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- SUMMARY /| ZUSAMMENFASSUNG -

A. Summary

In the eukaryotic cell nucleus DNA needs to be highly condensed. The
initial level of DNA compaction is mediated by the wrapping of DNA around histone
octamers to form nucleosomes. For efficient DNA metabolism, including DNA
replication, transcription, repair and recombination, access to the required sequences
must be granted. Hence, nucleosomes need to be highly dynamic. This is mediated by
ATP-dependent chromatin remodeling complexes. It is still unclear to what extent these
enzymes are influenced by local DNA sequences when shifting a nucleosome to
different positions.

During my PhD thesis | studied ATP-dependent chromatin remodeling factors focusing
on the molecular mechanisms of action in dependence on the underlying DNA
sequence. | showed that each individual remodeling enzyme possesses distinct
nucleosome translocation properties. The direction (outcome) of nucleosome
translocation is determined by its underlying DNA sequence and is influenced by other
remodeling complex subunits. | demonstrated that nucleosome positioning by two
specific motor proteins is determined by the reduced affinity of the remodeling enzyme
to the end product of the reaction.

In the following, | characterized the kinetic properties of the DNA methyltransferase
Dnmtl in the context of chromatin. DNA methylation is an important epigenetic
modification required for a variety of DNA associated processes. Dnmtl is responsible
for the maintenance of methylation patterns. In a second wave of DNA methylation
following DNA replication, Dnmtl needs to access nucleosomal DNA. Using an in vitro
approach, | demonstrated that Dnmtl requires a minimal length of DNA overhangs to
bind to mononucleosomes. Furthermore, in vitro mapping of Dnmtl interactions with its
nucleosomal substrate suggests that Dnmtl needs to contact flanking DNA as well as
nucleosomal DNA for efficient binding. Finally, 1 could show that Dnmtl methylation
activity is inhibited within the nucleosomal core region. Interestingly, addition of
recombinant ATP-dependent chromatin remodeling factors abolish the inhibitory effect
of the nucleosome, most likely by rendering the nucleosomal DNA accessible to Dnmt1.

Taken together, these results suggest a major role for chromatin remodeling enzymes in
nucleosome positioning which in turn might be crucial for epigenetic DNA modifications
such as DNA methylation.



- SUMMARY /| ZUSAMMENFASSUNG -

Zusammenfassung

Im eukaryotischen Zellkern liegt die DNA in stark kondensierter Form vor. Die erste
Ebene der Chromatin-Kompaktierung wird durch die Windung der DNA um ein Histonoktamer
erreicht, wobei ein sogenanntes Nukleosom gebildet wird. Zur Gewéhrleistung eines effizienten
DNA Metabolismus, wie DNA Replikation, -Transkription, -Reparatur und -Rekombination
muissen die entsprechenden Sequenzen zuganglich sein. Aus diesem Grund missen
Nukleosomen hoch-dynamisch sein, was von ATP-abhangigen “Chromatin Remodeling”-
Komplexen sichergestellt wird. Jedoch bleibt es bisher unklar, in welchem Ausmald diese
Enzyme von der lokalen DNA Sequenz beeinflult werden, wenn sie ein Nukleosom zu

verschiedenen Positionen dirigieren.

In meiner Doktorarbeit habe ich mich mit ATP-abhangigen Chromatin Remodeling Faktoren
beschaftigt, wobei der Fokus auf deren molekularen Wirkungsmechanismen in Abhangigkeit
von der lokalen DNA Sequenz lag. Ich konnte zeigen, dass jedes individuelle Chromatin
Remodeling Enzym spezifische Eigenschaften zur Nukleosomen-Positionierung besitzt. Der
Endpunkt der Nukleosomen-Translokation wird hierbei durch die lokale DNA Sequenz und
zusatzliche Proteinuntereinheiten des Remodeling Komplexes bestimmt. Weiterhin konnte ich
fur zwei spezifische Motorproteine nachweisen, dass die Nukleosomen-Positionierung durch

eine verminderte Bindungsaffinitat der Enzyme zum Endprodukt bestimmt wird.

Im weiteren Verlauf meiner Arbeit charakterisierte ich die kinetischen Eigenschaften der DNA
Methyltransferase 1 (Dnmtl) am nucleosomalen DNA-Substrat. DNA Methylierung ist eine
epigenetische Modifikation, die fir verschiedene DNA-basierte Prozesse essentiel ist. Dnmt1 ist
fur die Aufrechterhaltung des Methylierungsmusters im Anschluf? an die DNA Replikation
verantwortlich. Dabei bendétigt Dnmtl Zugang zu nucleosomaler DNA. Anhand eines in vitro
Ansatzes konnte ich zeigen, dass Dnmtl eine an das Nukleosom angrenzende minimale Lange
von DNA-Uberhdngen (“Linkern”) benétigt, um an Mono-Nukleosomen binden zu kénnen.
Weiterhin zeigten Dnmtl in vitro “Mapping”-Experimente Interaktionen mit dem nukleosomalen
Substrat; ein Hinweis, dass Dnmtl fur eine effiziente Bindung sowohl den Kontakt zu
flankierenden DNA-Sequenzen als auch zu nukleosomaler DNA bendétigt. Ferner konnte ich
nachweisen, dass die katalytische Aktivitdit von Dnmtl in der Nukleosomenkern-Region stark
vermindert ist. Die Zugabe von Remodeling Komplexen zum nukleosomalen Reaktionsansatz
stimulierte die enzymatische Dnmtl Gesamt-Aktivitdt auf das an freien DNA-Substraten
gemessene Ausgangshiveau. Zusammenfassend zeigen diese Resultate die spezifische und
prazise Positionierung von Nukleosomen durch Chromatin Remodeling Enzyme und den damit

verbundenen wichtigen Einfluss auf epigenetische Modifikationen wie die DNA Methylierung.



- INTRODUCTION -

B. Introduction

|. THE CHROMATIN STRUCTURE

1. In General

The evolution of multi-cellular organisms demands for functional specialization of
individual cells and therefore differential gene expression. The linear length of
approximately two meters DNA as well as the complexity of eukaryotic genomes
confront the cell with several topological challenges. Genomic DNA has to be tightly
condensed to fit into the sub-cellular compartment of the nucleus but simultaneously the
genetic information has to be readily accessible. Eukaryotic cells fulfill these
requirements by organizing genomes into a structure called chromatin, a compact but
highly dynamic nucleoprotein complex. The term “chromatin” (greek: color) was first
introduced by Walter Flemming in 1982 (Flemming, 1982). In his work, Flemming
defined “chromatin” as the “stainable substance of the nucleus”. Its accessibility is
important for DNA binding factors. Chromatin represents the functional state of
eukaryotic genomes and thereby serves as natural substrate for all kinds of DNA-
dependent processes. Such are the control of gene expression, as well as DNA
replication, recombination and repair (Felsenfeld and Groudine, 2003; Khorasanizadeh,
2004).

The dynamic of chromatin is regulated by a variety of related mechanisms: ATP-
dependent nucleosome remodeling (Becker and Horz, 2002; Tsukiyama, 2002; Varga-
Weisz and Becker, 2006), post-translational modifications of histones, (Fischle, 2008;
Fischle et al., 2003a; Fischle et al.,, 2003b; Vaquero et al., 2003) the exchange of
canonical histones through histone variants and in certain eukaryotes DNA methylation
(Bernstein and Hake, 2006). These modulations influence chromatin structure by
regulating the accessibility of nucleosomal DNA, and thereby regulating DNA-

dependent cellular processes.

1.1. The nucleosome - basic packaging unit of chromatin

The nucleosome core particle (NCP) represents the basic structural unit of
chromatin (Oudet et al., 1975), harboring a molecular weight of 210 kDa (Kornberg,
1974) (see Fig. 1). In 1997, a detailed structure of a nucleosome core patrticle at high

resolution was provided by X-ray crystallography (Luger et al., 1997; Richmond and
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Davey, 2003). The terminology “nucleosome core particle” is now used to refer to a
nucleosome consisting of 147 bp +/- 2 or 3 bp of DNA, that are wrapped in 1.67 left-
handed superhelical turns around a disc-like histone protein core (Luger et al., 1997). In
the presence of DNA or at high salt concentrations, two copies each of the four core
histone proteins H2A, H2B, H3 and H4 assemble to form the octamer from which the
unstructured histone tails protrude (Luger and Richmond, 1998; Lusser and Kadonaga,
2004). The core histones are small basic proteins (11-16 kDa) that are among the best-
conserved eukaryotic proteins. They are bipartite proteins, composed of a carboxy-
terminal globular domain and a less structured N-terminal domain. The globular domain
consists of a characteristic ternary structure called “histone fold” motif formed by three
a-helices connected by two loops. The intermolecular interaction of histone folds occurs
in a “handshake”™like manner resulting in H2A/H2B and H3/H4 dimers (Davey et al.,
2002; Luger et al., 1997). The highly basic N-terminal domains (“tails”) that extend from
the surface of the nucleosome serve as targets for post-translational modifications and
are important for higher order chromatin structure (Fischle et al., 2003a; Vaquero et al.,
2003). These structural components organize the nucleosomal DNA and mediate both
intranucleosomal and internucleosomal interactions (Luger, 2006; Richmond and
Davey, 2003).

13 nm

Figure 1: The nucleosome core particle

Structure of the “nucleosome core particle”. 147 bp DNA (blue) are wrapped around the histone octamer that is
composed of two copies each of histone H2A (red), H2B (pink), H3 (green) and H4 (yellow) to form a “nucleosome
core particle” (adapted from (Khorasanizadeh, 2004)).

1.2. Chromatin higher order structures
In eukaryotic genomes the packaging of DNA into chromatin can be divided into
several hierarchal levels. Nucleosomes are usually connected by short stretches (10-80

bp) of linker DNA, depending on the species and tissue, which enters and exits the
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nucleosome at sites close to each other, referred to as the entry/exit site. In vivo, the
majority of nucleosomes are bound by a fifth histone, the linker histone H1. It binds
additional 20 bp on DNA at the entry/exit site of the nucleosome (Wolffe, 1997; Wolffe
and Kurumizaka, 1998).

At low salt concentrations, extended nucleosomal arrays form the “beads-on-a-string’-
like structure called 10 nm fiber where the nucleosomes represent the beads and the
DNA the string (Olins and Olins, 1974) (van Holde, 1996), (Fig. 2A and B). This
nucleosomal repeat (“array”), that allows a 6 to 7-fold compaction is considered the
primary level of chromatin structure, but cannot account for the organization observed in

the cell's nucleus.

Figure 2: “Beads-on-a-string”
A) Structural model of nucleosomal DNA forming the 10 nm fiber (adapted from (Luger, 2002)). B) Electron
micrograph showing the 10 nm fiber “beads-on-a-string” (adapted from (Olins and Olins, 2003)).

The 30 nm fiber, the second level of chromatin compaction, is formed at
physiological salt concentrations. The formation of these folded nucleosomal arrays is
facilitated by the presence of linker histones (Clark and Kimura, 1990), in a way that
binding induces the formation of the 30 nm fiber, as demonstrated in numerous in vitro
studies (Allan et al., 1980a; Allan et al., 1980b; Felsenfeld and McGhee, 1986; Graziano
et al., 1996; Ramakrishnan, 1997; Thomas and Butler, 1980). For complete fiber
compaction a basic patch on the H4 tail, residues 16-20, is essential, most likely
because of its interaction with an acidic patch of the H2A/H2B dimer of the neighboring

nucleosomes (Davey et al., 2002; Dorigo et al., 2003; Luger et al., 1997).
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The exact structure of the 30 nm fiber is still under debate. Two competing, but not
necessarily exclusive models have been proposed: the “solenoid model” and the “zig-

zag” or “crossed-linker model”.

Figure 3: Schematic representation of two different topologies for the 30 nm fiber

Structural predictions of the 30 nm fiber. Two different topological models: “Solenoid helix” (Left): The
interdigitated one-start helix. According to this model, neighboring nucleosomes follow each other along the same
helical path, “Zig-Zag helix” (Right): A two-start helix with neighboring nucleosomes crossing between two helical
stacks adapted from (Robinson and Rhodes, 2006).

According to the first model, successive nucleosomes follow each other along the same
helical path, thereby forming a one-start helical structure (6 to 8 nucleosomes/turn).
Under these conditions linker DNA has to be bent to allow fiber formation (Finch and
Klug, 1976; Robinson and Rhodes, 2006; Routh et al., 2008), (Thoma et al., 1979;
Widom and Klug, 1985). The second model proposes, that consecutive nucleosomes
are connected by straight linkers and nucleosomes alternate between two helical stacks
in a zig-zag arrangement, resulting in a two-start helix (Bednar et al., 1998; Dorigo et
al., 2004; Khorasanizadeh, 2004). These alternate packaging would result in a more

compact 30 nm fiber (Woodcock and Dimitrov, 2001).

A low-resolution crystal structure of a tetranucleosome strongly supports the “zig-zag
model”, because it showed nucleosomes alternating between two stacks of two
nucleosomes (Schalch et al., 2005). A recent study provided good arguments for a third,
interdigited structure (Robinson et al., 2006; Robinson and Rhodes, 2006). It is
important to point out, that the obtained data did not demonstrate that the 30 nm fiber
really exists in vivo. All studies performed until now, were done by using in vitro systems
or on purified fibers. The structure could not be observed up to now in sections of whole

nuclei (Tremethick, 2007). Alternative structures of the 30 nm fiber could exist in vivo,

10
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depending on the linker DNA length and the presence of linker histones (Robinson and
Rhodes, 2006).

Packaging into the 30 nm fiber compacts DNA by a factor of 30 to 40. Further chromatin
compaction beyond the 30 nm fibers (tertiary structures) is poorly understood
(Felsenfeld and Groudine, 2003), (Fig. 4A and B). Different biophysical studies give
evidence, that chromatin fibers could be further organized into large domains by
attaching to an underlying supporting structure. This structure called “nuclear scaffold”
or “nuclear matrix” consists of RNA and proteins (Fisher and Merkenschlager, 2002;
Hancock, 2000). Scaffold or matrix attachment regions (S/MARSs) are found every 5-200
kb in eukaryotic genomes and are believed to organize chromatin into distinct domains
by dynamic binding to the nuclear matrix. However, the existence of a rigid nuclear

scaffold is still controversial (Bode et al., 2003).

B C D E F
| (I 11 | |——————>—| |[—]
11 nm 30 nm 300 nm 700 nm 1400 nm

Chromonema fiber
/\ - Linker histones

Figure 4: Miscellaneous view of chromatin fiber condensation

A) Different levels of chromatin compaction. The DNA double helix structure (A) is wrapped in 1.67 superhelical
turns around the histone octamer to form the “nucleosomal array” (B). This “beads-on-a-string”-like structure is

11
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further folded into the 30 nm fiber (C) and higher order chromatin structures (D and E), finally forming the highest

condensed structure of mitotic chromosomes (adapted from (Felsenfeld and Groudine, 2003)). B) Alternative model
illustrating chromatin organization in the nucleus. The different steps involved in the folding of nucleosomal arrays
into maximally folded chromatin fibers are shown (adapted from (Horn and Peterson, 2002)).

1.3. Compartmentation of chromatin within the nucleus

Chromatin is evenly dispersed throughout the nucleus of eukaryotic cells with the
exception of cell division when chromatin is highly condensed to form individual
chromosomes. Despite this distribution, chromatin appears to be organized in more and
less condensed regions (Pederson, 2004). Distinct compartments within the cell nucleus
suggest influencing the functional activities of chromatin (Baxter et al., 2002; Cremer et
al., 2001; Cremer and Cremer, 2001). A gene locus might become transcriptional active
if it is arranged within an open, accessible chromatin domain. Contrary, transcriptional
silencing could more easily occur if a locus is relocated to a compact chromatin
environment (Chubb and Bickmore, 2003).

Emil Heitz cointed the terms “euchromatin” and “heterochromatin” (Heitz, 1928;
Passarge, 1979; Zacharias, 1995). He hypothesized that “euchromatin is genetically
active and gene-rich, whereas heterochromatin is genetically passive and harbors less
genes”, Figure 5. These simplistic principles remain rather close to the current
categorization of “euchromatin” and “heterochromatin”. Heterochromatic domains,
generally gene poor, are less accessible for DNA binding factors due to their highly
condensed regions that are mostly transcriptional inactive (Fisher and Merkenschlager,
2002; Grewal and Elgin, 2002; Grewal and Moazed, 2003). Euchromatin is defined by a
less condensed state, harboring a more nuclease sensitive configuration and more

transcriptional active regions.

12
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Heterochromatin

Euchromatin

Figure 5: Functional compartments of the vertebrate cell nucleus

“Euchromatin” and “Heterochromatin” formation in the cell nucleus. A nucleolus is surrounded by electron-dense
heterochromatin, which is also localized at the nuclear periphery. Contrary, the electron-permeable euchromatin can
be found in the more central domains (after Kenneth M. Bart, Hamilton College, New York).

Furthermore, both chromatin configurations differ in their replication timing: Euchromatin
is replicated earlier in S-phase, whereas heterochromatin becomes replicated in mid to
late S-phase. For heterochromatin there exists a further sub-categorization into
constitutive and facultative forms (Brown, 1966). Constitutive heterochromatin is
generally poor in genes and occurs mainly in repetitive sequences, e.g. satellite
centromeric and pericentromeric repeats as well as telomeric regions. Apart from being
replicated in late S-phase, these regions are modified by H3K9me3 and H4K20me3.
The histone methyltransferase Suv39hl as well as HP1, which binds specifically to
H3K9me3, are localized therein (Bannister et al., 2001; Maison et al., 2002). Further,
centromeric regions of constitutive chromatin are characterized by the presence of the

specific histone variant CENP-A, substituting histone H3 (Bernstein and Hake, 2006).

In contrast, facultative heterochromatin is formed by DNA regions that are
transcriptionally silenced by regulatory mechanisms like extracellular stimuli, cell cycle
and developmental stage. Prominent examples for silencing of facultative
heterochromatin regions are “X-inactivation” in female mammals, “Mating type locus
silencing” in yeast, “Position effect variegation” in Drosophila. “Position effect
variegation” is the term used to describe silencing of a gene if it is localized within
heterochromatin. In spite of this it becomes transcriptional active if the same gene is

located away from chromatin (Wilson et al., 1990). Little is known about the stochastic
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on/off gene expression, but it is suggested, that occasional “spreading” of the
condensed heterochromatin into euchromatic regions alters the chromatin structure,

resulting in gene inactivation (Reuter and Spierer, 1992; Schotta et al., 2003).

The described heterochromatic domains are further associated with a variety of factors,
histone modifications and specific histone variants. Additionally, interplay between
chromatin remodeling, histone modification, DNA methylation and also the RNAI
machinery seems to be important for the formation and maintenance of the

heterochromatic state of chromatin (Vermaak et al., 2003).

2. Nucleosome assembly

The coordinated packaging of DNA into a nucleosome is called “nucleosome
assembly”. To precisely direct this staged process, the deposition of the basic histone
proteins onto the negatively charged DNA, suitable machinery is needed. These are
specialized factors, like histone chaperones (“histone-transfer vesicles”) and ATP-
dependent machines that exactly deposition histones, e.g. ACF and CHRAC (Fyodorov
and Kadonaga, 2002; Haushalter and Kadonaga, 2003; Kadam and Emerson, 2002).
Two main assembly pathways have been described: As mentioned above, the majority
of histones are expressed during S-phase and then deposited during DNA replication, a
process mediated by histone chaperone CAF-1 (chromatin assembly factor 1, (Smith
and Stillman, 1989) with which ASF1 (anti-silencing function 1) (Mello et al., 2002; Tyler,
2001) or RCAF (replication-coupling assembly factor) synergizes (Vaquero et al., 2003).
The replication-independent deposition of histone variants is mediated by different
complexes. Histone H3.3 has been found to be deposited by the HIR/HIRA (histone
regulation) complex (Ray-Gallet et al.,, 2002; Tagami et al., 2004), whereas the
deposition of H2A.Z is mediated by the SWR1 complex (Korber and Hérz, 2004;
Mizuguchi et al., 2004). Apart from histone deposition, histone chaperones are
important for histone transport and storage, e.g. NAP1 (nucleosome assembly protein-
1; (Mosammaparast et al., 2002) and Nucleoplasmin (Akey and Luger, 2003; Wolffe,
1998). Chromatin assembly itself is a two-step process: At first a histone (H3-H4),
tetramer is deposited on the DNA, thereby forming a tetrasome (Smith and Stillman,
1989; Worcel et al., 1978). Subsequently, two H2A-H2B dimers (Jackson, 1990; Wolffe

and Kurumizaka, 1998) are placed on each side of the tetrasome. A model according to
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which H3 and H4 can be deposited as dimers rather than tetramers has also been

proposed (Tagami et al., 2004).

