness.

To map the chromatin types in the fl y genome, 
we applied our adaptation of the Baum-Welch 
algorithm to the three-dimensional projection of 
the data. Th e initial degree of freedom was set to 
6, the initial means of the modifi ed Baum-Welch 
algorithm were determined visually. Th e initial 
covariance matrices were set to the covariance 
matrix of the 3-dimensional cloud. 

Note that the projected DamID values can be 
expected to be distributed as a Student’s t variable 
because they are weighted averages of the DamID 
binding scores. 
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Th e output of the modifi ed Baum-Welch algo-
rithm showed some sensitivity to initial param-
eter values, mainly to the means. For some initial 
values, the algorithm failed to identify 5 clearly 
separated states. However, there was only one fi t-
ted model where the states were clearly separated, 
showing that the segmentation is robust to initial 
conditions. A detailed description of the HMM 
will be provided as supplementary online fi les. An 
implementation of the procedure as an R package 
is available upon request.

Data availabilty 

DamID, ChIP and expression data, as well as a 
list of the coordinates of all identifi ed chromatin 
domains are available from NCBI’s Gene Expression 
Omnibus, accession number GSE22069.
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4

Supplementary Figure 1 (associated with Fig. 1)

Validation of DamID and robustness analysis of the 5-type segmentation. (A) Comparisons of DamID (Braunsch-
weig et al. 2009) and ChIP for histone H1 (this study), SU(HW), and CTCF (Bushey et al. 2009). All datasets were 
subjected to running mean smoothing with a window of three data points. Genes on the top and bottom strand 
are depicted as lines with blocks indicating exons. (B) Th e fi ve-state classifi cation is robust to the quantifi cation 
method. DamID profi les for each protein were binarized before projection onto the fi rst three principal com-
ponents. Th e shape of the cloud is diff erent from the one shown in main Figure 1B, but the fi ve types still form 
separated clouds in the fi rst three principal components. (C) Sensitivity analysis of the segmentation. Th e Principal 
Component Analysis and HMM procedure was applied as in main Figure 1 to datasets where one or more proteins 
were left out. It is expected that smaller sets will not always exhibit all fi ve states; for example, a subset that lacks 
the four PcG proteins will not identify the BLUE state. In that case, the loci formerly assigned to BLUE will be as-
signed to another color by the HMM. We call such a segmentation “unfaithful”. On the contrary, “faithful” segmen-
tations show no replacement of a color by another. Th e percentage of overlap between the current segmentation 
(based on the complete dataset) and unfaithful segmentations is irrelevant: it mostly refl ects the size of the type 
that has been replaced. For example if BLUE has been replaced by another color at least 20% of the calls will diff er 
(i.e. all the former BLUE calls). For subsets of 35-51 proteins, 50 samples were drawn at random without replace-
ment. For subsets of 52 proteins, all possible 53 subsets were tested. For each subsample size, the percentage of 
faithful segmentations (thin lines) and their mean percentage of overlap with the current segmentation (thick 
lines) were determined. Vertical bars represent ± standard deviations. Th e plot shows that larger sets of proteins 
give an increasingly reliable discovery of the fi ve states. Faithful segmentations show substantial agreement with 
the current defi nition, even for smaller sample sizes. Th us, identifi cation of the states is sensitive to protein choice, 
but the classifi cation itself is robust.  (D) Minimal set of proteins defi ning the fi ve types. A carefully selected set of 
5 proteins (histone H1, PC, HP1, MRG15 and BRM) summarizes the segmentation in 5 types. Th e data points were 
projected on their fi rst three principal components, showing that the types are clearly visible with this minimal set 
of proteins. Th e coloring was obtained by applying the HMM to the fi rst three principal components, exactly as 
was done for the 53 proteins. Th e agreement with the 53 profi le segmentation is 85.5%.
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Supplementary Figure 2 (associated with Fig. 3)

Localization of GREEN and BLUE chromatin supports their identity with known heterochromatin types. (A) Chro-
mosomal maps of the pericentric region of chromosome 2 and of the entire chromosome 4. GREEN chromatin 
domains are shown, and other types are collectively represented in grey. Constrictions symbolize centromeres. (B) 
Close-up view of the HOX gene clusters. Th e HOX genes are known to be Pc targets in Kc167 cells. Genes on the 
top and bottom strands are shown as boxes
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Supplementary Figure 3 (associated with Fig. 6)

Chromatin types diff er widely in their total protein occupancy. (A) Sample plot of the total occupancy (out of 53 
mapped proteins) on a 1Mb segment of chromosome 2L. Th e height of each vertical line indicates the number 
of proteins bound to a locus. Th e color of the line indicates the local chromatin type. (B) Histograms of total oc-
cupancy distributions per chromatin type. Grey vertical dashed lines indicate median values.
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In this thesis, genome-wide binding studies of 
chromatin proteins in Drosophila Kc cells have 
been used to derive general rules of chromatin 
organization. Th e results describe determinants for 
binding of linker histone H1, functionally signifi -
cant domains of chromatin protein enrichment on 
multiple scales, targeting interactions among chro-
matin proteins, and the principal chromatin types 
in Kc cells. Taken together, they provide insights 
into the molecular morphology of chromatin 
domain organization, the mechanisms underlying 
diff erences in chromatin types, and how diff erent 
chromatin types are linked to the regulation of 
gene expression.

