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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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