[l. MODIFICATIONS IN CHROMATIN

The many levels of chromatin condensation provide the cell with a way of
organizing its genome into the nucleus but also play an important role in regulating the
accessibility of DNA sequence. Chromatin mostly exists in a highly ordered state and
the unfolding of the highly condensed chromatin fiber to the 10 nm nucleosomal filament
seems to be transient and/or spatially restricted (Widom, 1998). Hence, to allow the
DNA-mediated processes, chromatin needs to be highly dynamic. There are two main
states of changing the chromatin configuration: transiently, e.g. temporary alterations of
transcription, or permanently. The latter, which implies the propagation of the chromatin
state to daughter cells, is commonly referred to as “epigenetic memory” (Allis et al.,
2007). Several principles, frequently acting in concert with each other are used for the
alteration of chromatin structure. Firstly, histone tails can suffer covalent
posttranslational modifications (see section B.l.1.1.). An additional principle is the
substitution of canonical histones by histone variants (see section B.l.1.2). Furthermore,
enzymes that utilize the energy of ATP hydrolysis to alter canonical histone-DNA
interactions alter the chromatin structure as well (see section B.1.2; reviewed in (Becker
and Horz, 2002; Henikoff et al., 2004). Finally, DNA methylation at the °C of its base
components is known as the most stable epigenetic mark. This modification will be

described in detail in section B.I1.4.

1. Histone modifications

1.1. Posttranslational modifications of histones

A multitude of posttranslational modification (PTMs) of the core histones are
mostly attached at, but not limited to, amino acids at the flexible N-terminal domains
(Kouzarides, 2007). Among these PMTs are methylation of lysines (mono-, di-, and
trimethylation) and arginines (mono-, asymmetrical and symmetrical dimethylation),
acetylation of lysines, ubiquitinylation of lysines, phosphorylation of serines and
threonines, SUMOylation and ADPribosylation (Bonisch et al., 2008; Cosgrove et al.,
2004; Fischle et al., 2003b; Vaquero et al., 2003).
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Figure 6 shows a summary of the known histone modifications. Histone modifications
like histone methylation and histone acetylation have already been identified more than
40 years ago (Allfrey et al., 1964; Murray, 1964). They serve as markers for the
chromatin environment, being involved in the regulation of chromatin structure as well

as in the control of gene activity (lizuka and Smith, 2003; Khorasanizadeh, 2004).
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Figure 6: Posttranslational modifications of histones

Illustration of the histone octamer of the NCP. Specific amino acid sites of posttranslational modifications
(acetylation, phosporylation, ubiquitinylation and methylation) that are known to occur on histones are indicated by
colored symbols: H4 (blue); H3 (yellow) H2A (red), H2B (green) (After Briggs
http://iwww.ag.purdue.edu/biochem/Pages/sdbriggs.aspx).

Specific enzymes establish and erase histone maodifications, for instance histone
acetyltransferases (HATSs), histone deacetylases (HDACS), histone methyltransferases
(HMTs) and histone demethylases (HDMs) (reviewed in Jenuwein, 2001; Bonisch,
2008). Until recently, with the discovery of enzymes that demethylate histone tails,
methyl marks, established by histone methyltransferases were considered to be stable
and irreversible. Histone arginine deiminases (e.g. PAD4), arginine demethylases (e.g.
JMJD6) and lysine-specific demethylases (e.g. LSD1) are examples for these families
(Shi et al., 2004), (Chang et al., 2007; Klose et al., 2006a; Klose et al., 2006b; Wang et
al., 2004).

The covalent histone modifications change the structural properties of histones or
modify the interactions of the histone tails. This could affect histone-DNA interactions
within the same or neighboring nucleosome. The acetylation of histone H4 on lysine 16
(H4K16Ac) is a prominent example for preventing complete chromatin compaction
(Robinson et al., 2008; Shogren-Knaak et al., 2006). However, this could also happen

indirectly through the recruitment of specific “readers” (effector molecules), Figure 7.
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Several modifications serve as targets for protein recognition modules, e.g. the
chromodomain that recognizes methylated lysine (Jacobs and Khorasanizadeh, 2002)

or the bromodomain that interacts with acetylated lysine (Jacobson et al., 2000).
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Figure 7: Schematic illustration of the components that constitute chromatin

The DNA strand harbors CpG dinucleotides that can be methylated (blue). Variants of the core histones (H2A, H2B,
H3) are depicted in green. Posttranslational modifications (PTM) of histones are set by a “writer”, deleted by an
“eraser” and can be recognized by “readers” that bind to specific epitopes (adapted from (Bonisch et al., 2008)).

The “histone code” hypothesis suggests that a specific combinatorial set of histone
modification marks either in “cis” (on same tail) or in “trans” (on proximal tails) can
trigger the recruitment of particular transacting factors (effector proteins). A modification
by itself would at times have consequences on itself, but mostly it would depend on the
context of other modifications. This would subsequently result in the mediating of
specific functions (Jenuwein and Allis, 2001; Turner, 2002). This implies that the

modification of histone tails largely broadens the information of the genetic code.

1.2. Histone variants

Apart from histone modifications, nucleosomes can also contain variants of the
core histones, H2A, H2B, H3 and H1, so called replacement histones. For histone H4,
no variants have been reported so far. Depending on the complexity of the organism,
the number of histone variants increases (Hake and Allis, 2006). The difference
between individual histone variants is determined by their amino acid composition,
mainly in the N-terminus and their induction of specialized functions to the
nucleosomes. Generally, several histone variants are enriched in specific chromosomal
locations and/or can modulate the nucleosome structure (Henikoff et al., 2004). Until
now, the best-characterized histone variants are the H2A variants. In Drosophila

melanogaster the H2Av variant is required for heterochromatin formation; in mammals
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H2A.X is involved in DNA double-strand break repair and the H2A.Z variant is essential
for survival (Redon et al., 2002; Swaminathan et al., 2005). MacroH2A, a histone H2A
variant harboring a C-terminal extension of 25 kDa, is enriched in the nucleosomes of
inactive X-chromosomes (Costanzi and Pehrson, 1998). Further, nucleosomes
containing H2A variants such as H2A.X and H2A.Z form specialized chromatin
structures, thereby affecting DNA repair, gene silencing and chromatin remodeling
(Ausio, 2006; Dhillon and Kamakaka, 2002; Santisteban et al., 2000).

The histone H3 variant H3.3 accumulates on highly transcribed regions like active rDNA
arrays and therefore correlates with transcriptional activity (Ahmad and Henikoff, 2002).
In contrast to canonical histones, that are expressed during S-phase and deposited
during DNA replication, histone variants are synthesized throughout the cell cycle and
deposited independent of DNA replication. Another H3 variant, the centromeric-specific
CENP-A (centromeric protein A), seem to be smaller and less stable than canonical
ones (Dalal et al., 2007a; Dalal et al., 2007b; Palmer et al., 1991).

2. Chromatin dynamics

In order to fine-tune the gene expression level between a fully active and a fully
repressive state in dependence of the temporal cellular context, eukaryotes have
developed highly progressive systems. A fluid state of chromatin is necessary to enable
DNA-dependent processes. This dynamic balance between genome packaging and
genome access is enabled by the tight interplay between histone modifying enzymes
with “ATP-dependent nucleosome remodeling factors”. Members of this enzyme family
utilize the energy of ATP-hydrolysis to alter DNA-histone interactions within the
nucleosome (Becker and Horz, 2002). This mobilizes histone octamers and exactly
positions them on regulatory elements, thereby inhibiting or arranging regulatory factors
access to their specific sites. All identified ATP-dependent chromatin remodeling factors
form multiprotein complexes, consisting of a related motor protein that belongs to the
Snf2 family of ATPases (Bao and Shen, 2007; Eberharter and Becker, 2004; Eisen et
al., 1995) and additional subunits. The Snf2 family belongs to the DEAD/H superfamily
of DNA-stimulated ATPases (Eisen et al., 1995; Peterson and Logie, 2000), which can
be further divided into multiple subfamilies. Recently a catalogue of over 1300 Snf2
family members was assembled based on a phylogenetic approach. The categorization

into 24 distinct subfamilies was done by sequence alignment of the helicase-related
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regions (Figure 8). This study further revealed that all eukaryotes contain members of
multiple subfamilies (11 subfamilies were ubiquitous represented in eukaryotic
genomes), whereas they are less common and not ubiquitous in bacteria and archaea.
Almost all Snf2 family proteins were identified as ATP-dependent ATPases. Several
members have been linked to diseases and some are even essential for survival. Snf2
family proteins participate in many biochemical processes in the nucleus, most

frequently chromatin packaging (Flaus et al., 2006).
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Figure 8: SNF2 family of ATPases

Illustration of the relationship between subfamilies. This was based on a HMM (Hidden Markov model) profile for
full-length alignments of helicase regions. Grouping into subfamilies is indicated by coloring (after (Flaus et al.,
2006)).

According to the sequence alignment of the helicase-like regions, the subfamilies fall
into 5 distinct groups, which are closely related (see Figure 8): Snf2-like, Swrl-like,
SS01653-like, Rad54-like and Rad5/16-like (Flaus et al., 2006).

The effects of the remodeling reaction are determined by the ATPase and the
associated regulatory subunit. A number of different reactions are catalyzed by
remodeling factors. They have been described to introduce conformational changes to
the nucleosome, to reposition nucleosomes along the DNA (“sliding”), to assist
nucleosome assembly, to exchange H2A/H2B dimers and to evict entire nucleosomes
(Becker and Hoérz, 2002; Li et al., 2007; Lusser and Kadonaga, 2003) (Fig. 9A and 9B).

In vivo, chromatin remodeling factors are involved in processes such as chromatin
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assembly, transcription and DNA repair. Inaccurate nucleosome remodeling leads to
transcriptional deregulation and diseases, e.g. cancer (Kadam and Emerson, 2002;
Kadam and Emerson, 2003; Wang et al., 2007a; Wang et al., 2007b). The fact that
chromatin remodeling factors are highly conserved from yeast to human, highlights their

necessity for chromatin regulation (Eberharter and Becker, 2004).

In the following section | will give a detailed description on specific chromatin
remodeling factors that are important for the present work: The SNF2 subfamily, the
Chd1 family and the ISWI family that belong to the Snf2-like group, whereas the 1no80
class is a member of the Swrl-like group (Figure 10). Further information on the
different members of the subfamilies and the specific categorization can be found in

Flaus et al. (Flaus et al., 2006) or http://www.snf2.net.
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Figure 9: Reactions catalyzed by ATP-dependent chromatin remodeling factors

A) Graphic illustration of enzymatic properties attributed to ATP-dependent chromatin remodeling factors (kindly
provided by Verena Maier). B) Schematic representation of divers reactions catalyzed by chromatin remodeling
factors. Remodelers (green) assist in chromatin assembly by moving already deposited histone octamers (A). The
remodeling activity on a nucleosome array results in various products that can be classified in two categories: (B) a
DNA-binding protein (DBP) (red) becomes accessible by “nucleosomal sliding” (repositioning), or “nucleosomal
eviction” (ejection), or local unwrapping, and (D) altered histone composition, in which the nucleosome content is
modified by dimer replacement [exchange of H2A-H2B dimer with a histone variant (blue)] or through dimer
ejection (adapted to (Clapier and Cairns, 2009)).
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Figure 10: SNF2 family of ATPases

B) DEAD/H superfamily of Snf2-like ATPases. Subdivision of remodeling families according to their ATPase
domain. All remodeler families share an SNF2-family ATPase subunit characterized by a split ATPase domain: 1.
DExx (red) and HELICc (orange). Each family differs in the unique domains residing within, or adjacent to, the
ATPase domain. Remodelers of the Snf2 (SWI/SNF), ISWI, and Chd1 families each have a specific short insertion
(grey) within the ATPase domain, whereas remodelers of Ino80 family harbor a long insertion (yellow). Further
definition is achieved by the presence of distinct combinations of flanking domains: 1. Bromodomain (light green)
and 2. HSA (helicase-SANT) domain (dark green) for Snf2 family; 1. SANT-SLIDE module (blue) for ISWI family;
1. tandem chromodomains (pink) for the Chd family; and 1. HAS domain (green) for the Ino80 family (adapted
from (Clapier and Cairns, 2009)).
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2.1. Important chromatin remodeling subfamilies for this study

2.1.1. THE SNF2 FAMILY
The first ATP-dependent remodeling complex, SWI/SNF, was identified through a

genetic screen in yeast for mutations interfering with mating type switching (SWI) and
sucrose non-fermentation (SNF). It was suggested that the SWI and SNF genes could
be components of the same multi-subunit complex. Through this screening, the 11
subunits of the SWI/SNF complex including its ATPase SWI or SNF2 were purified and
identified (Peterson and Herskowitz, 1992; Smith et al.,, 2003; Sudarsanam and
Winston, 2000). SWI/SNF type ATPases harbour a bromodomain, which might target
them to acetylated chromatin (Marmorstein and Berger, 2001). A connection with
chromatin was established while observing that the purified yeast SWI/SNF complex
binds both DNA and nucleosomes with high affinity and alters the chromatin structure in
an ATP-dependent manner (Vignali et al., 2000). SWI/SNF catalyses the movement of
nucleosomes (“nucleosome sliding”) of DNA in cis (Whitehouse et al., 1999). In vivo,
SWI/SNF is required both for transcriptional activation and repression of selected genes
(Holstege et al., 1997) (Sudarsanam and Winston, 2000). It often cooperates with
histone acetyltransferase complexes to activate transcription. The interaction with

specific transcription factors targets it to specific genes.

The RSC complex (Remodels the Structure of Chromatin) contains several subunits
that are closely related to yeast SWI/SNF subunits (e.g. STH1/NSP1) with
interchangeable ATPase domains (Laurent et al., 1993), (Martens and Winston, 2003).
RSC functionally differs from SWI/SNF complexes and is essential for growth (Cairns et
al., 1996). Studies suggest that RSC is involved in chromosome segregation (Hsu et al.,
2003) and can facilitate the loading of cohesins onto chromosomes (Huang et al.,
2004). Genome-wide studies revealed that RSC regulates many genes, including genes
for RNA polymerase Il promoters, small nucleolar RNAs and RNA polymerase Il

promoters (Ng et al., 2002).

Two homologues of the SWI/SNF complexes were discovered in Drosophila, BAP and
PBAP, both containing the ATPase Brahma. They differ in the associated subunits and
are part of large multi-subunit complexes (Mohrmann and Verrijzer, 2005). Mammalian
cells also posses two Snf2-like ATPases, mammalian BRM (Brahma) and Brgl

(Brahma related gene productl) (Tsukiyama, 2002). They contain one of these proteins
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as the central ATPase together with several tissue-specific subunits or additional
subcomplexes (Carlson and Laurent, 1994; Martens and Winston, 2003; Wang, 2003).
As in yeast, these complexes function in activation and repression of transcription
(Martens and Winston, 2003; Sudarsanam and Winston, 2000). According to their
subunit composition, different in vitro and in vivo properties have been described.
Human BRM and Brgl differ in their ability to remodel mononucleosomal core particles
(Sif et al., 2001). Brgl and BRM as well as the core subunit SNF5 were demonstrated

to have tumor-suppressive functions in both mice and humans (Wang et al., 2007a).

2.1.2. THE CHD1 FAMILY

The first CHD (chromodomain, helicase, DNA binding) protein was purified from
Xenopus laevis. The CHD subfamily is defined by two tandem repeats of
chromodomains (Chromatin organization modifier) on the N-terminus in addition to an
SNF2-related ATPase domain (Paro and Hogness, 1991; Tsukiyama and Wu, 1997).
Chromodomains can bind to methylated histone tails, but functional analyses revealed a
variety of possible interaction partners, not only histones, but also DNA and RNA
(Brehm et al., 2004).

Well-studied remodeling factors belonging to this family include the NURD
(“NUcleosome Remodeling and Deacetylation”) complex and the ATPase Chdl. NURD
has been identified and isolated from various organisms such as Drosophila, Xenopus
and human. CHD family members Mi-2a and Mi-23 (CHD3 and CHD4 respectively)
have been recognized as components of the NURD. Apart from nucleosome remodeling
and histone deacetylase enzymes (HDAC1/HDAC2), NURD is associated with further
subunits, e.g. the methyl DNA binding proteins MeCP2 and MBD3 (methyl-binding
domain 3), which target the complex to methylated DNA and couples ATP-dependent
remodeling to histone deacetylation, resulting in gene silencing (Tyler et al., 1999),
(Bouazoune et al., 2002; Bowen et al., 2004; Brehm et al., 2000; Flaus et al., 2006).
The Drosophila genome encodes a second putative protein besides dMi-2 that belongs
to the Chd3/Chd4 subfamily: dCHD3. It shares both chromodomains, one of the
conserved PHD fingers and the ATPase with dMi-2. Regions important for protein-
protein interactions are missing or incomplete (Bouazoune and Brehm, 2005). A recent
study has shown that dCHD3 is expressed as a nuclear protein during development and

in adult females. It colocalizes with RNA polymerase Il on polytene chromosomes and
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exist as a monomer. Further it was biochemically characterized and shown that dCHD3
is stimulated by nucleosomes (Murawska et al., 2008). Recently, a novel dMi-2 complex
was purified from Drosophila. This two-subunit complex, dMec (Drosophila MEP-1-
containing complex) harbors the dMEP-1 protein and was shown to constitute the major
dMi-2-containing complex. Recombinant dMec showed a nucleosome stimulated
ATPase activity (Kunert et al., 2009).

Chdl is found as a monomer in yeast, Drosophila and mammals. Certain CHD
remodelers (Chdl, CHD?2) slide or eject nucleosomes thereby promoting transcription.
The CHD family has been studied in detail (Delmas et al., 1993; Tsukiyama, 2002). The
ATPase Chd1l harbors DNA binding activity and plays a distinct role in the transcription
process (Kelley et al., 1999; Tran et al., 2000). Drosophila Chd1 assists the formation of
regularly spaced nucleosomal arrays in vitro and is required for the deposition of histone

variant H3.3 in vivo (Konev et al., 2007; Lusser et al., 2005).

2.1.3. THE INO80 FAMILY

In contrast to the ATPase domains of other subfamilies, those of the Ino80
(INOsitol requiring 80) are bipartited by the insertion of a large spacer region (split
ATPase domain) between the DExx and HELICc domain. In addition, the insertion
serves as a binding platform for the helicase-related Rvb1/2 proteins (RuvB), separating
DNA strands, and one actin-related ARP protein (Jin et al., 2005; Shen et al., 2000).
Yeast Ino80.com consists of 15 subunits and is involved in DNA repair, recombination
and transcription (Morrison et al., 2004; Shen et al., 2000; van Attikum et al., 2004),
(Papamichos-Chronakis et al., 2006; Tsukuda et al., 2005). Mutants of the Ino80
ATPase showed defects in transcription and increased sensitivity to DNA damaging
agents (Shen et al., 2000). Further Ino80 can alter chromatin structure in vitro (Ebbert et

al., 1999). Orthologues exist in Drosophila as well as in mammals.

2.1.4. THE ISWI FAMILY

The ISWI (Imitation SWItch) family of ATPases can be regarded as the subfamily
most closely related to the SWI/SNF ATPases (Gangaraju and Bartholomew, 2007a;
Gangaraju and Bartholomew, 2007b). Two domains characterize the ISWI ATPase, a
SANT domain (switching-defective protein 3, adaptor 2, nuclear receptor co-repressor,

transcription factor TF-111B), which is required for histone binding, and a SLIDE (SANT-
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like ISWI domain) that is responsible for both DNA binding and complete ATPase
activity (Clapier et al., 2001; Fazzio et al., 2005; Grune et al., 2003; Hamiche et al.,
1999).

In general, all ISWI complexes share the property to catalyze nucleosome
translocations. The first identified ISWI complexes NURF, CHRAC and ACF were
purified from Drosophila. Biochemical studies suggest the ability of ISWI proteins to
reposition rather than disrupt nucleosomes and to optimize nucleosomal spacing
(Eberharter et al., 2001; Ito et al., 1997a; Ito et al., 1997b; Tsukiyama and Wu, 1995;
Varga-Weisz et al., 1997).

The components of NURF are ISWI, the large regulatory subunit NURF301, the
pyrophosphatase NURF38 and the WD40 protein NURF55 (Tsukiyama et al., 1994;
Tsukiyama and Wu, 1995). The spacing activity (an activity that “crack” chromatin to
increase the DNA accessibility) was also obtained with CHRAC (CHromatin
Accessibility Complex (Tsukiyama and Wu, 1995) and ACF (ATP-utilizing Chromatin
assembly and remodeling Factor) (Ito et al., 1997a). CHRAC and ACF contain ISWI and
ACF1, but CHRAC additionally harbors two small histone fold subunits, CHRAC14 and
CHRACI16.