Domain organization of chromatin

One of the most striking results from the studies in 
this thesis is that the Drosophila genome is system-
atically organized into chromatin domains. Previ-
ously, domain organization of chromatin has been 
defi ned molecularly in diff erent ways and based on 
diff erent data: nuclease sensitivity (Lawson et al. 
1982), gene expression state of endogenous genes 
(Caron et al. 2001) or randomly inserted reporter 
genes (Gierman et al. 2007), histone modifi cations 
and binding of a chromatin protein (Noma et al. 
2001), and combinations of diff erent data types 
(Th urman et al. 2007), among others. Th ere is a 
consensus that chromatin domains are functional-
ly signifi cant because expression of genes in them 
is linked to their other molecular characteristics. 

While the data presented in both chapter 2 and 
chapter 4 underline a strong domain organiza-
tion of the Drosophila genome, the structure of 
these domains diff ers between the two studies. 
Th e domainogram analyses in chapter 2 indicate 
a domain organization on many scales in a nested 
fashion, where most but not all of the genome is 
encompassed in domains. Th e view presented in 
chapter 4 is quite diff erent, as it regards the whole 
genome as segmented into domains with similar 
protein composition. But are chromatin domains 
discrete entities or do they rather correspond to 
diff use regions of enrichment of some component, 
and does this matter? 

Th ere are several technical reasons for the distinc-
tions. First and foremost, the diff erent statistical 
algorithms used necessarily lead to diff erent types 
of segmentation. Th e BRICKS algorithm (chap-
ter 2) looks for signifi cant protein enrichment 
independently at diff erent scale levels, resulting in 
the nested structure of BRICKS (chapter 2, Fig. 4). 
In chapter 4, the Hidden Markov Model (HMM) 
produces the most likely segmentation of the 
whole genome into fi ve diff erent chromatin types 
(chapter 4, Fig. 1). 

Th e latter approach does not take into account if 
these discrete domains are clustered in a chromo-
somal region; However, visual inspection suggests 
that such clustering exists (chapter 4, Supplemen-
tary Fig. S2). Another technical diff erence is the 
resolution, which is much higher in chapter 4 due 
to the use of tiling microarrays instead of cDNA 
arrays. It is easily possible that the continuum of 
binding values at low resolution is due to contribu-
tions from several small, discrete domains at high 
resolution.

A local clustering of small, discrete chromatin 
domains results in a relatively higher signal at low 
resolution. Furthermore, within a discrete domain 
as identifi ed by the HMM, there may be local, even 
nested enrichment of one or several proteins that 
does not contribute enough to the overall variance 
of protein binding to cause splitting or merging of 
the discrete domains.

Th e two views do not exclude one another. Th e 
high-resolution study shows that there indeed 
are relatively homogeneous chromatin domains 
at a scale of ~10 kb (chapter 4, Fig. 2B). Given the 
high signifi cance of enrichment found in chapter 
2, these are probably clustered in a non-random 
fashion giving rise to enrichments at higher scales. 
Th is notion is supported by the fact that proteins 
with uniform binding throughout a domain at 
high resolution (e.g. H1, SuUR, Pc) also show 
nested enrichments at larger scales (chapter 4, 
Supplementary Fig. S4).

General DiscussionGeneral Discussion
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Th e binding pattern of one particular protein can 
similarly be in discrete, homogenous domains or 
in - possibly nested - clusters of focal binding sites. 
Some proteins like histone H1 (chapter 1) or his-
tone modifi cations like H3K27me3 (Tolhuis et al. 
2006) can cover tens or even hundreds of kb rather 
uniformly, suggesting that most nucleosomes in 
this region are bound respectively modifi ed. 

Th is most generally refl ects non-sequence specifi c 
binding and in some cases a mode of directional 
spreading as e.g. for H3K9me3 (Noma et al. 2001). 
Such domains are usually well delineated and can 
be restricted by boundary elements (Noma et al. 
2001). Changes of the chromatin type within the 
domain can be eff ected by deleting boundary 
elements, or by manipulating organizing elements 
like polycomb response elements that nucleate 
Polycomb binding in a region (Comet et al. 2006).

A ‘domain’ of enrichment of a transcription 
factor (TF) with focal binding means that there 
is a clustering of binding sites that is stronger 
than expected by chance. Th is can indicate that 
multiple genes in that area are regulated by this 
same TF. Because the genes in such domains tend 
to work together in similar biological functions 
more often than expected (chapter 2, Fig. 5C-D 
and Supplementary Fig. S8), even small infl uences 
of chromatin proteins on TF binding at individual 
genes would cooperate in the regulation of the 
common function. 

Is linear domain structure linked to spatial orga-
nization of chromatin?