Since the discovery of ISWI, several ISWI related proteins have been identified in
numerous organisms: ISW1 and ISW2 in yeast (Mellor and Morillon, 2004); xISWI in
Xenopus, Snf2H and Snf2L in mammals and furthermore, the existence of conserved
complexes was confirmed as well. Among them were homologous complexes of NURF,
ACF, CHRAC and RSF in mammals and additional ones like NoRC (Nucleolar
remodeling complex) and WICH (WSTF-ISWI chromatin remodeling complex) (Guschin
et al., 2000; Poot et al., 2000b; Strohner et al., 2001; Tsukiyama et al., 1999), (Bochar
et al., 2000; LeRoy et al., 2000). They all have in common that they contain one of the
two mammalian ATPases Snf2H or Snf2L. These complexes are involved in a variety of
functions including activation and repression of the initiation and elongation of

transcription, replication and chromatin assembly (Flaus et al., 2006).

2.2. Mechanism of and influences on nucleosome mobility

All nucleosome remodeling complexes share the property to catalyze some kind
of chromatin remodeling reaction, e.g. they convey accessibility to nucleosomal DNA

(Becker and Horz, 2002; Langst and Becker, 2001b). In the face of more than a decade
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of functional studies on ISWI remodeling complexes, the mechanisms of nucleosomal
translocation are not completely revealed. Nevertheless, these studies have shed light
on the biochemical properties of these remodeling machines and provided insight into
the mechanisms of how ATP-dependent nucleosome deposition occurs (Becker and
Horz, 2002; Flaus and Owen-Hughes, 2003b; Langst and Becker, 2001a; Langst and
Becker, 2001b; Lusser and Kadonaga, 2003). All these analyses, mainly done on
SWI/SNF and ISWI-containing complexes, revealed basic differences between the
individual groups of remodeling factors (Kagalwala et al., 2004) (Whitehouse et al.,
2003; Zofall et al., 2004). The favored current model for the mechanism of nucleosome
remodeling can be seen as a variation of the earlier proposed “loop recapture” model
(Cairns, 2007; Gangaraju and Bartholomew, 2007b; Langst and Becker, 2004).

Configuration
change

------- Dyad

Dyad

DNA loop
formation

/ DNA

lranslocation

Figure 11: DNA movement during the nucleosome remodeling reaction

Nucleosome sliding catalyzed by ISWI. A DNA loop on the nucleosome surface is formed by the combined action
of DNA translocase domain (Tr) binding to nucleosomal DNA at superhelical location 2 and DNA-binding domain
(D) binding to the linker DNA, near the nucleosome entry/exit site. Both domains (Tr and D) are connected by a
hinge region (H). Nucleosome repositioning is achieved by a conformational change in Tr, that allows DNA release
and loop propagation. The DNA-binding domain then rebinds a new DNA stretch and the complex returns to its
original starting conformation (adapted from (Cairns, 2007)).

ISWI ATPases have been mapped to contact two sites of the nucleosome: The DNA-
binding domain binds to the linker DNA close to the nucleosome entry/exit site and the
translocation domain binds a region two helical turns away from the dyad (superhelical
location 2-SHL2) (Kagalwala et al., 2004). According to the currently adapted model,
DNA is pumped into the nucleosome by a concerted interplay of the DNA-binding
domain and the translocase domain of the ATPase. This transformational change
results in disruption of histone-DNA contacts and the formation of a small DNA loop.

Directional propagation of the loop around the histone octamer due to SHL2 detaching
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and loop propagation finally changes the translational position of the nucleosome ~10

bp away from the initial one.

Using in vitro assays, ATP-dependent nucleosome remodeling was analyzed by
relocation experiments with mononucleosomes performed on a short DNA fragment. It
was shown, that ISWI-containing complexes induce ATP-dependent “sliding” of histone
octamers without displacing them from DNA (Hamiche et al., 1999; Langst et al., 1999).
Although the motor protein alone is capable of nucleosome sliding, the directionality of
the nucleosome movement is determined by the unique properties of the additional
subunits. The association with regulatory subunits represents an effective way to alter
the biochemical properties and modulate the activity qualitatively: for example, both the
ACF and the CHRAC complex harbor ACF1 as subunit, which affects the characteristic
ISWI functions. The association with ACF1 leads to an up to ten fold increase in the
efficiency of mononucleosome sliding, while the DNA-and nucleosome-stimulated
ATPase activity remains the same (Eberharter et al., 2001). Additional subunits can also
alter the outcome of the remodeling reaction. ISWI alone catalyzes the repositioning of
mononucleosomes from the center of a short DNA fragment to its end, whereas ACF
and CHRAC mobilize the nucleosomes in the opposite direction. However, the in vivo
implications of these studies are still topic of research. It is noteworthy that functional
differences are also observed between distinct ISWI-containing complexes. For
instance, ACF and CHRAC catalyze the formation of regulary spaced nucleosomal
arrays (Ito et al., 1997a; Varga-Weisz et al., 1997), whereas NURF does the contrary by
disrupting the regularity of chromatin arrays (Tsukiyama and Wu, 1995).

Posttranslational modifications of histones are a second way to take influence on ISWI
mobility. Though the ATPase activity is partly stimulated by DNA, nucleosomes are
needed for complete activation. This additional stimulation is mediated by a short
stretch of the H4 tail, including residue 16-20 (Clapier et al., 2002). In addition to taking
influence on the enzymatic properties of ATPases, regulatory subunits can also alter the
recruitment to its reaction sites. ACF1 and NURF301 (largest subunit of NURF) harbor
two PHD fingers followed by a bromodomain, which target the complexes to specifically
modified histone tails (Baker et al., 2008; Zeng and Zhou, 2002), (Wysocka et al.,
2006). Further on, ISWI complexes are recruited to their sites of action by interactions

with other chromatin binding proteins, e.g. WSTF (subunit of WICH) which interacts with

PCNA, thereby recruiting the complex to sites of active replication (Poot et al., 2004).
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Also for NURF it was observed that it could act in cooperation with transcription factors

to finally induce transcription in vitro (Mizuguchi et al., 1997).

Covalent modifications of remodeling complexes can be considered as third way of
regulation. For instance, the histone H3 specific acetyltransferase Gcnb5 is capable of
acetylating Drosophila ISWI in vivo and in vitro. This happens at a site with sequence
similarity to the H3 tail (Ferreira et al., 2007b).

3. Positioning of nucleosomes on DNA

Nucleosome positioning has a major role in the regulation of transcription. In vivo
positioned nucleosomes are a common feature on promoter regions, thereby controlling
transcription factor binding. The genome-wide uniform and conserved nucleosomal
organization of gene promoters addresses the question by which mechanisms
nucleosomes are positioned. Is positioning encoded in the DNA or is it a consequence
of the regulatory activity of chromatin remodelers, transcription factors and the
transcription machinery? The sequence-directed arrangement of nucleosomes is
suggested to be a default (repressive) state that is the consequence of the nucleosome
assembly at low energy binding sites. Different studies provide evidence that ATP-
remodeling complexes modulate this default chromatin state by the translocation of
nucleosomes to remodeling-specific sites, thereby establishing a regulatory level of
chromatin organization. In the following section | will summarize the recent results on

nucleosome positioning:

3.1. Sequence-dependent nucleosome positioning

More than 30 years ago researchers studied the question whether nucleosomes
occur in a specific relation to nucleotide sequences in DNA. Already in 1978 it was
observed that the cellular nucleosomal array of single copy genes of rat liver was
randomly positioned relative to the underlying DNA sequence (Prunell and Kornberg,
1978). It was shown that precise nucleosome positioning is unlikely to occur in bulk
chromatin because nucleosome spacing varied among different cell types of the same

organism (Kornberg and Stryer, 1988).

However, in a variety of organisms there was evidently at least a small degree of
sequence-specificity (Bloom and Carbon, 1982; Bryan et al., 1981; Fedor et al., 1988;
Palen and Cech, 1984; Samal et al., 1981; Wittig et al., 1979; Wu, 1980). Some of these
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studies were based on in vitro nucleosome assembly methods from purified histones
and DNA (Chao et al., 1979; Drew and Travers, 1985; Ramsay et al., 1984; Simpson
and Stafford, 1983). The periodicity of nucleosome arrays as revealed by so-called
“nucleosomal ladders” following nuclease digestion argues for a specific arrangement.
Specific regulatory regions of eukaryotic genes, such as transcription factor binding
sites, are organized into specifically positioned nucleosomes. The copy number of the
yeast autonomously replicating sequence (ARS) that is normally located in a linker
region near the edge of a nucleosome decreased if this sequence is moved into the

nucleosomal core (Simpson, 1990).

The histone octamer has no specific binding motif. However, the energy required to
bend a specific genomic sequence has influence on the binding affinity of the histone
octamer (Thastrom et al., 1999). DNA sequences differ in their ability to bend sharply;
therefore it seems likely that the ability of the histone octamer to package different DNA
sequences is at least partially dependent on the specific DNA sequence (Anderson and
Widom, 2001; Sekinger et al., 2005). Numerous studies have shed light onto the
influence of the DNA sequence on the strength of histone-DNA interactions as well as
on the bending flexibility of the DNA helix around the histone octamer (Fitzgerald and
Anderson, 1998; loshikhes et al., 2006; Satchwell et al., 1986; Segal et al., 2006).
Specific DNA sequence patterns were shown to be associated with positioned
nucleosomes (Fig. 12). Dinucleotides of AA/TT/TA spaced at 10 bp intervals bind the
histone octamer with higher affinity due to its intrinsic bendability (Anselmi et al.,
1999; Thastrom et al., 1999; Trifonov, 1980; Trifonov and Sussman, 1980). On the
contrary, poly-dA/dT sequences differ in their structure from the canonical double helix
(Nelson et al., 1987), thereby being resistant to the distortions necessary for wrapping
around nucleosomes (Anselmi et al., 1999; Iyer and Struhl, 1995; Kunkel and
Martinson, 1981; Segal and Widom, 2009b; Sekinger et al., 2005).
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Figure 12: Sequence-dependent nucleosome positioning

Key dinucleotides responsible for nucleosome positioning according to the alignments in Segal et al. A three-
dimensional structure of one-half of the symmetric nucleosome is shown. The sequence motif facilitating sharp
bending includes 10 bp periodic AA/TT/TA dinucleotides that oscillate in phase with each other and out of phase
with 10 bp periodic GC dinucleotides (adapted from(Segal et al., 2006)).

Interestingly, it was also shown that CpG methylation could reposition a nucleosome.
For the chicken R-globin gene it was demonstrated that occupancy of one of the
strongest nucleosome positions was abolished by the presence of CpG methylation
(Davey et al., 1997; Yenidunya et al., 1994). This methylation-sensitive nucleosome
position could be regarded as a switch between two alternating overlapping positions
with access to promoter elements. It is believed that changes in anisotropic DNA
bending or flexibility due to epigenetic modification of DNA sequence could be the
cause of nucleosome exclusion (Banyay and Graslund, 2002; Derreumaux et al., 2001,
Meints and Drobny, 2001; Nathan and Crothers, 2002; Virstedt et al., 2004). In spite of
this, other studies concluded that only a small subset of hucleosome positions seems to
be affected by cytosine methylation, whereas the residual positions seem unaffected by
CpG methylation (Davey and Allan, 2003; Davey et al., 2003).

A study provided evidence for the influence of the DNA sequence on chromatin
structure, by demonstrating that in vitro assembly of the yeast HIS3 locus (Korber et al.,

2004) into chromatin repeated some aspects of the in vivo structure.
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Recent studies addressed the question of sequence-determined nucleosome
positioning using bioinformatic approaches based on the computational extraction of
nucleosome positioning and nucleosome excluding DNA sequences from in vivo
nucleosome positions (loshikhes et al., 2006; Peckham et al., 2007; Segal and Widom,
2009a; Yuan and Liu, 2008) and using this as training set to determine DNA sequence
patterns in nucleosomal DNA segments. Predicted nucleosome positions were then
compared to available nucleosome position maps. A nucleosome positioning sequence
(NPS) of AA/TT/TA dinucleotides every 10 bp was discovered for yeast (loshikhes et al.,
2006) with abundance at the nucleosome edges, what was also observed in chicken
nucleosomes and in sequences isolated from nucleosomes reconstituted from random
synthesized DNA in vitro (Segal et al., 2006). Furthermore these studies revealed that
NPS in TATA-less genes is uniform. Promoter regions are depleted of nucleosomes
relative to transcribed regions. Nucleosome free regions (NFR) are just upstream of the
transcription start site (TSS). The results obtained by scanning the yeast genome did
also indicate that the first nucleosome downstream of the TSS (+1) is strongly localized.
In vivo “nucleosome free regions” (NFR) had the strongest anticorrelation with NPS
occurrence (loshikhes et al., 1996; loshikhes et al., 2006).

Additionally, a discrepancy between in vitro and in vivo nucleosome positioning was
reported, suggesting that in vivo histones do not always position to the most stable
location. These data indicate that as little as 15 % of yeast nucleosome positions might

be established by sequence (Segal et al., 2006).

Further analysis of the k-mer (k=1-6) distributions in 1000 highest and 1000 lowest
scoring nucleosomes from the dataset of Yuan et al. (Yuan et al., 2005) discovered AT
or GC rich k-mers as nucleosome inhibiting or nucleosome favoring sequences. Only a
subset of positions could be predicted with this k-mer distribution and the author
suggested that only 22-25 % of nucleosome positions were determined by DNA
sequence (Peckham et al.,, 2007). The additional inclusion of linker regions or
antinucleosomal sequences obtained better prediction rates (Field et al., 2008). Though
none of the described methods can globally predict the nucleosome positions, common
features are apparent: nucleosomes clearly show some sequence preference in vitro,
whereas the in vivo situation is different. Further, AT-rich sequences are good

predictors of nucleosome-depleted regions (Field et al., 2008; Yuan et al., 2005).
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A different genome-wide approach to address the question if the genome sequence
directs the in vivo chromatin structure consists in the in vitro reconstitution of genomic
DNA into nucleosomes. The comparison of the in vitro nucleosomal map to the in vivo
map revealed a correlation of 0.74 indicating that much of the nucleosomal organization
seems to be due to cis factors. In vivo and in vitro derived 3' NFR profiles were
superimposable whereas in vivo 5° NFRs showed a higher degree of nucleosome
depletion than in vitro ones, suggesting a further role for proteins in promoter
nucleosome depletion (Kaplan et al., 2009). TSS aligned averages of chromatin
profiles in vivo revealed a strongly positioned +1 nucleosome downstream of the NFR
(Field et al., 2008; Kaplan et al., 2009; Mavrich et al., 2008a; Mavrich et al., 2008b;
Yuan et al., 2005), (Kaplan et al., 2009; Mavrich et al., 2008a; Mavrich et al., 2008b;
Yuan et al., 2005), whereas the corresponding in vitro average demonstrates a strong

NFR but no positioned +1 nucleosome (Kaplan et al., 2009).

Furthermore, chromatin maps obtained from other organisms showed similar results in
terms of dinucleotide periodicity patterns, but further suggest that nucleosome exclusion
sequences only occurs in a subset of organisms like yeast, C. elegans, whereas in D.
melanogaster this was not found (Valouev et al., 2008), (Kaplan et al., 2008), (Kaplan et
al., 2009; Mavrich et al., 2008b). In human cells, nucleosome-depleted regions occur
upstream of transcribed genes, but are uncommon in uninduced genes (Ozsolak et al.,
2007; Schones et al., 2008).

In summary, the major outcome of these genome-wide studies is that positioned
nucleosomes seem to be much more frequent than initially expected (Albert et al., 2007;
Ozsolak et al., 2007; Yuan et al., 2005; Schnitzler et al., 2008). In spite of this, not all
nucleosomes were well positioned in these studies. The results suggest that the
genome naturally encodes for a stable nucleosome positioning in order to obtain a
repressed chromatin conformation to avoid a persistent gene expression. Nucleosomes
adapt to preferred positions within a Gaussian distribution; these positions tend to be 10
bp apart (Albert et al., 2007). Delocalized nucleosomes are enriched at locations distant
from promoters (Yuan et al., 2005), and in fact variability in nucleosome positioning
increases with increasing distance from NFRs (Mavrich et al., 2008a). These results are
consistent with the “barrier model of statistical positioning”, which proposed that barriers
along the chromosome prevent nucleosome binding and nucleosomes are packed

between these barriers at some average spacing (Kornberg and Stryer, 1988).
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Altogether, the in silico models do not correctly predict the bulk of nucleosome
positions, suggesting that trans positioning factors dominate global positioning.
Statistically, there is clearly some enrichment of intrinsically bendable DNA that
correlates with in vivo nucleosome positions. But this seems to play a minor role in
translational positioning of nucleosomes in vivo. It has been suggested by many authors
(Jiang and Pugh, 2009; Mavrich et al., 2008b) that the dinucleotide periodicity
contributes to “rotational positioning” and that trans acting factors play the major role in
positioning the center of the nucleosome to within ~ 5 bp. Additional mechanisms like
chromatin modifications and chromatin remodeling complexes are required to render
specific genes and specific transcription factor sites accessible (Field et al., 2008;
loshikhes et al., 2006; Mavrich et al., 2008a; Peckham et al., 2007; Segal et al., 2006;
Yuan and Liu, 2008).

3.2. Nucleosome positioning by chromatin remodeling enzymes

The imprecise predictability of the sequence-based nucleosome positioning
algorithms indicates the involvement of additional trans acting factors. The evidence
that in vitro reconstitution of the PHO5 promoter solely failed to repeat the in vivo
nucleosome positioning, whereas the addition of ATP-dependent remodeling activity
recreated the in vivo chromatin state suggests a major role for chromatin remodeling

factors in the in vivo positioning of nucleosomes (Korber et al., 2004)

The yeast chromatin remodeling complex RSC binds to approximately 700 target sites
in the yeast genome and is predominantly located over Pol Il genes and over a subset
of Pol Il promoters. RSC has a nucleosome positioning activity (Damelin et al., 2002; Ng
et al.,, 2002). Conditional mutants of a RSC subunit (Sthl) display an increase of
nucleosome occupancy at Pol Il genes (Parnell et al., 2008). A slight gain of
nucleosome occupancy upon RSC loss was also detected at Pol Il promoters (Badis et
al., 2008; Parnell et al., 2008). The mechanism responsible for this increase in
nucleosome occupancy seems to be a combination of nucleosome sliding and

binding of new nucleosomes.

The yeast Isw2 is capable to move a nucleosome from its sequence-directed site
towards a nucleosome free region of the POT1 promoter (Whitehouse and Tsukiyama,
2006). Isw2 is associated with tRNA genes and RNA Pol Il genes. In wild-type Isw2

cells nucleosomes are positioned over TSS and NFR where most transcription factor
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binding sites are located (Whitehouse et al., 2007). The yeast Isw2 remodeling complex
repositions nucleosomes onto unfavorable DNA sequences to generate tightly packed,
inaccessible arrays. Furthermore, upon deletion of Isw2, the chromatin adopts a DNA-
directed positioning based on dinucleotide rich elements that facilitates genomic access
(Whitehouse and Tsukiyama, 2006). The yeast RNR3 gene requires for precise
nucleosome positioning the Isw2 chromatin complex in addition to the global
corepressor complex Ssn6-Tupl (Cooper et al., 1994; Kastaniotis et al., 2000; Weiss
and Simpson, 1997), (Fleming and Pennings, 2001; Li and Reese, 2001).

The yeast a2-MCM1 complex seems to actively position nucleosomes at repressed
genes, which requires the histone H4 tail (Clapier et al., 2001; Roth et al., 1990;
Shimizu et al., 1991).

Active and silent rDNA copies are characterized by distinct epigenetic marks as well as
by different nucleosome positions. The rDNA associated remodeling complex NoRC
induces nucleosome movement of 25 bp, both in vivo and in vitro. It also moves the
promoter bound nucleosome into the silent position on the inactive rDNA copies. This
results in placing the UBF binding site and the functionally important CpG residue at

nucleotide — 133 into one region (Li et al., 2006).

Initial in vitro studies on the remodeler-mediated nucleosome positioning showed that
the intrinsic sequence preference for remodeling is influenced at least by the effects of
nearby DNA ends. All analyzed SWI/SNF members tended to move nucleosomes on
linear fragments towards the end (Aoyagi et al., 2002; Flaus and Owen-Hughes, 2003b;
Jaskelioff et al., 2000; Kassabov et al., 2003; Lorch et al., 2001; Ramachandran et al.,
2003), whereas most ISWI complexes catalyzed the mobilization away from the ends
(Corona et al., 1999; Eberharter et al., 2001; Hartlepp et al., 2005; Langst et al., 1999;
Schwanbeck et al., 2004; Stockdale et al., 2006; Yang et al., 2006). Interestingly, these
studies revealed some sequence specificity. Remodelers that move nucleosomes away
from ends do not place them in the exact centers of the DNA, but prefer certain
sequences (Flaus and Owen-Hughes, 2003b; Gutierrez et al., 2007a; Kassabov et al.,
2002a). Distinct nucleosomal positions seem to be controlled by the DNA sequence. To
eliminate the DNA end effects, remodeling studies were performed on three different
circular mononucleosomal templates. In such a system hSWI/SNF moves the
nucleosomes away from initially favored nucleosome positioning sequences to positions

favored by the remodeling complex. Furthermore, hSWI/SNF seems to translocate
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nucleosomes also on sequences that posses some intrinsic affinity for the histone
octamer. These data suggests that each remodeler might have some degree of

sequence preferences (Sims et al., 2007).

The chromatin remodeler-mediated nucleosome spacing is a good example supporting
the major role for chromatin remodeling in nucleosome positioning. Interestingly,
different complexes are capable to promote distinct nucleosomal repeat lengths. The
nucleosome repeat length, the 146 bp of DNA associated with a histone octamer plus
the linker DNA between adjacent nucleosomes varies with species, cell type,
physiological state, and developmental stage, due to variability in the length of the linker
DNA (Van Holde, 1989). Yeast Iswl and Isw2 complexes promote 175 bp and 200 bp
repeat length (Tsukiyama et al., 1999) whereas other complexes including the SWI/SNF
subfamily and ISWI containing complexes removed regular spacing from chromatin in
vivo (Guyon et al., 2001; Schnitzler, 2001; Tsukiyama and Wu, 1995). Recent studies
have demonstrated that some remodeling complexes require a certain length of DNA on
one or both sites of the nucleosome for complete activity (Dang et al., 2006; Gangaraju
and Bartholomew, 2007a; He et al., 2006; Kagalwala et al., 2004; Yang et al., 2006;
Zofall et al., 2004).

3.3. Additional factors influencing nucleosome positioning

In vivo additional factors, which are present on chromatin, could influence the
intrinsic sequence specificity of remodelers. Furthermore the end-product of the
remodeler-specific nucleosome position could be a combination of the DNA sequence,
the remodeler specificity and also transcription factors, histone tail modifications, variant
core histones and other chromatin proteins such as linker histone H1, HP1 and HMGs.
Remodeling complexes make use of sequence-specific DNA binding factors to establish
preferred nucleosome positions (Kang et al., 2002; Pazin et al., 1997). Additionally,
histone H1 reverses the intrinsic preference of SWI/SNF to move nucleosomes to DNA
ends, instead repositioning away from ends (Ramachandran et al., 2003). Interestingly,
different studies also demonstrated that exchange of canonical H2A for its variants
macroH2A or H2A.Z in yeast might also block remodeler-mediated nucleosome
repositioning. Another two major classes of trans factors have been implicated in
nucleosome positioning: Transcription factors and RNA polymerases. They are

described elsewhere in detail (Shim et al., 1998; Taylor et al., 1991; Varga-Weisz and
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Becker, 1995), (Yarragudi et al., 2004); (Field et al., 2008; Mavrich et al., 2008a;
Schones et al., 2008).

4. DNA methylation
Conrad Waddington (1905-1975) is given credit for coining the term “epigenesis”.

He defined this as the study of how genotypes give rise to phenotypes during
development (Waddington, 1942). The contemporary usage of the word “epigenetics” is
now to describe the study of heritable changes in genome function that occur without

any changes in DNA sequence (Holliday, 2006).

Epigenetic processes play an important role in development and cellular differentiation
but they can also occur in mature mammals, either by random change or under the
influence of the environment (Issa, 2000). On the way understanding the mechanisms
of how the genome adapts to developmental and environmental signals, postsynthetic
modifications of the DNA itself and of associated proteins have been identified. Through
a highly complex interplay between chromatin modifying proteins, distinct patterns of
histone modifications and DNA methylation are established, resulting in specific gene
expression profiles. However, the spatial and temporal coordination of this protein

network is not yet completely understood.

4.1. DNA methylation — Enzymes and mechanism

Before the structure and function of DNA as genetic material was discovered,
Rollin Hotchkiss identified 5-methylcytosine in calf thymus DNA using paper
chromatography in 1948 (Hotchkiss, 1948). Research in the field of DNA methylation
was based on the solving of the genetic code by Nirenberg and Matthei (Nirenberg,
1963; Nirenberg et al., 1963).

Evolutionary, DNA methylation can be found in bacteriophages, bacteria, fungi and
plants as well as in animals. In bacteria, DNA methylation is part of the restriction
modification system that protects the host genome against foreign DNA such as
bacteriophages (Wilson and Murray, 1991). It occurs at the C-5 and the N-4 of cytosine
as well as at the N-6 of adenine, whereas DNA methylation in mammals exclusively
takes place at the C-5 of cytosines in CpG dinucleotides (Bird, 2002; Hermann et al.,
2004b). Methylated C-5 is therefore often referred to as a 5" base (Bonfils et al., 2000;
Delaval and Feil, 2004).
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DNA methylation is maintained through the catalytic process of DNA
methyltransferases. Since 1964, when the first DNA methyltransferase was discovered
in E.coli (Gold and Hurwitz, 1964), DNA methyltransferases have been purified and
identified in various organisms ranging from bacteria to man (Roy and Weissbach,
1975), (Gruenbaum et al., 1982). The mammalian DNA methylation machinery is
composed of Dnmtl, Dnmt2 Dnmt3a, Dnmt3b and Dnmt3L as independently encoded
DNA methyltransferases (Dnmts) (Figure 13).

N-tlerminal domair Catalytic domair

penceninic
heterochromatin

< _*\_‘__‘4_?\“_

XG

A G ATGb% {s ' |: ‘a‘ V:| Y:\' X
Dnmt2 ‘_‘—;‘: --‘;‘: 415
Dnm'3a W— PWWP—“] PHD ; Pt T Pt Tt T T a08
/ g od aamd / ¥ o
— — B Pt T Pt P T P
Dnmt3b = PP, PPRD s (O D] 8o
——— - s T4 »
Dnmt3L =/ PHD o | o Ly 421
v VI X

Figure 13: Graphical illustrations of the mammalian DNA methyltransferase domain organization

Mammalian DNA methyltransferases are divided into a N-terminal regulatory part and a C-terminal catalytic part.
Conservative motifs that are involved in catalysis (PC), nuclear localization (NLS) or other functions (HRX-like
region; ATR-X-like region or PWWP) are shown as boxes. Dnmt3a and Dnmt3b additionally contain a plant
homeodomain (PHD) and a PWWP domain, which are required for targeting to pericentromeric heterochromatin
and contribute to protein-protein interactions. The protein size is indicated in amino acids (aa). The key functional
domains as well as the protein-protein interaction domains are indicated. All active DNA methyltransferases contain
the motif 1V in the carboxyterminal region. Dnmtl harbors a cysteine rich HRX-like region and a lysine-glycine
repeat ((KG)5) region in its aminoterminal region (Rottach et al., 2009).

4.1.1. CATALYTIC DOMAINS AND REACTION MECHANISM OF DNA METHYLTRANSFERASES

The process of catalyzing the methylation of a cytosine on C5 is similar in all
DNA methyltransferases due to their conserved catalytical domains (Kumar et al.,
1994). Interestingly, the catalytic domain of Dnmtl has to be allosterically activated by
regions of its aminoterminal domain (Fatemi et al., 2001). DNA methyltransferases have
to recognize a specific target sequence in order to catalyze the transfer of a

methylgroups from S-adenosyl methionine to the C5 position of cytosine.

In studies on prokaryotic DNA methyltransferases, 10 conserved sequence motifs of the
catalytic domain could be identified, six of which are highly conserved (Posfai et al.,

1989): I, IV, VI, VIII, IX and X.) These motifs were also characterized in mammalian
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Dnmts (Cheng et al., 1993; Posfai et al., 1989) and encompass the SAM binding pocket
(I, IV, V, X) and the active site of the DNA methyltransferase (IV). The region between
motifs VIII and 1X is variable in different Dnmts and is believed to account for sequence

specificity (Balganesh et al., 1987; Trautner et al., 1988).

DNA methyltransferases use S-adenosyl-L-methionine as methylgroup donor (AdoMet)
for the transfer to the DNA base. The reaction of methyl transfer is described as follows
(Figure 14A): The DNA methyltransferase first binds nonspecifically to its substrate

DNA, then recognizes the methylation site and finally binds its co-substrate AdoMet.

The enzyme needs to bring the target cytosine to its catalytic pocket (Figure 14B). This
is achieved by a process called “base flipping”, initially identified in uracil-DNA
glycosylase (Klimasauskas et al., 1994). During this process, the cytosine is flipped
180° out of the backbone by rotation around the axis of its phosphodiester backbone

into an active site pocket of the enzyme reviewed in (Jeltsch, 2002).

39



- INTRODUCTION -

Motif VI
(ENV) |v T
.......... H\
Glu\(o HenH Glu\.\//o NH ~aq
OH ...... N/ 5 OH ------ N/ CHa
P A
07N ! 0" N “s—cys
| S—Cys DNA
DNA " Motif IV
¢ (PCQ) ¢
Glu—° " HL Glu\(o """ " NH —
\( NH
o.-...H OH--...., NZ CHS
NS P
o)\N 0" N “s—cys
| S—Cys DNA
DNA
‘L R._ , -Ad ¢
s Ho
Glu o ..... H\NH [ NH H
CH
0:"'H\/; g 3 J\/ Is CH,
o)\n o ’ S—Cys
! 'Ss—Cys DNA
DNA

Figure 14: Catalytic mechanism of methylgroup tranfer by DNA methyltransferases

A) The figure is based on the structure of the M.Hhal £ DNA complex. Dihydrocytosin, which binds covalently to
the enzyme and S-adenosyl-L-homocystein are formed as intermediates of the DNA methylation reaction. The
covalent bond is resolved in the second step, what results in methylated cytosine. The cysteine residue originates
from motif IV (PCQ), whereas the glutamic acid residue is from motif VI (ENV) of the DNA methyltransferase
(Enzyme-COOH indicates the Glu 119 of motif VI, S-Cys indicates the Cys 81 of the catalytic center in motif IV).
B) Structure of the prokaryotic M.Hhal — DNA complex. On the left-hand site the protein is illustrated in schematic
view, whereas on the right-hand site the DNA alone is shown, to elucidate the rotation of the target base out of the
DNA helix (adapted from (Jeltsch, 2006)).
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The reaction proceeds with a cystein SH group from the active site of the enzyme
making a nucleophilic attack at the C6 position of the target cytosine (see Fig. 14A).
This results in a covalent complex intermediate between the enzyme and DNA. All
known DNA methyltransferases include the conserved motiv 1V, where the attacking
cystein residue is located. Transient protonation of the cytosine ring at the endocyclic
nitrogen, N3, by a glutamyl residue in motif VI, leads to the formation of a reactive
enamine. This covalent intermediate activates the C5 of cytosine for a nucleophilic
attack on the sulphonium-linked methyl group of SAM, finally transferring the methyl
group to the cytosine. Following this transfer, the enzyme is finally released by R3-
elimination (Pradhan and Esteve, 2003a) (Chen et al., 1991; Randerath et al., 1983)
(Santi et al., 1983; Santi et al., 1984; Yoder et al., 1997).

4.2. DNA methylation in mammals

In mammals, DNA methylation is predominantly found at cytosine residues
located within CpG dinucleotides. The CpG dinucleotides of both DNA strands are
methylated, resulting in a palindromic methylation (reviewed in (Jeltsch, 2002)). The
distribution of CpG dinucleotides in the genome is uneven and non-random (Cooper
and Krawczak, 1989). In general CpG sites are underrepresented except in specific
genomic regions of ~ 1kb, where enrichment can be found (Bird et al., 1985). These
small regions, within which the dinucleotide CpG occurs almost at its expected
frequency are designated as “CpG islands” and are mainly located within the first exon
and promoter of numerous genes (Bird et al., 1985; Jones, 1999) (Takai and Jones,
2003). While CpG islands cover less than 1 % of the whole genome and contain only
5.5 % of the total CpG sites (Rollins et al., 2006), they include over 50 % of the non-
methylated CpG sites. It is estimated that 45.000 “CpG” islands are associated with the
5' ends of most house-keeping genes and many regulated genes (Antequera et al.,
1990) (Bird, 1996), (Larsen et al., 1992). A small but significant proportion of all CpG
islands become methylated during development with the consequence of a stably
silenced promoter. This kind of CpG island methylation that is linked to development is
involved in genomic imprinting as well as X- chromosome inactivation. A significant
fraction of all human CpG islands is prone to progressive methylation during aging
(reviewed in (Issa, 2000), in transformed cells (cancer cells, reviewed in Baylin and
Herman, 2000). Further it is notable that CpG islands are characterized by an

accessible chromatin structure, lacking the linker histone H1 and containing a high
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degree of H3 and H4 acetylation (Tazi and Bird, 1990); reviewed in (Razin, 1998). The
depletion of CpG dinucleotides is restricted to organisms, which contain methylated
genomes. This can be explained by the fact that methylated cytosine is a major
mutational hotspot, due to its spontaneous deamination to thymine (Coulondre and
Miller, 1978; Coulondre et al., 1978). The C - T transition results in the progressive
elimination of cytosine sites from the coding sequence during evolution (Bird, 2002;
Januchowski et al., 2004; Nakao, 2001).

4.2.1. BIOLOGICAL ASPECTS OF CPG METHYLATION

For mammalian development and normal function of the adult organism properly
established and maintained DNA methylation patterns are essential. DNA methylation is
a potent mechanism for both silencing gene expression and maintaining genome
stability in respect to the repetitive DNA elements, which can otherwise lead to
illegitimate recombination events and cause transcriptional deregulation of nearby
genes (Yoder et al., 1997). DNA methylation plays a crucial role in normal mammalian
development and has a major role in gene expression, X-chromosome inactivation in

females and genomic imprinting (Bird, 2002; Li, 2002).

The spectrum of methylation levels and patterns shows a huge variety in different
animals. The nematode worm Caenorhabditis elegans does not encode a conventional
DNA methyltransferase. In contrast, Drosophila melanogaster posses a DNA
methyltransferase-like gene (Hung et al., 1999; Tweedie et al., 1999) and contains
extremely low levels of DNA methylation mostly located in the CpT dinucleotide
(Gowher et al., 2000; Lyko et al., 2000). The vertebrate genomes posses the highest
level of DNA methylation, which is dispersed over the global genome (“global
methylation”). This variety of DNA methylation patterns in animals highlights the
possibility that different distributions reflect different functions for the DNA methylation

system (Colot and Rossignol, 1999).

DNA methylation is a stable epigenetic mark that regulates chromatin structure and
gene expression through the modification of interaction between DNA and DNA binding
proteins (Li, 2002). DNA methylation is associated with gene silencing. The following
sequential order that finally leads to gene repression was described: Primarily, changes
in interaction between DNA and DNA binding proteins are triggered by DNA

methylation. For instance, binding of specific transcription factors (e.g. NFkB; E2F) to
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their DNA target site can be impaired by the methylation of single or few CpG sites. On
the other hand, DNA methylation recruits 5-methyl-cytosine binding proteins (MBDs,
MeCP) that function as transcriptional co-repressors and other associated proteins,
such as histone deacetylases (HDACs), which subsequently leads to transcriptional
repression (Bird, 2002). Histones of methylated nucleosomes are mostly deacetylated
facilitating additional H3K9 methylation. This leads to an even stronger condensation of
chromatin via the transition of an active chromatin domain (euchromatin) to a repressive
chromatin state (Cameron et al., 1999). Furthermore, interactions with other chromatin-
associated proteins such as histone methyltransferases, heterochromatin protein 1

(HP1) and chromatin remodeling factors contribute to this regulation (Robertson, 2002).

The vast majority of genes can be expressed from either the maternal or the paternal
allele. “Genomic imprinting” is a process by which genes are selectively expressed by
the maternal or paternal homologue of a chromosome reviewed in (Reik and Walter,
2001b) (Li, 2002). In this small subset of genes (~84 identified in mice until the end of
2007: http://lwww.har.mrc.ac.uk/mousebook/?by=imprinting), differences in expression
levels can be observed when maternal and paternal alleles are measured separately.
DNA methylation was found as a key molecular mechanism of imprinting. Due to
methylation the imprinted genes are differently marked in egg and sperm and
inheritance of these epigenetic marks leads to differential gene expression (Reik et al.,
1987; Sapienza et al., 1987; Swain et al., 1987). In mammals, approximately 80 % of
imprinted genes exist in close proximity to each other or even in imprinted clusters (3-10
genes), the so-called “differentially methylated region” (DMR) (Reik et al., 2001; Reik
and Murrell, 2000; Reik and Walter, 2001a; Reik and Walter, 2001b; Verona et al.,
2003). A prominent example for “genomic imprinting” is the DMR at the Igf2/H19 locus
(Figure 15).
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Figure 15: Imprinting control at the 1gf2/H19 differentially methylated region (DMR)

Allele-specific expression happens at the 1gf2/H19 locus. The DMR that controls parental expression at the 1gf2/H19
cluster (yellow bar) distinguishes from DMRL, another cis-acting element at this locus. Maternally, when bound by
CTCF, DMR acts as an insulator and inhibits activation of the maternal 1gf2 promoter by the downstream enhancer.
On the paternal chromosome, CTCF binding is inhibited by methylation at the DMR, what allows the activation of
the paternal Igf2 promoter by the enhancer (Enh).The transcription direction is indicated by black arrows (adapted
from(Sha, 2008)).

The process of “dosage compensation” is also closely linked to DNA methylation. In
female mammals, one of the two X-chromosomes is functionally silenced during
embryogenesis in order to ensure that the stoichiometry of X-chromosomal and
autosomal gene products remains the same in male and female organisms. The
inactivation of the female X chromosome is achieved by selectively converting one
female X chromosome into facultative heterochromatin by different repression
mechanisms such as histone deacetylation, histone methylation and ubiquitylation that
recruit repressor proteins such as HP1 and Polycomb group complexes and are
associated with the enrichment of the histone variant macroH2A1 and finally DNA
methylation (reviewed in (Heard and Disteche, 2006; Straub and Becker, 2007).

DNA methylation is also involved in protecting the genome from transposons,
retrotransposons and viruses. These repetitive sequences (“parasitic elements”) make
up approximately 40 % of the human genome. The fact that these repetitive sequences
contain many CpG dinucleotides and are methylated above-average, substantiate this
hypothesis (Smit, 1999; Yoder et al., 1997).
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The importance of DNA methylation is highlighted by the increasing number of human
diseases that are known to occur when the epigenetic information is not properly
established and maintained (reviewed in (Robertson, 2005), (Baylin et al., 2001; Baylin
and Herman, 2000). The best-known links between changes in DNA methylation, gene
expression, and disease have been described for cancer. Studies in tumors and
cultured cell lines have shown that a general genome-wide demethylation that affects
repeated sequences (Mays-Hoopes et al.,, 1986) and a more gene-specific
hypermethylation (Liang et al., 1998) are characteristic for cancer progression.
Abnormal methylation at the transcription start site of cancer cells can repress the
expression of essential tumor suppressor genes, e.g. pl6 (Gonzalez-Zulueta et al.,
1995), Rb (Sakai et al.,, 1991); reviewed in (Momparler and Bovenzi, 2000). The
resulting genomic instability that is a hallmark for cancer (Chen et al., 1998) can
subsequently cause mutations in genes, thereby representing an indirect way to change

gene expression.

Several genetic disorders have been related to mutations in genes that appear to be
either involved in DNA methylation itself or in methylation-mediated gene regulation.
Among the best characterized are the ATRX syndrome (X-linked alpha-
thalassaemia/mental retardation syndrome) ICF syndrome (Immunodeficiency,
Centromeric instability, Facial abnormalities) and Rett syndrome (Amir et al., 1999;
Bienvenu et al., 2000; Gibbons et al., 2000; Hansen et al., 1999). Imprinting disorders
like Beckwith-Wiedemann and Prader-Willi/Angelman syndrome are well characterized
(Nicholls et al., 1998; Reik and Maher, 1997). Defects in imprinting are also related to
the development of a number of cancers (e.g. Wilms’ tumor, Rhabdomyosarcoma)
(reviewed in (Falls et al., 1999). Various reviews discuss DNA methylation in disease,
including the silencing of tumor suppressor genes in cancer (Baylin et al., 1998; Jones,
1999); genomic imprinting deficiencies (Jaenisch, 1997); heart diseases and ageing
(Brown and Strathdee, 2002).