An interesting possibility is that the nested cluster 
structure may be linked to the spatial folding 
of the chromosome fi ber. In vivo crosslinking 
experiments indicate that any locus is frequently 
in physical contact with other loci. Th ese contacts 
are most frequent over short distances, but can 
also occur over megabases (Simonis et al. 2007). 

Th is phenomenon could be linked to the hierar-
chical enrichment of chromatin components as 
reported in chapter 2: When reasonably distant 
loci with similar chromatin composition make 
chance contacts, the interactions could be stabi-
lized through shared chromatin components. Due 
to the hierarchical structure of protein enrich-
ment, the whole region may thus engage in nested 
hierarchical interactions between genomic regions 
of the same chromatin type.

 Interaction frequencies would decrease with 
genomic distance, but distant regions of the same 
chromatin type would interact more than equally 
distant regions of diff erent types (Fig. 1). Th us, by 
(nested) clustering of chromatin domains or focal 
binding sites for specifi c proteins, the higher-order 
folding of the chromatin fi ber and the formation 
of distinct regulatory compartments could be 
facilitated. 

Figure 1

Model of a system of nested enrichment and hierarchical interactions. Colors indicate diff erent chromatin types. 
Physical interactions between loci (through folding of the chromosome fi ber) are represented by curved lines with 
line thickness proportional to interaction frequency. Only interactions between loci of one chromatin type are 
shown, but other types may engage in their own set of interactions.
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In a recent whole-genome study of human chro-
matin, the interaction pattern supports the notion 
of a fractal globule folding of chromosomes in 
interphase (Lieberman-Aiden et al. 2009). 

Th e same study showed that at a resolution on 
the megabase scale, the genome consists of two 
groups of loci interacting preferentially with loci in 
the same group. We currently do not know if the 
fi ve chromatin types identifi ed in chapter 4 corre-
spond to diff erent groups of loci interacting in 3D.

Th e evolutionary implications of interaction 
domains are twofold: On the one hand, neigh-
borhood of genes with contrasting chromatin 
composition and thus regulatory programs may 
be disfavored in the whole interacting region 
because a high probability of direct contact with 
inappropriate chromatin proteins may lead to 
misregulation. 

On the other hand, frequent contacts of genes 
coregulated initially only due to their similar chro-
matin may provoke the genesis of more elaborate 
coregulation mechanisms that depend on the 
contact. Th e net eff ect on genome organization in 
both cases is evolutionary pressure for clustering 
of chromatin proteins and coregulation.

What is a chromatin type?

Some groups of proteins in chapter 2 have largely 
overlapping domains of enrichment: apart from 
the PcG proteins and the classical heterochroma-
tin proteins which are each known to colocalize, 
overlap is seen between SuUR, D1, H1, and LAM; 
as well as between JRA, BCD, DSP1, GAF (Trl), 
MBD-like, BRM, GRO and SIR2 (chapter 2, Fig. 4 
and Supplementary Fig. S4). Th is extensive overlap 
indicates that the number of combinations of 
proteins is far smaller than the number of proteins. 
Th is observation is confi rmed and extended in 
chapter 4, where 5 chromatin types were defi ned 
based on typical combinations of 53 bound 
proteins. 

Th e groups of overlapping proteins listed above 
correspond well to the BLACK and RED chromatin 
types (chapter 4, Fig. 3A). Also the similarity of 
BLACK and BLUE and to a lesser extent BLACK 
and GREEN chromatin is refl ected in considerable, 
but mutually exclusive overlap of PcG proteins 
and the heterochromatin protein group with the 
BLACK chromatin components. 

Th e fi ve chromatin types defi ned in chapter 4 
are based on recurrent, typical combinations of 
proteins binding to genomic regions. Genomic 
fragments with the same type have some common 
chromatin components as well as optional ones 
that typically co-occur. 

Th ese are groups of proteins that either promote 
or at least do not interfere with each other’s bind-
ing and probably share regulatory or structural 
functions. Due to the need to express diff erent sets 
of genes, the location of chromatin type domains 
are expected to diff er between tissues and cell 
types. Centromere-proximal GREEN domains may 
be more constant at least in dividing cells because 
the HP1 chromatin type is known to be important 
for genome stability (Peters et al. 2001; Peng and 
Karpen 2009). 

Even in diff erent cell types, it is unlikely that new 
chromatin types arise by completely diff erent 
combinations of proteins, as this would require 
many proteins to strongly change their prefer-
ence of binding partners. Instead, new types may 
result from subsetting or merging of the fi ve types 
defi ned in the current study.

Colocalization of many proteins in RED chro-
matin

Th e chromatin type characterized by the largest 
combination of proteins is RED chromatin, which 
has up to 40 of the tested 53 proteins bound at 
some locations (chapter 4, Supplementary Fig. 
S3B). How can dozens of proteins bind to the same 
site? 

First, the resolution of DamID with microarray 
readouts in the current implementation is prob-
ably about 1-2 kb (data not shown), so signal over-
lap does not require physical contact of proteins. 

Second, it should be kept in mind that techniques 
like DamID or chromatin immunoprecipitation 
give end-point readouts averaged over a cell popu-
lation. In extreme cases, overlapping signals could 
derive from mutually exclusive binding in diff erent 
cells (or when using DamID, in the same cell at dif-
ferent time points). For instance, colocalization the 
histone deacetylase SIR2 and the acetyltransferase 
TIP60 does not necessarily indicate simultaneous 
binding, but could be the result of cycles of histone 
acetylation and deacetylation (Clayton et al. 2006). 
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Equally importantly, binding of chromatin proteins 
and TFs is very dynamic. Photobleaching and laser 
crosslinking experiments show that for diverse 
types of proteins including transcription factors, 
high mobility group proteins and nucleosome 
remodelers, residence times on a binding site is 
only on the scale of seconds or minutes at most, 
although core histone are an exception (McNally 
et al. 2000; Phair et al. 2004; Meshorer et al. 2006).
In the light of these facts, extensive overlap of 
binding sites should probably in most cases not 
be interpreted as formation of a complex, unless 
protein-protein interaction is demonstrated 
directly.

Th ird, several of the proteins that accumulate 
in RED chromatin are TFs. Preliminary analyses 
indicate that the accumulation of these TFs can-
not be simply explained by the distribution of 
their cognate motifs in the DNA (unpublished 
results). Rather, RED chromatin seems to facilitate 
the binding of many (but not all) TFs. Interestingly, 
it was previously found that a TF with a mutated 
DNA binding domain is still targeted to TF binding 
hotspots (Moorman et al. 2006), indicating that 
protein-protein interactions contribute substan-
tially to the accumulation of TFs in RED chromatin. 
To some extent, interactions between factors 
bound sequence-specifi cally at distant sites by way 
of looping may contribute to overlapping binding 
signals.

Specifi c gene regulation in spite of broad bind-
ing of regulatory factors

Overlap of a large number of proteins may be 
taken to indicate the possibility of functional bind-
ing in the same region, e.g. the same promoter. 
Many protein-DNA interactions are not function-
ally productive, but may be rendered productive 
locally upon a specifi c signal. It has been shown 
that nuclear hormone receptors bind to a target 
promoter in the absence of hormone with short 
residence time, and addition of signal leads to 
retarded dynamics (Elbi et al. 2004). 

Th us, ‘binding’ of a protein to many sites may 
refl ect probing rather than productive binding, so 
genes near which the same set of TFs or chromatin 
proteins can bind can potentially be regulated by 
the same pathways. Th is is not to say that genes 
in the same chromatin environment are always 
coregulated, because the precise arrangement 
of binding sites and contact with enhancers or 
silencers impose diff erent regulatory logic. Rather, 
the chromatin type (e.g., BLACK or RED) may 
determine if the underlying genes are deaf to any 
activating signals or open to be activated in their 
gene-specifi c ways. Converting a BLACK domain 
into RED that allows probing by a set of regulatory 
proteins would thus be a mechanism of unlocking 
a group of genes for certain types of regulation. 

In chapter 4, RED and YELLOW regions were 
identifi ed as active chromatin types with diff erent 
sets of proteins, suggesting that at least two such 
mechanisms are at work in Kc cells

BLACK chromatin: Th e default state?

BLACK chromatin covers about half of the 
non-repetitive genome in Drosophila Kc cells. It 
is characterized by broad binding of histone H1, 
and many sites additionally acquire SuUR, D1 
and other BLACK chromatin components which 
likely have at least some sequence preferences 
(Levinger 1985; Spana et al. 1988). H1, D1 and 
SuUR have phenotypes in polytene chromosome 
morphology, suggesting that BLACK chromatin is 
important for proper chromosome architecture, 
especially somatic pairing and polytene endoredu-
plication (Belyaeva et al. 2006; Lu et al. 2009; Smith 
and Weiler 2010). PcG silencing and HP1 associa-
tion outside of active genes are compatible with 
H1 and might even require it to form condensed 
nucleosomal structures. 

How is BLACK chromatin specifi ed? For the 
establishment of PcG domains and pericentric 
HP1 domains, PREs and repetitive sequences play 
crucial roles, respectively (Simon et al. 1993; de 
Wit et al. 2005). One possibility is that also BLACK 
chromatin requires sequence elements that recruit 
its components, or at least nucleate it at some sites 
from where it can spread. 
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Th ere are several indications that this is unlikely 
to be the case. BLACK chromatin spans hetero-
geneous genomic regions from gene deserts in 
contact with the nuclear lamina, to regions with 
silent genes that will be activated in other tissues. 
Any sequence elements thus would have to be 
interspersed in all these diff erent contexts. 