During early mammalian development, DNA methylation profiles are dynamically
changed, reaching the final methylation level around gastrulation (Jaenisch, 1997). In
somatic differentiated cells, genomic methylation patterns are generally stable and
heritable. However, in mammals, at least two developmental periods are known - in
germ cells and in preimplantation embryos - in which methylation patterns are

reprogrammed genome-wide, generating cells with a broad developmental potential.
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Typically, a substantial part of the genome is demethylated and remethylated
subsequently in a cell- or tissue-specific pattern to consequently achieve a vast change

in the methylation pattern (Reik et al., 2001).

4.3. Mammalian DNA methyltransferases

The mammalian DNA methyltransferases consist of Dnmtl, Dnmt2, Dnmt3a,
Dnmt3b, Dnmt3L and can be further classified into two subtypes according to their
structure and function (Fig. 13). The Dnmt3 family establishes the initial CpG
methylation pattern, therefore termed de novo methyltransferases, whereas Dnmtl
maintains the methylation pattern during replication (Chen and Li, 2006) and repair
(Mortusewicz et al., 2005). The Dnmt3 family includes two active de novo Dnmts
(Dnmt3a, Dnmt3b) and one regulatory factor Dnmt3-Like factor (Dnmt3L). All DNA
methyltransferases generally comprise two domains: a conserved catalytic domain in
the carboxy-terminal part of the protein and a more variable regulatory domain in the
amino-terminal region. All characterized mammalian DNA methyltransferases modify
DNA at CG sites. They all differ in the degree of specificity for target sequences and the
preference for different methylation states of the target sites. Structure and function of
the different DNA methyltransferases will be described in more detail in the following

section.

4.3.1. DNA METHYLTRANSFERASE 1

Dnmtl was isolated as first eukaryotic methyltransferase and further identified by
chromatographic methods (Bestor, 2000). Human Dnmtl comprises 1616 amino acids,
forming a large N-terminal domain and a C-terminal catalytic domain. C-and N-termini

are connected via a lysine-glycine (GK); repeat hinge region.

The aminoterminal region harbors different motifs and regulates the activity of the
carboxyterminal region (Figure 16). The N-terminal domain harbors several subunits: at
least three nuclear localization signals (NLS) (Leonhardt and Cardoso, 2000), a PCNA
binding domain (PBD, (aa) 159-178) for interactions with the loading platform PCNA
(Proliferating Cell Nuclear Antigen) (Leonhardt et al., 1992). During S phase Dnmtl is
targeted by its PBD to the replication machinery where it associates with PCNA. PCNA
increases the affinity of Dnmtl for DNA and stimulates the methylation activity but is not

essential for maintenance methylation (Chuang et al., 1997; lida et al.,, 2002;
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Schermelleh et al., 2007; Spada et al., 2007). PCNA also targets Dnmtl to DNA repair
sites in order to restore epigenetic information (Mortusewicz et al., 2005). The
aminoterminal targeting sequence (TS, aa 310-629) is important for recruiting Dnmt1 to
heterochromatin, in a process that is independent of replication, the presence of H3K9
trimethylation, the interacting histone methyltransferase SUV39H1 and HP1 (Easwaran
et al., 2004; Leonhardt et al., 1992). Furthermore, Dnmtl forms dimers in a head-head
conformation through its targeting sequence (TS) (Fellinger et al., 2009). Moreover, the
N-terminus mediates other protein-protein interactions (Robertson, 2001) and contains
a cysteine-rich Zn** binding domain of the CXXC type (Bestor et al., 1992), which
comprises eight conserved cysteine residues in two CXXCXXC clusters and two
isolated cysteines. The zinc finger in Dnmtl is capable of binding two zinc ions, what
has been implicated in DNA binding (Chuang et al., 1996). The zinc finger was
described to be essential for allosteric activation of the catalytic domain of Dnmtl
(Fatemi et al., 2001). It was further shown that it binds specifically to unmethylated CpG
sites, whereas deletion of the CXXC domain lead to decreased activity in vitro (Pradhan
et al., 2008).
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Figure 16: Most prominent interaction partners of Dnmt1

Structure of Dnmtl and a summary of its interacting factors. The C-terminal domain includes the ten conserved
sequence motifs of pro- and eukaryotic C5-cytosine methyltransferases. The aminoterminal regulatory domain exists
in two variants generated by alternative transcriptional start sites and translation initiation at either ATG-L (long
isoform) or ATG-S (short isoform). Functional domains are indicated: A Zn binding region (ZnF), a nuclear
localization sequence (NLS), a targeting sequence (TS), a phosphorylation site, two bromo homology domains
(BAH), a transcriptional repression domain and a cytoplasmic localization sequence. Several proteins reported to
interact with Dnmt1, which are not shown. The interacting regions are indicated (adapted from (Spada et al., 2006)).
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Additionally, the aminoterminal part comprises two bromo adjacent homology (BAH)
domains. The PHD domain and the two BAH-domains seem to play a role in targeting

Dnmtl to replication foci (Liu et al., 1998).

The C-terminal domain of Dnmtl contains all conserved motifs that are characteristic for
DNA methyltransferases and harbors the active center of the enzyme (Bestor, 1988). Its
primary structure suggests that the entire catalytic site is composed of about 500 aa
(Pradhan and Esteve, 2003a; Pradhan and Esteve, 2003b). The catalytic domain per se
lacks catalytic activity and needs the intramolecular interaction with the regulatory N-

terminus for enzymatic activity.

The mRNA of Dnmtl is ubiquitous and could be detected in all analyzed cell lines. In
vivo, different splicing variants as well as alternative start codons have been discovered
(Mertineit et al., 1998; Pradhan et al., 1997). The Dnmtlb isoform carries 16 additional
amino acid residues in the N-terminal part (Bonfils et al., 2000). Dnmtlb protein
possesses enzymatic properties that are comparable to Dnmtl in vitro (Bonfils et al.,
2000; Liu et al., 2003). Dnmtlo and Dnmtlp are produced by alternative splicing of 5’
exons. Dnmtlo is a shorter isoform of Dnmtl which lacks the first N-terminal 118 amino
acids and displays an increased stability against degradation in vivo (Ding, 2002). It is
detected in growing oocytes and during preimplantation (Carlson et al., 1992). The
translocation of Dnmtlo from the cytoplasm to the nucleus during embryogenesis could
be essential for the development of normal methylation patterns in imprinted regions
(Cardoso and Leonhardt, 1999) (Doherty et al., 2002). The aminoterminal 120 aa of
Dnmtlo seem to be involved in ubiquitin dependent proteasomal degradation (Zhou et
al., 2008). Dnmtlp is a larger form of Dnmtl, but does not seem to be translated
(Mertineit et al., 1998). It can be exclusively found in pachytene spermatozytes and
skeletal muscle (Mertineit et al., 1998). Its biological function is still under discussion but
it could play a role in oogenesis, gamatogenesis or myogenesis (Aguirre-Arteta et al.,
2000).

Dnmtl is able to methylate CpG sites in vitro (Fatemi et al., 2001). DNA
methyltransferase isolated from mammalian cells, later identified as Dnmtl, displayed a
high preference for hemimethylated target sites (Gruenbaum et al., 1982). Using DNA
methyltransferase activity isolated from mouse erythroleukemia cells, an inefficient
methylation towards unmethylated in comparison to hemimethylated DNA was

observed, arguing for a maintenance function (Bestor and Ingram, 1983). This
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maintenance methyltransferase activity could be substantiated both in vitro and in vivo
(Hitt et al., 1988; Pradhan and Esteve, 2003b). This specificity of Dnmtl for
hemimethylated DNA has been investigated in vitro by several groups using
oligonucleotide substrates and preferences ranging from 2 to 50-fold were published
(Fatemi et al., 2001; Flynn, 1996; Pradhan, 1999; Tollefsbol and Hutchison, 1995).
These discrepancies could be due to factors like differences in length and sequence of
the substrates, the experimental test system or the enzyme preparation (Fatemi et al.,
2002; Fatemi et al., 2001; Flynn et al., 1996; Tollefsbol and Hutchison, 1997; Tollefsbol
and Hutchison, 1995; Pradhan et al., 1999; Fatemi et al., 2002). In the context of longer
hemimethylated DNA the preference of the enzyme for hemimethylated versus
unmethylated DNA was clearly stronger (15 to 24-fold) (Hermann et al., 2004b; Jeltsch,
2006), which enables the enzyme to work as a maintenance methyltransferase in vivo.
The flanking sequence preference of Dnmtl can also play a role in the activity of
Dnmtl. The two bases recognition sequence of DNA methyltransferases is shorter than
typical DNA interaction sites, which normally range from 8-14 base pairs. Protein-DNA
interactions could therefore occur also outside of the central CG site. Dnmtl exhibited a

clear preference for CCGG motifs in a recent study (Goyal et al., 2006).

During replication Dnmtl is the major enzyme responsible for maintenance of the DNA
methylation patterns. In the newly synthesized DNA strand hemimethylated CpG
dinucleotides become accurately methylated, whereas non-methylated sites are
omitted. To implement this, Dnmtl is associated during S-phase with the so-called

“replication foci”, the sites where replication takes place.

The fact that Dnmtl interacts with PCNA at the DNA replication fork suggests that
Dnmtl methylates DNA in a processive manner. First evidence for an essential
processive methylation of DNA came from a study where a higher methylation rate was
demonstrated on longer DNA molecules in comparison to shorter ones (Bestor and
Ingram, 1983). Later this processivity was confirmed in different studies using
hemimethylated substrates and poly(dI-dC). It was concluded that Dnmtl is capable to
introduce up to 30 methyl groups in a processive manner. Two studies observed that
processive methylation of the DNA can only take place in one DNA strand, which
implies that Dnmt1 does not switch between DNA strands during processive methylation
of DNA (Hermann et al., 2004a; Hermann et al., 2004b; Vilkaitis et al., 2005). For the

duration of the diffusional walk, Dnmtl stays in intimate contact with the DNA, thereby
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keeping its orientation and accurately copies the existing methylation pattern (Hermann
et al., 2004b). This implies that Dnmtl moves along the DNA after each turnover of

substrate, which suggests involving a sliding mechanism.

The N-terminal part of Dnmtl has an important role in controlling the activity of the
protein and could be considered as a kind of “regulatory domain”. About half of the N-
terminal region is required to obtain an active enzyme (Bacolla et al., 2001; Fatemi et
al., 2001; Margot et al., 2000; Zimmermann et al., 1997). It has been proposed that the
catalytic domain is transformed through intramolecular interactions into its active
conformation (Pradhan and Esteve, 2003a). The hypothesis that Dnmtl could exist in
different conformational states is further supported by the fact that its catalytic center is
stimulated allosterically by existent DNA methylation (Bacolla et al., 1999; Fatemi et al.,
2002; Fatemi et al., 2001). Interestingly, Dnmtl bears at least two separate DNA
binding sites, one in the N-terminal and one in the C-terminal domain (Araujo et al.,
2001; Fatemi et al., 2001; Flynn and Reich, 1998). The enzyme can interact with its
target DNA and additionally with a second DNA molecule that function as an allosteric
regulator. Furthermore, different groups observed, that Dnmtl has reduced specificity
for hemimethylated DNA in the presence of methylated DNA (Bacolla et al., 1999;
Fatemi et al., 2002; Fatemi et al., 2001). As consequence the methylation rate
increases for unmodified DNA and decreases for hemimethylated substrates (Fatemi et
al., 2001; Goyal et al., 2006). The aminoterminal domain seems to be involved in this
allosteric mechanism (Bacolla et al., 1999; Fatemi et al., 2002). Additionally, substrate
inhibition was demonstrated in studies using unmethylated DNA (Bacolla et al., 1999;
Flynn et al., 2003; Svedruzic and Reich, 2005a). Binding of the substrate to the N-
terminal region of Dnmtl is sequence and methylation dependent (Flynn et al., 2003)
and the binding sites for the observed substrate inhibition could be narrowed down to
the first 501 amino acids (Bacolla et al., 2001). These effects are consequences of the

stimulatory or inhibitory influence of the amino terminal.

The de novo methylation rate of Dnmtl that is observable in vitro as well as in vivo
suggests a role for Dnmtl in de novo methylation. Biological evidence shows Dnmtl-
mediated de novo methylation of CpG islands (Jair et al., 2006) (Feltus et al., 2003)
(Grandjean et al., 2007). Besides the regulation of Dnmtl activity by DNA substrates, it
is proposed that binding of RNA molecules might contribute to the regulation (Svedruzic
and Reich, 2005b).
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Knockout studies demonstrated that Dnmtl is essential during development. Dnmtl
knockout mice die in early stages of embryogenesis (Li et al., 1992). Additionally,
Dnmtl knockouts of embryonic stem cells showed that Dnmtl is essential for cell
viability. Knockdown experiments using small interfering RNAs resulted in decreased
cell viability as well as DNA hypomethylation (Egger et al., 2006). In an inducible
knockout system it was observed that Dnmtl deficient cells exhibited an 80 % reduction
in methylation activity, coupled with activation of the G2/M checkpoint, leading to G2
arrest. Cells showed severe mitotic defects and underwent apoptosis (Chen et al.,
2007). These studies indicated that Dnmtl is required to maintain cell viability, what
seems to be conserved between human and mouse and between normal and tumor
cells (Egger et al., 2006; Spada et al., 2007).

The N-terminal domain of Dnmtl seems to serve as a platform for assembly of various
proteins involved in chromatin condensation and gene regulation (Figure 16). Dnmtl
interacts with a network of proteins. Interaction partners are histone modifying proteins
like HDAC1 (Fuks et al.,, 2000; Robertson et al.,, 2000), HDAC2 and the histone
methyltransferase SUV39H1 (Fuks et al., 2003). Histone deacetylation goes along with
transcriptional repression and the respective histone deacetylases further recruit Dnmts
to establish DNA methylation marks. SUV39H1 or its resulting H3K9 trimethylation
further recruits HP1, which also binds to Dnmtl via its chromodomain (Fuks et al., 2003;
Geiman et al., 2004b) (Lehnertz et al., 2003). The H3K9 methyltransferase G9a can be
found in euchromatin, where it is associated with Dnmtl, Dnmt3a and Dnmt3b
(Epsztejn-Litman et al., 2008; Esteve et al., 2006). Interestingly, it was recently shown
that G9a is recruited to chromatin via the noncoding RNA Air. The interaction with the
transcriptional co-repressor DMAP1 (Dnmtl associated proteinl) takes place during S-
phase and is suggested to mediate repression (Rountree et al., 2001). Interactions with
chromatin remodeling factors will be discussed in section B.llIl.1. Dnmtl interacts with
Methyl CpG binding domain proteins (MBD) that bind to methylated CpG, thereby
amplifying transcriptional silencing, such as MeCP2, MBD2, MBD3 (Kimura and Shiota,
2003; Tatematsu et al., 2000). Furthermore, interactions of Dnmtl with the chromatin
factors ICBP90 (inverse CAAT box binding protein of 90kDa) also termed NP95 or
UHRF1), EZH2 and G9a were shown to be essential for maintenance of DNA
methylation (Bostick et al., 2007; Sharif et al., 2007; Vire et al., 2006). Dnmtl interacts
with the SET and RING associated domain (SRA domain) of ICBP90 via its TS domain
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(Achour et al., 2008; Bostick et al., 2007; Leonhardt et al., 1992), which then recruits it
to replication foci. ICBP90 was found to be involved in DNA methylation during
replication (Li et al., 1992; Miura et al., 2001) and was subsequently discovered to
exhibit strong binding affinity to newly replicated hemimethylated DNA, thereby
recruiting Dnmtl (Bostick et al., 2007; Sharif et al., 2007). ICBP90 seems to recognize
hemimethylated 5-methylcytosines by a base flipping mechanism (Arita et al., 2008;
Avvakumov et al., 2008; Hashimoto et al., 2009) and recent studies suggest that
ICBP90 confers Dnmtl its increased activity and accuracy on hemimethylated DNA.
Dnmtl interacts also with the cell-cycle regulatory proteins Rb and E2F1 that were
identified in a Dnmtl complex together with HDAC1 by chromatographic fractionation
from Hela nuclear extracts (Robertson et al., 2000). Interestingly, global DNA
methylation was inhibited by overexpression of Rb, irrespective of the phosporylation
status (Pradhan and Kim, 2002) and Rb was further shown to bind to allosteric sites of
Dnmtl (Pradhan and Esteve, 2003a). Dnmtl also interacts with p21WAFL1, an inhibitor
of cyclin-dependent kinases (CDKSs) (Chuang et al., 1997).

Finally, direct interactions between Dnmtl and the de novo methyltransferases Dnmt3a
and Dnmt3b were found in vivo and in vitro (Kim et al.,, 2002). In summary, these
observations build a complicated but coordinated network of connections between
Dnmtl and several cellular proteins involved in gene regulation and epigenetic signaling
that could mediate methylation-dependent as well as independent functions of Dnmt1 at

different cell stages.

Interacting protein Potential function Reference

PCNA Targeting to replication foci and repair sites (Chuang et al., 1997)

(Mortusewicz et al., 2005)05)

HDAC1 Transcription inhibition and chromatin (Fuks et al., 2000)
remodeling
HDAC2 Transcription inhibition and chromatin
remodeling
DMAP1 Maturation of chromatin following replication, | (Rountree et al., 2000)
Mediates repression
SUV39H1
Histone H1 methyltransferase
(Fuks et al., 2003)
HP1 Binds to H3K9 methylated chromatin
pRb Transcription inhibition and chromatin (Robertson et al., 2000)

remodeling
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HDAC1 Targeting of methylation
E2F1 Cell cycle regulator
MBD2 Targeting to DNA and replication foci (Kimura et al., 2003;
MBD3 Tatematsu et al., 2000)
MeCP2
MeCP2 Transcription inhibition (Kimura et al., 2003)
p23 Chaperone protein: Folding; Recruitment to (Zhang and Verdine, 1996)
nuclear matrix.
Annexin Recruitment to nuclear matrix (Ohsawa et al., 1996)
hSnf2H Both are subunits of NORC (Robertson et al., 2004)
Chromatin remodeling
Tip5 Transcription inhibition, rDNA specific (Santoro et al., 2002)
inhibitor
(Zhou and Grummt, 2005)
ICBP90 Recruitment to replication foci (Bostick et al., 2007; Sharif et
al., 2007)
p21WAF1 Inhibitor of CDKs (Chuang et al., 1997)
LSH Essential for maintenance methylation (Myant and Stancheva, 2008)

EZH2 and G9a

Essential for maintenance methylation

(Esteve et al., 2006; Vire et al.,
2006)

Dnmt3a/ Dnmt3b

Cooperation in maintenance de novo
methylation

(Kim et al., 2002)

RGS6 Inhibitor of DMAP1 (Fisher and Merkenschlager,
2002)

PML-RAR Oncogenic transcription factor (Di Croce et al., 2002)

PARP-1 Poly-ADP-ribose polymerasel: Inhibition of (Reale et al., 2005)
DNA methyltransferase activity

Hsp90 Forms complex with Dnmt1, probably (Zhou et al., 2008)
stabilization

RIP140 Scaffold for DNA methyltransferase activity. (Kiskinis et al., 2007)

CFP1 CXXC finger protein: Intersection of the (Butler et al., 2008)

cytosine methylation machinery

Table 1. Dnmtl interacting proteins

4.3.2. DNA METHYLTRANSFERASE 2

The Dnmt2 gene is conserved among eukaryotes (Yoder and Bestor, 1998). With
391 amino acids it lacks the aminoterminal regulatory domain, thereby resembling
prokaryotic methyltransferases. Dnmt2 harbors a conserved Cys-Phe-Thr motif, which

is not found in other DNA methyltransferases (Dong et al., 2001). At first no methylation
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activity could be detected (Okano et al., 1998b), but later it was shown that Dnmt2 is a
RNA methyltransferase for tRNAasp, though it showed low methylation activity (Goll et
al.,, 2006). It was shown to act through a DNA methyltransferase-like catalytic

mechanism (Jurkowski et al., 2008).

4.3.3. DNA METHYLTRANSFERASE 3 FAMILY

The mammalian Dnmt3 family consists of three different proteins, Dnmt3a,
Dnmt3b and Dnmt3L (Okano et al.,, 1998a). Though Dnmt3a and Dnmt3b are highly
related one to another, they are encoded by separate genes (Xie et al., 1999). The
general architecture of both Dnmt3 enzymes is consistent with the C-terminal catalytic
domains of Dnmtl that harbor all motifs (Gowher and Jeltsch, 2002). Structurally,
Dnmt3a and 3b also share two conserved domains in the N-terminal region: the proline-
and tryptophan-rich PWWP domain (named after the characteristic Pro-Trp-Trp-Pro
motif) and the cysteine-rich PHD domain (Plant HomeoDomain), also called ATRX
domain, because of its homology to the PHD region of the ATRX gene (Herman, 2004).
This ~ 50 amino acid motif is mainly found in proteins that are involved in transcription
regulation. The PHD domain has been described to interact with various chromatin
proteins like HDACs, HP1 and SUV39H1 (Fuks et al., 2001).

The PWWP domain, whose structure has been solved, interacts with DNA (Qiu et al.,
2002). In the Dnmt3 family it is required for the targeting to pericentromeric
heterochromatin as well as for protein-protein interactions (Aapola et al., 2000;
Bachman et al., 2001; Chen et al., 2004; Fuks et al., 2003; Ge et al., 2004). However,
the PWWP domain of Dnmt3a binds nonspecifically to DNA (Qiu et al., 2002), whereas
that of Dnmt3b possesses little DNA binding ability (Chen and Li, 2004).

Dnmt3a transcripts are expressed in the majority of adult and embryonic tissues, most
tumor-cell lines and embryonic stem cells (Robertson et al., 1999; Xie et al., 1999). The
expression seems to be independent of the cell cycle (Robertson, 2002) and it is
assumed to be crucial for imprinting of paternal and maternal genes (Kaneda et al.,
2004). In contrast, the expression levels of Dnmt3b are very low in most tissues, except
for the testis, indicating an important role in spermatogenesis (Okano et al., 1998a; Xie
et al., 1999).

Two splice variants for Dnmt3a are known, namely Dnmt3al and Dnmt3a2, of which the

latter lacks the N-terminal 219 aa. The splice variant Dnmt3a2 as major form during
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embryogenesis is catalytically active and is localized to euchromatin propably due to its
lacking aminoterminal domain (Chen and Li, 2004). Several Dnmt3b isoforms that result
from alternative splicing of exons 10,21, 22 are described: Dnmt3bl, 3b2, 3b3 (Okano
et al.,, 1998a). Dnmt3bl and Dnmt3b2 are enzymatically active, whereas Dnmt3b3
seem to be inactive. They were shown to be expressed in a tissue-specific manner
(Robertson et al., 1999). Dnmt3bl is the longest form and is usually regarded as the
typical gene product of Dnmt3b. Dnmt3b4 and Dnmt3b5 encode truncated proteins, and

are predominantly expressed in testis (Hansen et al., 1999).

Dnmt3a and Dnmt3b establish DNA methylation patterns de novo in early development.
Members of the Dnmt3 family methylate CpG dinucleotides without any preference for
hemimethylated DNA both in vitro (Gowher and Jeltsch, 2001; Hsieh, 1999) and in vivo
(Lyko et al.,, 1999). As consequence of this fact they were assigned as de novo
methyltransferases. Both enzymes are capable to methylate cytosine bases outside the
context of CpG dinucleotides, but the biological function of this activity remains unclear
(Aoki et al., 2001; Gowher and Jeltsch, 2001; Gowher and Jeltsch, 2002; Handa and
Jeltsch, 2005; Hsieh, 1999; Ramsahoye et al., 2000). The catalytic domain of Dnmt3
family members itself is active, independently of the aminoterminal domain (Gowher
and Jeltsch, 2002). Despite significant amino acid sequence and biochemical
similarities, both enzymes execute distinct biological roles. Dnmt3a works distributively
(Gowher and Jeltsch, 2002; Yokochi and Robertson, 2002) has been associated with
the methylation of single copy genes and retrotransposons (Bourchis and Bestor, 2004;
Bourchis et al., 2001; Hata et al., 2002) and seems to be required for the establishment
of genomic imprinting during germ cell development (Kaneda et al., 2004). Structure
and mutagenesis experiments suggest that an interaction with Dnmt3L is required for
full Dnmt3a activity (Jia et al., 2007). Dnmt3b is responsible for methylation of
pericentromeric satellite regions (Hansen et al., 1999; Okano et al., 1999a; Okano et al.,
1999b; Xu et al., 1999). Mutations within the Dnmt3b gene can result in the ICF
syndrome. Patients usually carry alleles with a mutation in the C-terminal domain, which
leads to completely unmethylated DNA in pericentromeric regions of specific
chromosomes (Hsieh, 1999; Kondo et al., 2000). In contrast to Dnmt3a, Dnmt3b is a
processive DNA methyltransferase and its activity has been observed both in vivo and
in vitro (Aoki, 2001; Okano et al., 1998a; Qiu et al., 2002; Tuck-Muller et al., 2000).
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The critical role of Dnmt3a and Dnmt3b during development was elucidated by studies
on transgenic mice lacking Dnmt3a and Dnmt3b singly or in combination. Dnmt3a
knockouts show post-natal mortality, whereas Dnmt3b knockouts die in the embryonic
stage (Okano et al., 1999a) (Li et al., 1992). Double knockout of Dnmt3a and Dnmt3b
embryos show a phenotype similar to the Dnmtl knockout embryo. The fact that the
consequence of a double knockout is more severe than any single knockout suggests

that they have overlapping functions.

Dnmt3a and Dnmt3b interact with various transcriptional repressors proteins. Both
proteins are capable of repressing transcription of a reporter gene mediated by the PHD
domain in a HDAC dependent way. Dnmt3a was found to interact with HDAC1, RP58,
a sequence specific transcriptional repressor, H3K9 metyltransferase Suv39 and p53.
Both methylation-dependend and independent co-repression by Dnmt3a can occur
(Datta et al., 2003; Fuks et al., 2000; Fuks et al., 2003; Wang et al., 2005). Dnmt3b
interacts with histone modifying enzymes like HDAC1, HDAC2, Suv39H1, chromatin
remodeling enzymes like Snf2H, histone binding proteins like HP1a and components of
the condensing complex (Geiman et al., 2004a). A recent study showed that the
transcription factor SALL3 inhibited interaction of Dnmt3a with DNA via the PWWP
domain (Shikauchi et al., 2009).

Dnmt3a and Dnmt3b can undergo posttranslational modifications like SUMOylation
(Kang et al., 2001; Ling et al.,, 2004) and Dnmt3a interacts with the SUMOylation
machinery and the SUMOylation mark inhibits the interaction with HDAC1 and HDAC?2,

thereby abolishing transcriptional repression (Ling et al., 2004).

Dnmt3L as the third member of the Dnmt3 family shows a clear homology to Dnmt3a
and Dnmt3b (Aapola et al., 2000). Its aminoterminal domain only contains the PHD
domain and carries mutations within all conserved DNA methyltransferase motifs. This
suggests that it does not have catalytic activity. It was shown to repress transcription by
recruitment of HDAC1 (Aapola et al., 2002; Deplus et al., 2002). Dnmt3L directly
interacts with Dnmt3a and 3b via its C-terminus, thereby inducing a conformational
change that facilitates DNA and AdoMet binding (Gowher et al.,, 2005a; Hata et al.,
2002; Suetake et al., 2004). Dnmt3L stimulates the activity of Dnmt3a and Dnmt3b up to
15-fold (Gowher et al., 2005a). The crystal structure of a Dnmt3L-3a-3a-3L-tetramer
revealed that Dnmt3L-3a interface stabilizes the conformation of the active site loop of

Dnmt3a (Jia et al., 2007). This dimer formation suggest the observed periodicity of 8-10
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bp in methylation of maternally imprinted genes. Moreover, Dnmt3a-3L complexes were
shown to multimerize on DNA, forming protein-DNA filaments (Jurkowska et al., 2008).
Dnmt3L seems to respond to states of histone modification to regulate de novo DNA
methylation. For instance, Dnmt3L binds directly to unmethylated lysine 4 of histone H3
(H3K4) through its N-terminal PHD domain; thereby recruiting or activating Dnmt3a to

induce de novo methylation (Ooi et al., 2007).

The expression of Dnmt3L is similar to Dnmt3a and 3b, highly expressed during
gametogenesis and embryonic stages (Bourchis and Bestor, 2004) but Dnmt3L
knockout mice display a normal phenotype. Apart from this Dnmt3L was found to be
essential for embryonic development due to the establishment of maternal imprints
(Bourchis et al., 2001; Hata et al., 2002).

The active methyltransferases (Dnmtl, Dnmt3a and Dnmt3b) have been shown to
closely interact with each other (Datta et al., 2003; Kim et al., 2002). This cooperation of
de novo and maintenance methyltransferases ensures proper methylation patterns,
while deficiency of one of the methyltransferases results in hypomethylation. Dnmtl
interacts with Dnmt3a and Dnmt3b via their N-terminal domains (Kim et al., 2002). The
activity of the de novo methyltransferases is enhanced by the presence of Dnmtl. Thus
it is hypothesized that Dnmtl supports the introduction of new methylation marks.
Because of this tight interaction and complementation between the Dnmts it is proposed
to use the terms “de novo” and “maintenance” to define the processes at the DNA rather

than solely the methyltransferases (Fatemi et al., 2002).

[1l. INTERPLAY BETWEEN CHROMATIN REMODELING AND DNA METHYLATION

The enzymatic processes and properties of DNA methyltransferases have been
analyzed intensively in several in vitro studies with purified enzymes (Aoki et al., 2001,
Bacolla et al., 2001; Bacolla et al., 1999; Bestor and Verdine, 1994; Cheng and Roberts,
2001; Gowher and Jeltsch, 2001; Gowher and Jeltsch, 2002; Pradhan et al., 1999)
(Suetake et al., 2003; Yokochi and Robertson, 2002). However, most of these studies
were carried out on free and often artificial DNA substrates, though the physiological
substrate of eukaryotic cells is chromatin. Far less is known about the mechanism of
DNA methylation within chromatin. The tight cooperation between the DNA methylation
machinery and epigenetic chromatin modifications was already described in the section
B.11.4.2. (reviewed in (Geiman and Robertson, 2002).
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1. In vitro studies on DNA methylation in chromatin

Though Dnmtl is capable to rapidly methylate a large number of CpGs behind
the replication fork, a fraction of CpG dinucleotides also shows delayed DNA
methylation (Liang et al., 2002; Woodcock et al., 1986). Interestingly, Dnmtl was shown
to act in a biphasic process in respect to the timing of methylation, with 10-20 % of the

methylation delayed, extending beyond post-replication.

Different spontaneous mechanisms could enhance the activity of DNA modifying
proteins by facilitating the access to their sites within nucleosomes (Anderson et al.,
2002). One is spontaneous site exposure that rather occurs through the spontaneous
transient dissociation of short DNA stretches which starts at one end of the nucleosome
and extends inward (Anderson et al., 2002; Polach and Widom, 1995).

The question if this holds true for DNA methylation in chromatin was addressed in
several studies: The first in vitro study on mononucleosomal templates showed that
DNA methylation is at least restricted within a chromatin environment (Okuwaki and
Verreault, 2004). Dnmtl, though slightly inhibited, seemed to posses an intrinsic ability
to modify CpG dinucleotides on the surface of nucleosomes. This activity was highly
dependent on the sequence of the DNA substrate: CpG sites on the surface of 5 S
rRNA gene or the H19 promoter were completely methylated (100 % methylation
efficiency), whereas nucleosomes containing the Air promoter were refractory (< 10 %
methylation) (Okuwaki and Verreault, 2004). Another study used a 208 bp DNA derived
from the sea urchin 5S rDNA sequence (Flaus et al., 1996; Ura et al., 1995) that is a
well-characterized nucleosome positioning sequence (Robertson et al., 2004). The
Dnmtl and Dnmt3a activities on naked DNA were 8-fold and 17-fold, respectively,
higher in comparison to the activities on the same sequences assembled into
mononucleosomes. Interestingly, the ability of both enzymes to bind the substrate was

not significantly altered by the chromatin structure (Robertson et al., 2004).

Takeshima and coworkers analyzed the methylation characteristics of Dnmt3a and
Dnmt3b in nucleosome core particles that differed in sequence and the length of
overhanging DNA (Takeshima et al., 2006). In this assay setup the methylation activity
of both de novo methyltransferases was strongly inhibited. Furthermore the methylation
activity towards the naked DNA region was much higher for Dnmt3a than Dnmt3b,
whereas Dnmt3b showed higher methylation activity towards the DNA within the

nuclesome core region. Interestingly, the increase in length of overhanging DNA
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enhanced the methylation efficiency for Dnmt3a but not for Dnmt3b (Takeshima et al.,
2006). A similar study elucidated the methylation activity of Dnmt3a towards the
nucleosome core region and linker DNA using oligonucleosomes and especially
analyzed the effect of linker histone H1 on the activity (Takeshima et al., 2008). The
Dnmt3a activity was higher towards oligonucleosomes depleted of histone H1 than that
with H1. The assembly of histone H1 inhibited the activity of Dnmt3a towards the linker
DNA region. The C-terminal and the central globular domain of H1 together seem to
mediate inhibition (Takeshima et al., 2008).

Taken together, these results argue against the sufficiency of a spontaneous site
exposure to relieve methylation of nucleosomal core particles and chromatin higher
order structures. Chromatin in the eukaryotic cell is even more compacted than in the
mononucleosome, which may further restrict access to certain CpGs sites in vivo.
Therefore, methylation of nucleosomal CpG may require the involvement of ATP-
dependent nucleosome remodeling factors. Different studies provided evidence for this

hypothesis.

2. In vivo studies on DNA methylation in chromatin

Interestingly, mutations of genes encoding chromatin remodeling factors, such as
DDML1 in Arabidopsis, ATRX in human, Lsh in mouse induce hypomethylation in certain
genomic regions (Dennis et al., 2001; Fan et al., 2005b; Gibbons et al., 2000; Jeddeloh
et al., 1999). Mutations in DDM1 lead to a 70 % decrease of whole genomic 5-
methylcytosine, primarily at repetitive elements like satellites and rDNA regions
(Martienssen and Henikoff, 1999). Further indications are that DDML1 could play a role in
the replication-dependent maintenance methylation (Jeddeloh et al., 1999). Lsh
(lymphoid-specfic helicase, Hells, PASG) is highly expressed in lymphoid tissues and
thought to be involved in recombination (Jarvis et al., 1996). Knockout of the Lsh gene
resulted in hypomethylation, mainly in repetitive regions with a general reduction of
genomic 5-methylcytosine in 50-60 % in all tissues (Dennis et al., 2001). Mutations in
the PHD region that show high homology to the PHD regions of Dnmt3a and Dnmt3b of
the ATRX gene cause the ATRX-syndrome (Gibbons et al., 1997). ATRX localizes to
pericentromeric heterochromatin and was proposed to act as transcriptional regulator
(Berube et al., 2000). Mutations in ATRX result in both aberrant losses and gains of

DNA methylation in the genome.

59



- INTRODUCTION -

A study demonstrated direct association between Dnmtl and Snf2H by co-localization
as well as by co-immunoprecipitation (Robertson et al., 2004). Immunofluorescence
microscopy revealed that a significant fraction of both proteins co-localized in
heterochromatic regions of HelLa cells. Furthermore, the addition of recombinant Snf2H
enhanced the binding affinity of Dnmtl to nucleosomes by 3-fold in an ATP-independent
manner in vitro, but had no effect on the enzymatic activity of Dnmtl on
mononucleosomal substrates (Robertson et al., 2004). We could also find an
association between Dnmtl and human Snf2H by co-immunoprecipitation assays on
human 293 cell extracts (Anna Schrader, diploma thesis). Co-immunoprecipitation
assays and GST-pulldowns revealed that Dnmt3b interacts with Snf2H and other
chromatin-associated proteins. Additionally, these two proteins co-localize in
heterochromatic regions of HelLa cells (Geiman et al., 2004b). Further studies
demonstrated a direct interaction between Dnmt3a and components of Brgl complex.
These proteins were associated with transcriptionally silent methylated metallothionein
promoter in mouse lymphosarcoma cells and are involved in its repression (Datta et al.,
2005). Interestingly, the catalytic function of Dnmt3a was dispensable for silencing,
whereas that of Brgl was crucial for it indicating involvement of chromatin remodeling in
this process (Datta et al., 2005).

The nucleolar remodeling factor, NoRC, is involved in promoting the methylation and
silencing at the rDNA gene region. NoRC interacts with Dnmtl and Dnmt3a in vivo
(Santoro et al., 2002), where methylation directly affects transcriptional repression
(Santoro and Grummt, 2001).

Lsh is primarily involved in de novo methylation but seems to be dispensable for
maintenance methylation (Yan et al., 2003; Zhu et al., 2006). Lsh was shown to
cooperate with Dnmtl and Dnmt3b and also HDAC1l and HDAC2 to silence
transcription. Repression by Lsh and interactions with HDACs are lost in Dnmt1/3b
knockout cells. These data suggest that Lsh might serve as “recruiting factor” for Dnmts
and HDACs to establish transcriptionally repressive chromatin. Interestingly,
transcriptional repression and recruitment of DNA methyltransferases did not

immediately result in DNA methylation (Myant and Stancheva, 2008).

Together, these studies provide evidence for a tight interplay between chromatin
remodeling and DNA methylation. However, the functional mechanisms linking these

processes are far from being understood. The interaction with a variety of other DNA
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binding proteins and the burden of the nucleosomal chromatin structure suggest that
chromatin-associated factors could probably dictate the targeting of DNA
methyltransferases to specific DNA sequences. For example Dnmtl and Dnmt3a are
known to interact with HDAC1 and HDAC2, but the functional consequence of this
interaction remains unclear (Fuks et al., 2001; Ling et al., 2004; Robertson et al., 2000;
Rountree et al., 2000).
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C. Objectives

Two main research objectives of this doctoral thesis have been defined:

I. Study the molecular mechanisms of nucleosome positing directed by chromatin
remodeling.
II. Examine the biochemical properties of the maintenance methyltransferase Dnmtl in

the context of chromatin.

1. Nucleosome positioning by chromatin remodeling enzymes

Recent results of numerous, mainly in silico studies suggest the participation of
additional trans-acting factors besides the DNA sequence, such as chromatin
remodeling complexes in positioning nucleosomes (loshikhes et al., 2006; Peckham et
al., 2007; Segal et al., 2006) (see section B.II.3). Nevertheless, it is unclear to which
extend nucleosome positions are determined by histone-DNA interactions or are
mediated by chromatin remodeling activities. To gain insight into the role of chromatin
remodeling enzymes in the process of nucleosome positioning, | compared the
nucleosome positioning properties of different chromatin remodeling enzymes, such as
Snf2H, ISWI, Brgl, Mi-2 and the ACF and NURF complex. Furthermore, | analyzed
specific DNA features that are recognized by chromatin remodeling enzymes to

elucidate the molecular characteristics.

2. Maintenance methylation in the context of chromatin

Packaging of CpG sites into mononucleosomes and higher levels of chromatin
compaction could represent an obstacle for Dnmtl to reach its target sites for
methylation. The functional properties of DNA methylation by Dnmtl within the context
of chromatin are poorly defined: While interactions of Dnmtl with chromatin remodeling
enzymes have been demonstrated (Geiman et al., 2004b; Robertson et al., 2004), it is
unclear whether these proteins affect DNA methylation activity. Efficient DNA
methylation could require additional participation of remodelers. To shed light onto the
role of chromatin remodeling in maintenance methylation by Dnmt1, | initially studied the
DNA and nucleosome binding properties of Dnmtl. To further extend these analyses, |
then investigated Dnmtl mediated DNA methylation in mononucleosomes. Finally, to
determine the influence of chromatin remodelers in this process, | tested different

chromatin remodeling enzymes such as Brgl and ACF in my experimental set-up.
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D. Material and methods

|. MATERIAL SOURCES

All common chemicals and materials were ordered by Merck (Darmstadt),

Pharmacia (Freiburg), Pierce (Bonn), Promega (Mannheim), Roche (Penzberg), Roth

(Karlsruhe), Serva (Heidelberg), and Sigma (Deisenhofen), unless otherwise stated.

Radioactive materials were ordered by Amersham Pharmacia (Braunschweig).