Additionally, mechanisms would have to exist 
to overrule BLACK chromatin when genes are 
activated. Th e most ubiquitously binding protein 
in this chromatin type, histone H1, shows uninter-
rupted, featureless binding in BLACK regions 
without clear signs of nucleation sites (chapter 4, 
Fig. 4AB). H1 association with chromatin can occur 
by self-assembly without the need for ATP in vitro, 
and does not require specifi c sequence elements 
because it binds to nucleosomes (Meersseman et 
al. 1991). It is therefore conceivable that H1 associ-
ates broadly with chromatin ‘by default’, i.e. in the 
absence of specifi c opposing signals. Once bound, 
it presumably stabilizes regular nucleosomal arrays 
(Pennings et al. 1994 and Fig. 2, top).

At sites where DNA has to be accessed, H1 binding 
has to be counteracted by either site-specifi c or 
global mechanisms. As described in chapter 1, 
almost all sites with low H1 occupancy in Kc cells 
are enriched for the replication-independently po-
sitioned histone variant H3.3, and H3.3 contributes 
to inhibition of H1 binding. H3.3 is incorporated at 
sites of histone exchange (Deal et al. 2010). Th ese 
sites are active transcription start sites as well as 
intergenic sites that overlap with cis-regulatory 
elements, and are classifi ed as RED, YELLOW or 
GREEN regions in chapter 4. Nucleosome remodel-
ing has a well-documented role in overcoming 
H1 association for activation of cis-regulatory 
elements. H1-containing nucleosome arrays can 
be remodeled by the remodeling ATPase ACF, but 
not by CHD1 (Maier et al. 2008). 

Gluco corticoid signaling at a responsive enhancer 
in rat or at the mouse mammary tumor virus 
results in chromatin remodeling by SWI/SNF 
type enzymes and H1 dissociation (Deroo and 
Archer 2001; Flavin et al. 2004). Interestingly, RED 
chromatin is devoid of H1, highly bound by the 
SWI/SNF homologue BRM and highly accessible 
as measured by FAIRE (chapter 4), suggesting a 
crucial role for BRM in this chromatin type. 

BRM has also emerged as a central factor in the 
targeting of several transcription factors as well as 
H3.3 in the Bayesian network analysis (chapter 3).

Considering these facts, BLACK chromatin may 
be a default chromatin state that automatically 
assembles in the absence of activating signals. For 
activation, nucleosome stabilization by H1 needs 
to be overcome by ATP-dependent mechanisms. 
At nucleosomal sites where sequence-specifi c 
factors cooperate with remodelers for activation, 
nucleosomes are destabilized, H3.3 is incorpo-
rated, and H1 does not bind anymore (Fig. 2, bot-
tom). Th e presence of H3.3 further contributes to 
antagonizing H1 binding (chapter 1). Th is model is 
in line with the observation that upon knockdown 
of BRM, accessibility is selectively reduced in RED 
regions (data not shown). It is currently not known 
if in this situation H1 binding is reinforced.

H1 binding can be globally regulated by competi-
tion with a number of abundant, non-sequence 
specifi c chromatin proteins, particularly high 
mobility group (HMG) proteins (Catez et al. 2006). 
In early Drosophila embryos, the levels of H1 are 
low, whereas the HMG protein HMG-D is abun-
dant and competes with H1 (Ner et al. 2001). Th is 
probably represents an adaptation to the special 
requirements on chromatin before the mid-blas-
tula transition when zygotic expression has not yet 
commenced. 

Many multicellular organisms similarly substitute 
their somatic linker histones with specialized ones 
in germ line cells in order to support chromatin 
remodeling in spermatocytes and fertilized oo-
cytes (Govin et al. 2004; Becker et al. 2005; Jedrusik 
and Schulze 2007). Binding of H1 appears to be 
regulatable by phosphorylation: 

Some H1 isoforms become hyperphosphorylated 
at specifi c residues in M phase and remain bound 
to mitotic chromosomes, whereas phosphoryla-
tion at other residues correlates with gene activity 
(Talasz et al. 2009; Zheng et al. 2010). Th us, specifi c 
phosphorylation marks may mediate either rein-
forced or diminished binding.
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Perspectives

Th e predicted network of targeting interactions 
(chapter 3, Fig. 2) is in reasonably good agreement 
with the groups of proteins most strongly overlap-
ping with the fi ve chromatin types outlined in 
chapter 4 in spite of the much lower resolution 
and lack of information in intergenic sequences 
(chapter 4, Fig. 3). Nevertheless, the good rate 
of confi rmation of the tested predictions sug-
gests that the approach is useful for generating 
hypotheses. 

Th e targeting interaction network may be further 
refi ned by applying Bayesian Network Inference 
(BNI) to the high resolution dataset, and by inclu-
sion of antagonistic interactions (exemplifi ed by 
the inhibitory eff ect of H3.3 on H1 binding) into 
the network modeling approach. 

A central question remains to be tested: How are 
chromatin types established? Th e composition of 
the fi ve chromatin types suggests that the BLUE 
type is based upon the BLACK type, and that ac-
tive genes in GREEN chromatin are more similar to 
YELLOW than RED chromatin. 