1. Laboratory chemicals and biochemicals

Acrylamide (Rotiphorese Gel® 30)
Agarose (ME, LE GP and low melting)
Ampicillin

Aprotinin

ATP

[y-32P]- ATP

Bacto Agar

Bacto Peptone

Bacto Trypton

Blue Gal

BSA (Bovine serum albumin), 98% pure
BSA, purified
Bromphenolblue
B-Mercaptoethanol
Chloramphenicol
Coomassie G250
[a-32P]-dCTP

DEAE Sepharose
dNTP-Mix

dNTP-Set

DMSO (Dimethylsulfoxid)
DTT (Dithiothreitol)
EDTA

EGTA

Ethidium bromide

Fetal bovine serum
3-glycerophosphate
Glycogen

Guanidium-ClI

Hepes

Hydroxyl apatite

IPTG

Roth, Karlsruhe
Biozym, Hessisch Oldenburg
Roth, Karlruhe
Sigma, Taufkirchen
Sigma, Taufkirchen
GE Healthcare, Munich
BD, France

BD, France

BD, France
Invitrogen

Sigma, Taufkirchen
NEB, Frankfurt/Main
Serva

Sigma, Taufkirchen
Roth, Karlsruhe
Serva, Heidelberg
GE Healthcare

GE Healthcare, Munich
NEB, Frankfurt/Main
Roche, Mannheim
Merck

Merck

Sigma, Taufkirchen
Sigma, Taufkirchen
Sigma, Taufkirchen
Sigma, Taufkirchen
Sigma, Taufkirchen
Roche, Mannheim
Sigma, Taufkirchen
Roth, Karlsruhe
Bio-Rad, Munich
Roth, Karlsruhe

63



- MATERIAL & METHODS -

Kanamycin

Leupeptin

NP40 (Igepal CA-630)
Orange G
Paraformaldehyde

Pepstatin

Phenol/ Cholorform/ Isoamylalcohol 25/ 24/ 1

Polyethyleneglycol 8000

PMSF (Phenylmethylsulfonylfluoride)
S’adenosly methionine (SAM)
Salmon Sperm DNA

SYBR Safe

N,N,N',N'-Tetramethylethylendiamine (TEMED)

Sigma, Taufkirchen
Sigma, Taufkirchen
Sigma, Taufkirchen
Sigma, Taufkirchen
Sigma, Taufkirchen
Sigma, Taufkrichen
Roth, Karlsruhe
Roth, Karlsruhe
Roth, Karlsruhe
Sigma, Taufkirchen
Invitrogen
Invitrogen

Roth, Karlsruhe

2. Enzymes
Enzymes Company
Creatin phoshate kinase Boehringer
DNasel Roche

Klenow enzyme

New England Biolabs

Iproof high fidelity DNA polymerase

BiooRAD

MNase (S7 Nuclease)

Roche, Sigma Aldrich

Proteinase K

Merck

Hpall)

Restriction endonucleases ( e.g.Mspl,

Fermentas, New England Biolabs, Promega, Roche

RNase A

Promega

M.Sssl-Methylase

New England Biolabs

T4 DNA ligase

New England Biolabs

T4 polynucleotide kinase (PNK)

New England Biolabs

Taq DNA polymerase

Promega, AG Langst (University of Regensburg)

Table 2: Used enzymes and respective company

3. Buffers and solutions

Stock solutions like PBS, TBE, TE, DNA sample buffer or SDS-PAGE-running-
and sample buffer and several other buffers were prepared according to ,Lab FAQS*

(Hoffmann-Rohrer, 2000). Additional buffers and solutions are described in the

individual sections. The most common solutions are listed below:
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Buffers and
. Components
solutions
DNA Sample buffer 50 % glycerol; 50 mM Tris-HCI, pH 7.6; 10 mM EDTA;
(10x)
0.05 % bromphenolblue und xylenecyanol or 0.05% orange G
SDS protein sample 300 mM Tris/HCI pH 6.8, 10 % SDS, 50 % glycerin, add
buffer (6x)
0.05 % Bromphenolblue and 5 % B-Mercaptoethanol later
EX- X buffer 20 mM Tris-HCI, pH 7.6; 1.5 mM MgCI2; 0.5 mM EGTA;
10 % glycerol; X mM KCI
Stop mix 4 % SDS; 100 mM EDTA
Phosphate buffered 140 mM NacCl; 2.7 mM KCI; 8.1 mM Na2HPO4; 1.5 mM
saline (PBS)
KH2PO4, pH adjusted to 7.4 with HCI
TBE buffer 90 mM Tris; 90 mM Boric acid; 2 mM EDTA
TE buffer 10 mM Tris-HCI, pH 7.6; 1 mM EDTA
Stacking buffer (4x) 0.5 M Tris-HCI; 0.4 % SDS, pH adjusted to 6.8 with HCI
Resolving buffer (4x) 1.5 M Tris-HCI; 0.4 % SDS, pH adjusted to 8.8 with HCI
SDS-PAGE running 3.5 mM SDS; 25 mM Tris; 190 mM glycine
buffer

Table 3: Common buffers and solutions

4. Kits
Kit Company
Enhanced chemiluminescence Kit Amersham
EpiTect Bisulfite Kit Qiagen
Plasmid purification Kit Qiagen
Plasmid isolation kit Qiagen
Invitrogen
QIAquick PCR purification Kit Qiagen
PGEM-T-EASY cloning Kit Promega

Table 4: Kits with the respective company

65



- MATERIAL & METHODS -

5. Radioactive material

All radioactive material was either supplied by Amersham Pharmacia ([*H]-S-
adenosyl methionine , 37 MBg/ml, 1 mCi/ml; (a-*P) dCTP (3000 Ci/mmol, 10 mCi/ml)
or by NEN (y-**P)-ATP (3000 Ci/mmol, 10 mCi/ml).

6. Medias

Mammalian cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium,
Gibco) supplemented with glucose (100 mg/l), pyruvat und L-glutamine. 1 % penicillin-
streptomycin (10 mg/ml Gibco) and 10 % fetal calf serum (Gibco) was added prior to
use. Sf21 and Sf9 cells were maintained in Sf900ll-media (Invitrogen), containing 4 mM
N-acetyl-L-alanyl-L-glutamin, 63 mg/l penicillin, 50 mg/l streptomycin and 10 % fetal calf
serum (FCS), heat-inactivated. Liquid and solid LB-medium (Luria-Bertani) was

prepared according to standard protocols by (Sambrook et al., 1989)

7. Antibodies

The following table gives an overview of the utilized primary and secondary

antibodies and their individual dilutions:

Name Description/ Dilution / Supplier

a-GFP (mouse) | monoclonal antibody (IgG2a)/1:200/ Mobitec, #A-11120

a-His (mouse) Monoclonal Penta-histidin- antibody/1:1.000/Qiagen, #34660

a-hSnf2H Polyclonal antibody/1:2.000/provided by P. Varga-Weisz (Poot et al., 2000a)

(6929) (rabbit)

a-1gG Secondary antibody, goat, Horseradish Peroxidase (HRP-conjugated)/1:10000/Biozol,
#12348

(rabbit)

a-1gG (mouse) Secondary antibody, goat, (HRP-conjugated)/1:5000/Amersham Pharmacia, #NA931

a-1gG (rat) Secondary antibody, goat, (HRP-conjugated)/1:5000/Amersham Pharmacia, #NA931

a-1gG+igM Secondary antibody (HRP-conjugated)/1:5000/Dianova, #111-116

(rat)

a-Flag (mouse) Secondary antibody, goat, (HRP-conjugated)/1:1000/Sigma

a-Dnmtl (2E8) Monoclonal antibody (IgG2b), rat / 1: 2000/ E. Kremmer, Helmholtz Gesellschaft

a-tubulin Monoclonal antibody (DM1a) / 1:3000/Abcam
(mouse)

Table 4: Utilized antibodies

66



- MATERIAL & METHODS -

8. Eukaryotic tissue culture cell lines

For growth conditions see ATCC: http://www.lgcstandards-atcc.org.

Cell line Derivation

HelLa human adenocarcinoma cell line (epithelial cells)
HEK 293 human renal carcinoma cell line (epithelial cells)
NIH/3T3 murine embryonic fibroblast cell line

Sf21/Sf9 Insect cell line (Spodoptera frugiperda)

Table 5: Utilized mammalian and insect cell lines

9. Bacteria

XL1 blue (Novagen), DH5a E. coli strains (Novagen), Pir+ 8B (Imre Berger,

EMBL Grenoble) were used for DNA plasmid amplifications.

10. DNA-constructs

Name Cloning strategy

pPCRScript_slo1-gla75 insert (Sloning DNA) slol-gla75 insert consisting of NPSs rDNA-601-Hsp70 dimer;
Sloning

pBluescript(Bsml) pBluescriptSK(+)backbone.Hindl/EcoRI fragment.
(Oligonucleotides: BsmHE_F/ BsmHE_R); Langst Lab

pT7K3 PT7Blue3(Novagen) backbone with K3rDNA fragment insert.
Blunt end cloning with EcoRV (see (Rippe et al., 2007); Langst
Lab

pCpGLbasic R6P origin, only in cells with pir gene (Rehli group); Cloning

strategy described in (Klug and Rehli, 2006)

pGA4 BN-601-m1 Vector of mod. 601 sequence for Bisulfite sequencing; the
modified 601 NPS sequence can be amplified (Oligonucleotides:
MF77/78), Mr Gene

rDNA constructs The construct pT7blue3-LP7/LP2 was used to generate
hemimethylated DNA that was constructed of the pT7-blue-
3vector (Novagen). The 248 bp-rDNA-promotor-fragment was
synthesized by PCR (Oligonucleotides: LP2 and LP7) and
inserted by the EcoRV-restriction site of the plasmid
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601 construct p601-construct, which was inserted into the pGEM3Z-plasmid
was kindly provided by Jon Widom (Lowary and Widom, 1998).

CpGless601 BamH1/Hindlll fragment (Oligonucleotides:
Bam_fw_new/Hindlll_rev_new) inserted into pCpGLbasic

Dnmtl construct Mammalian expression vector EGFP, N-terminal GFP-tagged
murine DnmtlUnknown cloning strategy (Leonhardt group)
pEGFPC1-Dnmtl human full length

pEGFP Dnmtl mouse full length Mammalian expression Vector EGFP, N-terminal GFP-tagged,
Xmal/Smal - Spel Notl fragment (Leonhardt group)

Dnmtl construct pPEGMT1LdeltaZnF mouse pEGMT1Delta-ZnF : Deletion in Zn-finger (aa 655-696),
Integration of Sacll site (Ala-Ala-Ala); Leonhardt group

Dnmtl construct GFP-Znf mouse GFP-ZnF (aa 643-700): Zn-finger Dnmtl Leonhardt group

Table 6: DNA constructs with cloning strategy

Plasmid Supplier
pCMV14 Stratagene
pBluescript SK(+) Stratagene
puUC19 Novagen
pBR322 Novagen

Table 7: Common DNA plasmids with supplier

11. Oligonucleotides

All oligonucleotides were purchased from Eurofins MWG Operon and diluted to a
final solution of 100 uM with MilliQ-water.

gg?izguc Sequence Tin FNEEEE
Airl_metu | TGCGGAATS5GTCTAASG5GTGGAATS5GTCCCCTTG fw 69,5°C | Generation

p AIR fragment
Airl_nome | CAAGGGGACGATTCCACGCGTTAGACGATTCCGCA rev 74,2°C | Generation
t.do AIR fragment
AP1 ATCTTTTGAGGTCCGGTTCTTT fw 56°C 77-WID

AP2 GATCTTAGTACAGAGAGGGAGAGTCAC rev 65°C 77-WID-77
AP3 CATGGTATGACTTCCAGGTATGG fw 60,6°C | 22-WID

AP4 GGAGGTGGCCCAAACATATG rev 59,6°C | Notused here
AP5 ATGTTTGGGCCACCTCCCC fw 61°C 40-WID
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AP6 GACCCCATAACGAAAAGAACCG rev 60,3°C | Notused here
AP7 GATCCAGAATCCTGGTGCTGAG fw 62,1°C | WID
AP8 TGTATATATCTGACACATGCCTGGA rev 59,1°C | WID
AP9 GGCCTTAAGAGAAATTTCTCGAG rev 58,9°C | 22-WID-22
AP10 CTAGAGAATAACGGCCTTAAGAGA rev 59,3°C | 40-WID40
AP11 TCTTTTCGTTATGGGGTCATAT fw 54,7°C | 60-WID
AP12 AAACGAATCTAGAGAATAACGGC rev 57,1°C | 60-WID-60
AP13 TTTCTCGAGTTTTCTTTGCTAGCT rev 57,6°C | 22-WID-22
AP14 TAACGGCCTTAAGAGAAATTTCT rev 55,3°C | 40-WID-40
AP15 GTACAGAGAGGGAGAGTCACAAAAC rev 63,0°C | 77-WID-77
AP16 TGACTTCCAGGTATGGATCCAG rev 60,3°C | 15-WID
AP17 AGTTTTCTTTGCTAGCTAGCTGTATA rev 58,5°C | 15-WID-15
601_m1 TCTTCACAC™CGGGTTCATCCCTTATGTGC"CGGAC fw 70.7 °C | 601 DNA
fragment
(hemimet.)
601_nml TCTTCACACCGGGTTCATCCCTTATGTGCCGGAC fw 73.1°C | 601 DNA
fragment
(unmeth.)
601_nm2 GTCCGGCACATAAGGGATGAACCCGGTGTGAAGA rev 73.1°C | 601 DNA
rev fragment
LP2 GGACAGCGTGTCAGTACCTATCT fw 62.4 °C | rDNA fragment
LP7 GAAAGCTATGGGCGCGGTT rev 58.8 °C | rDNA fragment
MF77 AGATCTTTTGAGGTCCGGTTCTT fw 60°C BN601
MF78 ATCTTAGTACGGAGAGGGAGCG rev 60°C BN 601
MF79 GAATTGGGTACCAGATCTTTTGAG fw 60°C BN601 no
CpG, 342 bp
MF80 GGGAACAAAAGCTGGAGCTC rev 60°C BN 601 no
CPG, 342 bp
MF81 GAATTGGGTATTAGATTTTTTGAGGTT fw 60°C BN601
(+)strand
Bisultfite with
MF82
MF82 AAAAACAAAAACTAAAACTCAAATCTTAATA rev 60°C BN 601 (+)
Bisultfite, with
MF81
MF 112 GGGAATAAAAGTTGGAGTTTAGATTTTA fw 60°C BN 601 (-)
strand
Bisulfite with
MF113
MF113 AAATTAAATACCAAATCTTTTAAAATCC rev 60°C BN 601 (-)
strand
Bisulfite with
MF112
MF124 GATCCCGAATCCCGGTG fw 60°C pGA BN601
147bp
fragment
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MF125

CTAGCTGTATATATCTGACACGTGCC

rev

60°C

pGA BN601
147bp
fragment

pBR322_h
m_rev

CATTCACAGTTCTCCGCAAGAATTG

rev

61,3°C

T4 DNA poly
reaction, Oligo
at Nb.Bsml
site

CMV_14 r
ev

CATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGA

rev

71,6°C

Nb.Bsml site
in CMV14

BsmHE_F

AGCTTGCGGAGAACTGTGAATGCGC

66,3°C

Generation
Bsml site in
pBluescript

BsmHE_R

AATTGCGCATTCACAGTTCTCCGCA

rev

63,0°C

Generation
Bsml site in
pBluescript

BamH1_fw

GCTGACTACAAAGACCATGACGGTGATT

60°C

Insertion of
nicking site
BamHI

BamH1-rev

GATCCTCTAGAGTCGACTGGTACCGATATC

rev

60°C

Insertion of
nicking site
Hpal

Nb.BbvCl_
fw

GCCTCCCGAGTTGTTGGGATTCCAGG

69,5°C

Generation hm
DNA after ss-
nick via PCR

Nb.BbvClI-
rev

GAGAATCGCTTGAACCCAGGAGGCGGCGA

rev

70,9°C

Generation hm
DNA after ss-
nick via PC

pT7_3765.f
w

GCTCGTATGTTGTGTGGAATTGTGAG

60°C

Generation of
pT7k3 border
frame

pT7_190.r
ev

GGCCAGTGAATTGTGCGGCC

rev

60°C

Generation of
pT7k3 border
frame

pT7_3801f
w

TTTCACACAGGAAACAGCTATGACCATG

60°C

Generation of
pT7k3 central
frame

pT7_226.r
ev

GCCAGGGTTTTCCCAGTCACG

rev

60°C

Generation of
pT7k3 central
frame

Bam_fw_n
ew

GGTACGACTTCCAGGTACGGATC

61,7°C

Cloning 601
sequence in
CpG less
vector

Hindlll_rev
_new

CGAGTTTTCTTTGAAGCTTGCTG

rev

61,4°C

Cloning 601
sequence in
CpG less
vector

601_CpGle
ss_fw

GAGCAAACAGCAGATTAAAAGGAAT

60 °C

Primer to
check correct
insertion of
601 into CpG
less

Table 8: Oligonucleotides with indicated name, sequence, orientation, melting temperature and respective

purpose
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12. Fluorescence labeled Oligonucleotides

. . Tin Purpose
((j)ggonucleon Sequence
(°C)
Bglll_A647_fw ATCTTTTGAGGTCCGGTTCTTT fw 56,5 Labeled 77-WID-77
°C (Alexa)
15f_A647 TCAGGTCGACCAGTT fw 47,8 Dnmtl EMSA free
DNA Labeled 15-
mer (Alexa)
15rev AACTGGTCGACCTGA rev 47,8 Dnmtl EMSA free
DNA 15-mer
30f_A488 CTCCGGGTTGTCAGGTCGACCAGTTGTTCC fw 72,2 Dnmtl EMSA free
DNA Labeled 30-
mer (Alexa)
30r GGAACAACTGGTCGACCTGACAACCCGGAG rev 72,2 Dnmtl EMSA free
DNA 30-mer
45f _A555 ATCAGTTCTCCGGGTTGTCAGGTCGACCAGTT | fw >75 Dnmtl EMSA free
GTTCCTTTGAGGT DNA Labeled 45-
mer (Alexa)
45r 5ACCTCAAAGGAACAACTGGTCGACCTGACAA | rev >75 Dnmtl EMSA free
CCCGGAGAACTGAT DNA 45-mer
60f_A647 5TCGGTCTTATCAGTTCTCCGGGTTGTCAGGTC | fw >75 Dnmtl EMSA free
GACCAGTTGTTCCTTTGAGGTC DNA Labeled 60-
mer (Alexa)
60r GAACCGGACCTCAAAGGAACAACTGGTCGACC | rev >75 Dnmtl EMSA free
TGACAACCCGGAGAACTGATAAGACCGA DNA 60-mer
AP1_fw_FAM ATCTTTTGAGGTCCGGTTCTTT- fw 56,5 5'Fluorescein (FAM)
labeled for 77-WID-
77 Footprint
AP15_revHEX GTACAGAGAGGGAGAGTCACAAAAC rev 63°C | 5’HEX (HEX)

labeled for 77-WID-
77 Footprint

Table 9: Fluorescence labeled oligonucleotides with indicated name, sequence, orientation, melting
temperature and respective purpose
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13. Recombinant Baculoviruses for Sf9 or Sf21 cells

Recombinant viruses, encoding the following proteins were available in the
department. Penta histidin-taggted Dnmtl (human) was kindly provided by Dr. Keith
Robertson (Yokochi and Robertson, 2002).

ISWI Gernot Langst
Flag-ISWI Gernot Langst
Flag-ACF1 Gernot Langst
Flag-Snf2H Ralf Strohner
Flag-Mi-2 Gernot Langst
Flag-Brgl Robert Kingston
Flag-Chd1 Alexandra Lusser

14. Drosophila melanogaster: maintenance, embryo collection and extracts

Fly maintenance and embryo collection was performed according to the rules
established fly facility in the department of Peter Becker, Adolf-Butenandt-Institute.
Drosophila embryo extracts were prepared as described by Peter Becker. Recombinant
histones were a common reagent, produced routinely in the department of Peter

Becker, Adolf-Butenandt-Institute.