BRM BRMBRM

X

TF

Histone H1

X

X

H3.3

Figure 2

Proposed model how ‘default’ BLACK chromatin is converted into red chromatin during transcriptional activa-
tion. Upper panel, self-assembly of histone H1 containing structures results in formation of BLACK chromatin 
in the absence of activating signals. Transcription factor (TF) access is prevented. Lower panel, upon activating 
signal, nucleosome remodeling ATPases like BRM destabilize nucleosomes (blurred nucleosomes). Remodelers 
may be targeted by the activating signal or are present constitutively, resulting in constitutively accessible sites. 
Remodeling and incorporation of H3.3 prevent H1 binding. TFs and cofactors (X) can access all remodeled regions, 
but exchange rapidly and only lead to transcriptional activation at sites where all required factors colocalize and 
cooperate productively.
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Th ese similarities may refl ect in part positive 
targeting interactions between many proteins 
in similar types, and antagonistic interactions 
between highly dissimilar types. 

Th is could provide an explanation for the strik-
ing preferences of adjacency between the types 
(chapter 4, Fig. 7). By targeting core factors of one 
chromatin type to sites within another chromatin 
type, it can be tested whether its protein-protein 
interactions with its fellow type members are suf-
fi cient to bring about a conversion of chromatin 
type. Good candidate proteins for this approach 
may be obtained by BNI.

Genes in similar chromatin environments are 
coregulated. Very often (this thesis is no excep-
tion), the importance of chromatin-mediated 
gene regulation is emphasized, but it is not known 
how much of the variance in gene regulation is 
caused by chromatin as opposed to the activity of 
sequence-specifi c TFs. 

Promising approaches to address this question 
include random insertions of reporter genes in dif-
ferent chromatin environments using transposons. 
If individual transposons are tagged with unique 
sequence ‘barcodes’, it is possible to correlate the 
chromatin state with the expression state of indi-
vidual insertions using high-throughput sequenc-
ing as a readout for both. Such systems can be 
developed further to mutate or insert TF binding 
sites to gain information on whether TF recruit-
ment is able to infl uence chromatin type.

Of particular interest will be the role of chromatin 
remodeling factors. It has been demonstrated that 
in glucocorticoid signaling in the mouse, glucocor-
ticoid receptor can induce accessibility of some of 
its binding sites, while others are accessible even 
without hormone (John et al. 2008). SWI/SNF-type 
remodelers have been reported both to mediate 
TF binding during signaling through the JAK-STAT 
pathway (Ni et al. 2005) as well as to be recruited 
to target genes themselves upon stress signaling 
via the MAPK pathway (Proft and Struhl 2004). 

As most studies along these lines highlight chro-
matin changes at only a few genes, it remains to 
be clarifi ed if various remodeling complexes diff er 
generally in their ability to serve as pioneer factors 
that reside constitutively at signaling target genes, 
or whether that diff ers per pathway.

Finally, it should increasingly be addressed if the 
behavior of populations of cells in terms of gene 
expression refl ects that of single cells. In fact, 
evidence is accumulating that transcription occurs 
stochastically and in bursts such that a given gene 
in individual cells can undergo active transcrip-
tion or be silent at a given time point (Raj and van 
Oudenaarden 2008). 

Th is is because the molecular events leading to 
activation of a particular gene are not determinis-
tic, but involve stochastic interactions of various 
factors. Th e same may be true for other important 
cellular events, such as modulation of nuclear 
architecture, and even cell fate decisions. It will 
therefore be of increasing importance to develop 
tools to monitor chromatin states in single cells.
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ATP ............................................adenosine triphosphate

BNI .............................................Bayesian network inference

BRICKS ....................................blocks of regulators in chromatin kontext

cDNA .......................................complementary DNA

ChIP ...........................................chromatin immunoprecipitation

DamID.....................................DNA adenine methyltransferase identifi cation

DBD ...........................................DNA binding domain

DBF ............................................DNA binding factor

dsRNA .....................................double-stranded RNA

FAIRE ........................................formaldehyde-assisted isolation of regulatory elements

FDR ............................................false discovery rate

GO ..............................................gene ontology

H3K9 .........................................lysine 9 of histone H3

HAT ...........................................histone acetyltransferase

HCNE .......................................highly conserved non-coding element

HDAC .......................................histone deacetylase

HMG .........................................high mobility group

HMM ........................................hidden Markov model

HP1 ............................................Heterochromatin protein 1

JAK/STAT ..............................Janus kinase/signal transducer and activator of transcription

MAPK ......................................mitogen-activated protein kinase

NFR ............................................nucleosome-free region

NRL ............................................nucleosome repeat length

ORC ...........................................origin of relication complex

PcG .............................................Polycomb group

PEV.............................................position-eff ect variegation

PRE .............................................Polycomb response element

RNAi .........................................RNA interference

RT-PCR ....................................reverse transcription-polymerase chain reaction

TF ................................................transcription factor

trxG ...........................................trithorax group

TSS .............................................transcription start site
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Summary
Reading the maps: Organisation and function of 
chromatin types in Drosophila

Chromatin is the complex of DNA, RNA and a 
multitude of diff erent proteins that together make 
up the chromosomes in all eukaryotes. Chroma-
tin serves dual functions: It provides a means of 
packaging the long DNA strands in the nucleus in 
an organized way to ensure its safe transmission to 
the daughter cells when a cell divides. It is also ac-
tively involved in the regulation of gene expression, 
DNA repair, replication and other processes. Th e 
protein composition of chromatin varies widely 
along the genome, resulting in diff erent impacts 
on gene expression from location to location. 

Protein binding depends in part on the DNA 
sequence, because many proteins bind to specifi c 
sequence motifs. In addition, many proteins de-
pend on interactions with other proteins for their 
targeting to specifi c genomic locations. For many 
chromatin proteins, it is still poorly understood 
what determines their binding pattern along the 
genome.

Linker histones such as histone H1 are abundant 
proteins that are thought to be involved in the 
compaction of chromatin. Yet it is not known 
how the binding of H1 is regulated. We gener-
ated a genome-wide profi le of Drosophila H1 in 
the embryonic Kc167 cell line using the DamID 
technique. Th is revealed that H1 binds pervasively 
throughout much of the genome except at active 
transcription start sites and intergenic sites that 
overlap with cis-regulatory elements. Common 
to these locations is that the core histone H3 is 
replaced by the variant H3.3 due to transcription 
and nucleosome remodeling. We demonstrated 
that H3.3 helps to prevent H1 binding, because 
depletion of H3.3 resulted in increased H1 binding 
at the sites where it is normally depleted.

Th e example of H1 and H3.3 illustrates that inter-
actions between chromatin proteins are refl ected 
in their binding patterns. 

We obtained DamID binding maps for a broad 
set of chromatin components in Kc167 cells 
and systematically predicted targeting interac-
tions among them using a statistical technique 
termed Bayesian network inference. Th e resulting 
interaction network model recapitulated many 
known interactions and made several interesting 
predictions. Five predictions were tested experi-
mentally by RNAi-mediated knockdown followed 
by DamID mapping of the putative interaction 
partners, and all of them could be confi rmed. 
In this way, the nucleosome remodeling ATPase 
BRAHMA was identifi ed as a central factor in the 
targeting of several sequence-specifi c transcrip-
tion factors.

Some chromatin components are known to cover 
long stretches of chromatin, but to what extent is 
regional enrichment a common feature of chroma-
tin proteins? We used a statistical approach to 
look for non-random enrichment in a collection 
of maps of proteins and histone modifi cations 
with diff erent types of binding, some known to 
cover long chromatin domains and others binding 
to specifi c DNA sequences. Surprisingly, nearly 
all of the 29 chromatin components exhibited 
enrichment in multi-gene domains. Such domains 
are very likely functionally signifi cant because 
they contain genes that tend to be expressed at 
the same time points in the life of a fl y, code for 
proteins with related functions, and their linear ar-
rangements tend to remain uninterrupted during 
evolution. 

Th e same study also showed that many chro-
matin components are enriched in overlapping 
genomic regions, indicating that the number of 
combinations is far smaller than the number of 
components. In a systematic eff ort to fi nd out 
what the major types of protein combinations are, 
we generated high-resolution binding maps of 53 
chromatin proteins – the largest such dataset so 
far in a multicellular organism. 
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Using only these data as a basis, we found that the 
Drosophila genome is segmented into fi ve major 
chromatin types, characterized by overlapping, 
but typical protein combinations. Two of them 
correspond to the well-known HP1-type and 
Polycomb-type of heterochromatin. Th e third 
type covers half of the genome, contains only 
silent genes, and is characterized by binding of his-
tone H1. Th e remaining two are distinct types of 
transcriptionally active chromatin. Th us, this study 
revealed that the genome is packaged by a limited 
set of distinct chromatin types, each with diff erent 
biochemical and functional properties. 

Taken together, the work presented in this thesis 
shows that the Drosophila genome is organized 
in chromatin domains with many implications for 
gene regulation, nuclear organization, and evolu-
tion. Furthermore it provides examples of how 
maps of chromatin protein binding, combined 
with computational approaches, can yield valuable 
insights into chromatin organization and function.

Samenvatting
Organisatie en functie van chromatine-
soorten in Drosophila 

Chromatine is het complex van DNA, RNA and 
een groot aantal verschillende eiwitten die samen 
de chromosomen van alle eukaryoten vormen. 
Chromatine vervult een tweeledige functie: het is 
een middel om de lange DNA-strengen zodanig 
geordend te verpakken dat zij tijdens de celde-
ling op een veilige manier over de dochtercellen 
kunnen worden verdeeld. Het is ook op actieve 
wijze betrokken bij de genregulatie, DNA reparatie, 
replicatie en andere processen. De eiwitsamenstel-
ling van chromatine variëert langs het genoom 
met verschillende gevolgen voor de genregulatie 
op verschillende plekken. 

Waar eiwitten binden hangt gedeeltelijk af van 
de DNA sequentie omdat veel eiwitten bepaalde 
sequentiemotieven herkennen. Daarnaast zijn veel 
eiwitten afhankelijk van interacties met andere 
eiwitten om aan specifi eke genomische locaties te 
kunnen binden. 

Voor een groot aantal chromatine -eiwitten begrij-
pen we nog niet goed hoe hun bindingspatroon 
langs het genoom tot stand komt.

Linker-histonen zoals histon H1 zijn veel voorko-
mende eiwitten waarvan gedacht wordt dat zij 
bij het condenseren van chromatine betrokken 
zijn. Het is echter onbekend hoe de binding van 
H1 wordt geregeld. Wij hebben een genoomwijd 
bindingsprofi el gemaakt van Drosophila H1 in 
de embryonale cellijn Kc167 met behulp van 
de DamID techniek. Hieruit bleek dat H1 op de 
meeste plekken in het genoom bindt met uitzon-
dering van actieve transcriptie startplaatsen and 
intergenische plaatsen welke met cis-regulatoire 
elementen overlappen. Op al deze plekken wordt 
het gewone histon H3 vervangen door de variant 
H3.3 als gevolg van transcriptie en nucleosoom 
hermodellering. Wij hebben aangetoond dat H3.3 
mede de binding van H1 tegenhoudt, omdat de-
pletie van H3.3 in meer binding van H1 resulteerde 
op die plekken waar het in de normale situatie niet 
kan binden.
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 Samenvatting

Het voorbeeld van H1 en H3.3 toont aan dat inter-
acties tussen chromatine- eiwitten in hun bindings-
profi elen terug te zien zijn. We hebben DamID 
bindingsprofi elen van een brede verzameling chro-
matine-componenten in Kc167 cellen gemaakt en 
met een statistische techniek, genaamd ‘Bayesian 
network inference’, systematisch sturende interac-
ties voorspeld. In het zo verkregen netwerkmodel 
waren een aantal bekende interacties terug te 
vinden, maar wij konden ook een aantal interes-
sante nieuwe voorspellingen doen. Vijf daarvan 
hebben wij experimenteel getest en allemaal 
kunnen bevestigen. Op die manier hebben we 
de nucleosoom remodeling ATPase BRAHMA 
geïdentifi ceerd als een bepalende factor voor de 
sturing van een groep van sequentie-specifi eke 
transcriptiefactoren.

Van sommige chromatine-componenten is 
bekend dat zij verdeeld in grote domeinen aan het 
chromatine binden, maar in hoeverre is regionale 
verrijking een algemeen kenmerk van chromatine-
eiwitten? We hebben een statistische benadering 
gebruikt om gebieden van niet-willekeurige 
verrijking op te sporen in een verzameling van 29 
bindingsprofi elen van eiwitten en histon-modifi ca-
ties. Van deze chromatine-componenten binden 
sommige gelijkmatig over grote afstanden en 
andere specifi ek aan bepaalde sequenties. Verras-
send genoeg toonden bijna allen een patroon van 
verrijking in multi-gen domeinen. Deze domeinen 
zijn waarschijnlijk functioneel belangrijk omdat de 
genen daarin bij voorkeur op dezelfde tijdstippen 
in de ontwikkeling van de vlieg tot expressie ko-
men. Ook zijn hun producten bij voorkeur betrok-
ken bij dezelfde functies, en blijft de volgorde van 
de genen vaak behouden tijdens de evolutie.

In dezelfde studie werd ook duidelijk dat een groot 
aantal chromatine-componenten in dezelfde 
genomische regio’s verrijkt zijn. Dus is het aantal 
combinaties van chromatine-componenten veel 
kleiner dat het aantal componenten zelf. Dit heeft 
ons aangemoedigd om op een systematische ma-
nier uit te zoeken wat de belangrijkste combinaties 
van chromatine-eiwitten zijn. 

Daarvoor hebben we hoge resolutie bindings-
profi elen voor 53 eiwitten gegenereerd. Dit is tot 
dusver de grootste dataset van dit type in een 
multicellulair organisme. Op basis van alleen deze 
data vonden we 5 hoofdtypes chromatine die 
door overlappende, maar karakteristieke com-
binaties van eiwitten gedefi niëerd zijn. Daarvan 
komen er twee overeen met de bekende HP1- en 
Polycomb-typen van heterochromatine. Het derde 
type bedekt de helft van het genoom, bevat alleen 
inactieve genen en wordt gemarkeerd door histon 
H1 en een aantal andere eiwitten. De resterende 
twee typen zijn verschillende soorten transcrip-
tioneel actieve gebieden. Uit deze studie blijkt 
dus dat het genoom in slechts een klein aantal 
verschillende soorten chromatine is verpakt die al-
lemaal verschillende biochemische en functionele 
eigenschappen hebben.

Tezamen laten de resultaten in dit proefschrift zien 
dat het genoom van Drosophila in chromatine-
domeinen georganiseerd is met gevolgen voor 
genregulatie, organisatie van de nucleus, en 
evolutie. Bovendien geeft dit proefschrift voor-
beelden hoe mapping van chromatine-eiwitten 
in combinatie met computationele benaderingen 
waardevolle inzichten kan leveren in de organisatie 
en functie van chromatine.
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