15. Chromatographic material

Material Company

Nickel-NTA agarose Qiagen
(Ni** beads)

M2 agarose Sigma
(Flag-beads)

Sephadex G 25/50 Roche
spin columns

Table 10: Chromatographic material

16. Blotting material

Material Company
Hybond N+ Amersham
membrane

Whatman 3MM paper | Whatman

PVDF membrane Amersham/ Millipore
(Immobilon) 0.4 pm

Table 11: Material used for Western blotting
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17. Instruments

Instruments

Supplier

37 °C shaker

Heraeus Instruments, Kendro

37°C plate incubator

Memmert

-80 °C freezer

Sanyo

Agarose gel chamber

Werkstatt University of Regensburg

Autoclave

Verioklav

Autoclave LTA 25B2

Zirbus

Balance

Sartorius, Kern

Centrifuge 5415R

Eppendorf

Centrifuge Centrikon T-324

Kontron Instruments

Centrifuge 3-16K/ 1-14/ 4-15

Sigma

Centrifuge rotator A. 0.9/ A. 8.24

Heralab / Kontron

Cell Spinner bottles

Integra Bioscience

Drying Cabinet Mammert
Fireboy plus IBS
Fluorescence Image reader BAS 1000 Fuji
GelMax UV imaging system Intas
Laminar flow hood Antair BSK

Liquid nitrogen can

Union Carbide, UK

Ice machine Ziegren
Incubator SafeCell UV Sanyo
Cooled Incubator (27°C) LMS
Magnetic stirrer MR HEI-Mix L/ MR 3001 Heidolph
Microscope IX50 Olympus
Microwave Sharp, MDA
Millipore machine ELGA
Nanodrop UV Spectrometer ND-1000 PeglLab
Overhead shaker Biosan
PAA gel chamber (Novex Mini cell) Invitrogen
PCR machine Primus 96 advanced PeglLab
Peristaltic pump Heidolph
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pH electrode + meter

Knick

Photometer

Amersham Biosciences

Pipetman “Pipetboy comfort”

Integra Biosciences

Polymax 1040 gel shaker

Heidolph

Rotorshake Genie

Scientific Instruments

RS 24 Rotating wheel Biosan
Safelmager Invitrogen
Shaker Unimax 2010 (insect cells) Heidolph
Shaker incubator (Minitron) Infors HT
Digital Sonifier Model 250-70 Branson
Tabletop balance Acculab
Thermomixer comfort Eppendorf
TS 100 Thermo shaker PeglLab
Unigeldryer 3545D Biosan
Western Blot apparatus PeglLab /
Power-Supplier Power Pac 3000 BioRad
Protein gel chamber Novex mini-Gel Invitrogen

LE-80K ultracentrifuge

Beckman Coulter, Optima'" 6000

Agarose UV imaging system

Gelmax, Intas

BAS 1000 Raytest

Fujix

PCR machine (old)

Perkin Elmer

PCR machine

Peglab

Real Time PCR machine

Corbett Research, Rotor Gene

RG-3000

Trans — Blot® SD Semi-dry transfer cell

BioRAD

Table 12: List of instruments
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18. Free software and online tools

Application Author
NEB double digest New England Biolabs
finder
(http://www.neb.com)
Reverse (http://www.bioinformatics.org)

Complement

Netprimer Premierbiosoft

(http://www.premierbiosoft.com)

VectorNTI Invitrogen (http://www.invitrogen.com)

BiQ Analyzer Christoph Bock (http://big-analyzer.bioinf.mpi-sb.mpg.de)

Table 13: List of used software
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Il. METHODS

1. Biochemical methods (DNA-specific methods)

1.1. Standard procedures

The generation of competent cells and the transformation of electro-, or
chemically competent bacteria with DNA and cultivation of bacteria were both
performed according to standard protocols (Sambrook, 1989). The preparation of
plasmid DNA was done by using the Qiagen or Invitrogen Midi-/Maxi-Preparation kit
according to the manual. Purification, concentration determination, ethanol precipitation,
restriction enzyme digestion, ligation of DNA fragments, analysis of DNA on agarose
and polyacrylamide gels and amplification of DNA by polymerase chain reaction (PCR)
were all performed according to standard protocols (Ausubel, 1999; Hoffmann-Rohrer,
2000; Sambrook and Russell, 2001). Isolation of DNA from agarose gels was done

using the Qiagen gel extraction Kkit.

1.2. Determination of DNA concentration

The DNA concentration of single and double stranded DNA was determined by
absorption measurement at 260 nm using a NanoDrop ND1000 spectrophotometer
(Peqglab). The purity of the DNA could be judged by the ratio A260/280.

1.3. Analysis of DNA guality and quantity

Restriction enzymes were used in reaction conditions according to the
manufacturer's recommendations concerning buffer, addition of BSA and temperature
(see NEB). Different experimental set-ups were used in dependence on preparative or
analytical scale: For the analytical digest 0.1-1 ug DNA were incubated using 5 u of the
respective restriction endonuclease in a total volume of 50 pl. The preparative
restriction digest was done with 20 ug DNA using 20 u restriction endonuclease in a
total volume of 30 pl. To check the completion of the digest, DNAs were
electrophoretically separated using 0.8-2.0 % TBE-agarose gels supplemented with
SybrSafe.
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1.4. Hybridization of Oligonucleotides

Similar quantities of complementary single strand oligonucleotides (300 pmol
each) were mixed in reaction buffer (0.1 M KCIl and 1 mM MgCl,) in a final volume of
100 pl, denatured in a thermocycler (Perkin Elmer; 95°C for 10min) and slowly (1-2

hours) chilled to room temperature to allow complete oligonucleotide hybridization.

1.5. Radioactive and fluorescent labeling of DNA

For radioactive labeling, DNA was either labeled by incorporation of radioactive
dNTP during PCR (“body labeling”) or by labeling of an oligonucleotide with T4 PNK
(“endlabeling”). For “body labeling”, a standard PCR reaction was performed, to which
(a-**P) dCTP was added: 100 ng DNA template, 500 pmol of each primer, 100 nmol of
dATP, dGTP, dTTT, 20 nmol dCTP and 16.7 pmol (a-**P) dCTP in 1ml. Purification and
removal of non-incorporated nucleotides was done by ethanol precipitation with
subsequent gel isolation. Oligonucleotides were alternatively end labeled with y-*’P-
ATP using T4 PNK according to the manufacturer’s protocol. Non-incorporated
nucleotides were separated from the labeled DNA using Sephacryl G25 spin columns
(Roche).

DNA was 5 fluorescently labeled by PCR with oligonucleotides harboring a 5’
fluorescence tag (see section D.1.12. for oligonucleotides). For the footprint template a
forward 5° FAM and a reverse 5 HEX labeled oligonucleotide was used. The PCR
reaction was performed following standard PCR protocols (see section D.11.1.8) with the
indicated annealing temperature. The DNA quality was analyzed on a 5 %
polyacrylamide gel and the DNA purified using ethanol precipitation. Non-incorporated
oligonucleotides were removed using a Sephacryl G50 spin column (Roche, GE

Healthcare).

1.6. Precipitation and isolation of radioactive DNA fragments

DNA fragments were precipitated from the supernatant by adding 0.5 volumes of
7.5 M ammoniumacetate (pH 7.7) and 2.5 volumes of 100% ethanol, vortexed briefly
and incubated on ice (10min). Precipitates were span (4°C, 13000 rpm, 15 min),
washed with 70% ethanol and dissolved in 100 yl EX-100. Depending on the purpose
and purity of the amplified DNA, the probe was either used directly or gel purified.
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For gel purification, DNA was separated by polyacrylamide gel electrophoresis in 0.4 x
TBE. The wet gel was exposed on an X-Ray film, and the DNA fragment was excised
from the gel. The gel piece was incubated with 1000 yl EX-300 and the DNA fragment
eluted by vigorous shaking for at least 3 h at RT. Gel pieces were pelleted in an
Eppendorf mini-centrifuge (RT, 16000 g, 1 min). The eluted DNA was precipitated again
and finally dissolved in 100 ul EX-100. This DNA was subsequently used for

nucleosome assembly reactions.

1.7. Generation and analysis of hemimethylated and methylated DNA

Generally, DNA was methylated using the bacterial methyltransferase M. Sssl
according to the manufacturer’s instructions (NEB). Briefly, 1ug of DNA was incubated
with 5 u enzyme in the respective reaction buffer in the presence of 160 uM S-adenosyl
methionine at 37°C for at least 4 h or O/N with freshly added SAM every hour. The

enzyme was inactivated at 65°C for 20 min.
The final protocol used to prepare hemimethylated DNA was the following:

At first the 6.3 kb pCMV14 plasmid was linearized with a single cutter restriction
endonuclease (here Hindlll) according to the manufacturers’ recommendations. 1/3 of
the linearized DNA was methylated with M.Sssl methyltransferase and then incubated
with 2/3 non-methylated linear pCMV14 DNA for 10 min at 95°C and hybridized by
slowly cooling down. Subsequently, the mixture was applied to Mspl/Hpall digest and

analyzed on a 1.3 % agarose gel to check the quality of hemimethylated DNA.
To prepare hemimethylated DNA a variety of different methods were tested:

In each experimental setup 20 ug pCMV14 were first methylated with 12.5 u M.Sssl. A
single-strand nick was inserted by incubating with the nicking endonuclease Nb.BbvCl
(3 u/ug) for 4 h at 65°C and heat inactivated according to the manufacturers’
recommendations. After heat inactivation for 20 min at 80°C the DNA was phenol-

chloroform extracted and precipitated by ethanol precipitation.

Exonucleaselll digest was carried out in 200 pl volume using Exonucleaselll (60 u/ug
DNA) for at least 4 h at 37°C and heat-inactivated afterwards. Hybridization of 3 ug
Primer Nb. BbvCl_rev (300 pmol/10 ug DNA) was done by incubation for 5 min at 95°C

and a constant cooling down to 37°C.
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The extension was performed using 10 ug pCMV14 (in buffer 1); 200-500 uM dNTP-mix
and 10 u T4 polymerase in 200 pl volume by incubation at 37°C for at least 90 min. The
DNA was extracted with phenol-chloroform and precipitated using ethanol and

ammonium acetate.

A method based on nick translation using Taq polymerase was carried out as follows:
10 ug nicked DNA were incubated with 5 u Tag polymerase, 4 pl dNTP-mix (2.5 mM
each) in 100ul volume for 2h at 37°C. Alternatively, E.coli DNA polymerasel was used:
10 u DNA polymerase |; 500 uM dNTPs for 2h30 at 16°C. The DNA was extracted with

phenol-chloroform and ethanol precipitated.

1 ug nicked DNA was applied to 100 pl reactions using 1.5 u, 2.5 u and 5 u Taq
Polymerase. The DNA was extracted with phenol-chloroform and precipitated using
ethanol and ammonium acetate. PCR using oligonucleotides Nb. BbvCl _fw and Nb.
BbvCl_rev that hybridize next to the nick to generate circular and linear hemimethylated
DNA in one reaction was performed. The PCR reaction was done following standard

protocols with 3 cycle rounds:

Cyclestep i
Temperature (°C) | Time
(Programm number #)

Denaturation 95°C 5 min
Annealing 67°C 8 min
Extension 72°C 15 min

Table 14: Used PCR protocol

1.7.1. ANALYSIS VIA RESTRICTION ENZYME DIGEST (MsPI / HPAIl OR GLAI)

Methylation efficiency was determined by restriction digest with the methylation
sensitive restriction endonucleases Mspl/Hpall according to the manufacturers’
recommendations (NEB). Alternatively, Glal (SibEnzyme) a restriction endonuclease
that cuts methylated DNA in dependence on the number and position of methylated

nucleotides in its recognition sequence was used.
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1.7.2. TIME COURSE EXPERIMENT TO ANALYZE HEMIMETHYLATED DNA

The quality of hemimethylated DNA was also checked by performing a kinetic

approach:

40 nM Dnmtl were incubated either with the hemimethylated substrate or a 1:3 mixture
of Sssl methylated and unmetylated substrate in a 400 pl reaction volume with 63 nM
3H-SAM, 4 ul BSA. Aliquots were taken at different time points (5 min-3 h) and the
reactions stopped by shock-freezing on a dry ice/ethanol bath. The methylation activity

of Dnmtl was analyzed as described in section D.I1.6.1.

1.7.3. METHYLATION BY DNMTL

1 ug pCMV14 DNA was methylated with 10-80 nM Dnmtl O/N at 37°C with 160
MM SAM in the optimized 10 x reaction buffer. Subsequently the DNA was ethanol

precipitated and quality analyzed by restriction digest.

1.8. Preparation of DNA fragments for the assembly of mononucleosomes

1.8.1. GENERATION OF 601 FRAGMENTS

The 601 DNA templates (WID) for the Dnmtl EMSAs were generated by different
preparative restriction digests of the Sloning DNA (pPCRScript_slol-gla75 insert).
Figure 17 illustrates the Sloning construct with the respective restriction sites indicated.
Prior to large-scale reactions analytical test reactions were performed. The different
fragments were amplified via PCR (see below). Quality of the restriction digests and the
PCR amplification were analyzed on a 1.2 % agarose gel and DNA concentration was
determined. Subsequently these different fragments were assembled into chromatin
using salt gradient dialysis (see section D.ll.4.1). The efficiency was analyzed on a 6 %
PAA gel. By using this strategy asymmetrical and symmetrical nucleosomal positions

with different overhanging DNA lengths were generated.

80



- MATERIAL & METHODS -

pPCRscript

Slo1-gla75

e
AP16
— > AP,
| 1 | ] | | | | | |
77 60 40 22 15 - 15 22 40 60 77
AP s
e
AP13
AP14 =
AP12 <gpis

PCR products: AP7 & AP8: WID —» EMSA

AP16 & AP8:  15-WID —» EMSA

AP3 & AP8: 22-WID —» EMSA

AP5 & AP8: 40-WID —» EMSA

AP11 & AP8:  60-WID —» EMSA

AP1 & AP8: 77-WID —» EMSA

AP16 & AP17: 15-WID-15 —» EMSA

AP3 & AP13:  22-WID-22 —» EMSA

AP5 & AP14:  40-WID-40 —» EMSA

AP11 & AP12: 60-WID-60 —» EMSA

AP1&AP15:  77-WID-77  —» EMSA, Competitative EMSA,

Footprint, Remodeling

Figure 17. Generation of different 601 DNA templates

The different 601 DNA fragments were generated by PCR using the plasmid pPCRscript Slo-1-gla75 as DNA
template. By using different combinations of oligonucleotides (AP1-AP17), DNA fragments containing the 601
nucleosome positioning sequence (referred to as WID, 147 bp) and different length of flanking DNA (0-77 bp),
either symmetric or asymmetric were generated. The PCR products were either used directly as nascent DNA or
reconstituted into chromatin using the salt gradient dialysis method. The different 601 DNA and nucleosomal
substrates were then applied to the specific functional assays as indicated (EMSA, Competitive EMSA, DNasel
footprint assay or Nucleosome remodeling assay).
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Restriction endonuclease digest in 30 pl volume with 20 pg Sloning construct, 3 pl 10x
NEB restriction Buffer, 20 u restriction endonuclease at 37°C O/N.Ethanol Precipitation

O/N at -20°C with glycogen as carrier.

1.Test PCR in analytical scale (50 pl):

50 ng DNA template (see below), 5 ul 10x Tag-Buffer (Genaxxon S), 1 ul of each
Oligonucleotide (10 pmol/ul stock), 1 pl dNTP-Mix (10 mM), 1 pyl Taq Polymerase
(Elisa).

Run PCR in old Perkin Elmer cycler (0.5 ml reaction tubes) or old PegLab cycler

(0.2 ml reaction tubes).
2.Large scale PCRs in 10 ml:

10 yg DNA template (see below), 1 ml 10x Tag-Buffer (Genaxxon S), 20 pl of
each Oligonucleotide (100 pmol/pl stock), 20 ul dNTP-Mix (10 mM), 200 pl Taq

Polymerase (Elisa).

Mix well and aliquot 200-300 pl to 0.5 ml reaction tubes. Run PCR in old Perkin

Elmer cycler.
Lyl el Temperature (°C) | Time Number of cycles
(Programm number #)
# 18 Initial denaturation 94 2 min 1
# 19 Denaturation 94 40s
. 55-58°C according to 35
Annealing fable (Teanm) 40 s
Extension 72 40 s
# 20 Final Extension 72 10 min 1
# 21 Cool down 4 forever |1

Table 15: Used PCR protocol for 601 fragments
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Template Primer_fw Primer_rev RE template
15-WID AP16 AP8 Ncol/Nhel
15-WID-15 AP16 AP17 Ncol/Aflll
22-WID-22 AP3 AP13 Ncol/Aflll
40-WID-40 AP5 AP14 Ndel/Xbal
60-WID AP11 AP8 Bglll/Nhel
60-WID-60 AP11 AP12 Balll
77-WID-77 AP1 AP15 Balll
22-WID AP3 APS8 Ncol/Nhel
40-WID AP5 AP8 Ndel/Nhel
77-WID AP1 AP8 Bgll/Nhel
WID AP7 AP8 BamHI/Nhel

Table 16: 601 DNA templates (WID)

Ethanol Precipitation O/N at -20°C with glycogen as catrrier.

The quality was analyzed on a 1.2 % agarose gel and concentration determined at the

nanodrop.

Output: ~ 20-50 ug / 1 ml PCR reaction.

1.8.2. GENERATION OF 601-BASED DNA FRAGMENTS

The 342 bp template used for the Bisulfite sequencing assay harboring the 601
sequence and 27 CpG sites was prepared by PCR of the pGABn601_mod DNA as
described in section D.II.1.8 using the oligonucleotides MF79 and MF80 with 56°C as

annealing temperature.

The 147 bp 601 template was prepared by PCR of the pGABn601 _mod DNA as
described in section D.I1I.1.8 using oligonucleotides MF124 and MF125 with 56°C as

annealing temperature.

The 345 bp 601 CpG less flanking region template was prepared by PCR of the
Bn601CpGless DNA as described in section D.II.1.8 using oligonucleotides CHO1 and

CHO2 (see Lablife) with 50°C as annealing temperature.
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These templates were all precipitated using 10 % PEG and 30mM MgCI2. 2z sample Vol
PEG solution was added to the probe and incubated for 30 min on ice. Centrifugation at
13000 rpm for 30 min at 4°C and two washing steps using 70 % ethanol (13000 rpm for
30 min at 4°C). The pellet was air-dried and dissolved in 50 yl H20O. The concentration

was determined on a Nanodrop spectrophotometer.

2. Molecularbiological methods (Protein-specific methods)

2.1. Standard procedures in protein analysis

All protein analysis were performed according to standard protocols (Ausubel,
1999; Ausubel and et al., 1994; Hoffmann-Rohrer, 2000; Sambrook et al., 1989;
Sambrook and Russell, 2001). Generally, proteins were kept on ice, in the presence of
protease inhibitors (either Roche Complete® or Leupeptin, Pepstatin, Aprotinin (all 1
Mg/ml,Genaxxon) and PMSF (0.2-1 mM) added separately). 1 mM of reducing agents

DTT or 3-mercaptoethanol was also added.

2.2. Protein guantification

Protein concentration was determined using the colorimetric assay described by
Bradford (Bradford, 1976). The concentration of purified proteins was also estimated
according to protein standards (e.g. BSA) with known concentration in SDS-PAGE

followed by Coomassie blue staining.

2.3. SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

Pouring and electrophoresis of SDS-polyacrylamide gels were both performed
using the Invitrogen Novex Mini cell chamber or the BioRad gel system. Separating and
stacking gels were prepared according to standard protocols (Sambrook and Russell,
2001) using ready-to-use polyacrylamide solutions from Roth (Rotigel, 30 %, 49:1). For
electrophoresis, protein samples were mixed with SDS-PAGE sample buffer, heat-
denatured for 5 min at 95°C and directly loaded onto the gel. Proteins were separated
at 90 V until the samples had passed through the stacking gel and then at 150 V until
the dye front had reached the end of the gel. By running pre-stained marker proteins
(PegLab gold 1V) the molecular weight of proteins could be estimated. Following

electrophoresis, proteins were either stained or subjected to Western blotting.
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2.4. Coomassie blue staining of protein gels

Following electrophoresis, polyacrylamide gels were fixed for 30 min in fixation
solution (50 % methanol/ 10 % acetic acid) and stained for 60 min on a rocking platform
with Coomassie staining solution (0.025 % Coomassie Blue R in 10 % acetic acid).
Destaining was performed in 10 % acetic acid (tissue added to accelerate destain).
After documentation, gels were dried onto a Whatman paper at 80 °C for 2 h on a gel
dryer (BioRad).

2.5. Semi-dry Western Blot

Proteins were first separated by SDS-PAGE and transferred to nitrocellulose or
PVDF membranes using a Bio-Rad “Trans-Blot SD Apparatus” or a “PegLab Semi-Dry
blotting apparatus” for 90 min at 50 mA/membrane or for 1h at 24V. For the protein
transfer, the gel was sandwiched between gel-sized Whatman papers, either soaked in
anode or cathode buffer (1 piece in each buffer) or in the subsequent blots just soaked
in transfer buffer (6 pieces). The PVDF membrane was equilibrated for 30 min in
methanol. The blot sandwich was assembled in the following order (bottom-up): 1
Whatman paper in anode buffer 1, 1 Whatman paper in anode buffer 2, SDS-PAA gel
with the separating gel removed, PVDF membrane in methanol, 1 Whatman paper in
cathode buffer or using the transfer buffer (Towbin buffer: 192 mM glycine, 25 mM Tris,
20% methanol, 0.05 % SDS): 1. 3 Whatman papers, PVDF membrane in methanol,
SDS-gel, 3 Whatman papers. Care was taken not to trap air-bubbles between the

layers.

2.5.1. DETECTION BY PONCEAU S STAINING

Transfer of the proteins was confirmed by staining the PVDF membrane for 5 min
at room temperature with Ponceau S solution. The membrane was then destained by

several 1 min washes in water.

2.5.2. IMMUNODETECTION

Nitrocellulose filters were incubated for at least 30 min in blocking solution (1x
PBS, 5% dried milk and 0.2% Tween-20) after protein transfer in order to reduce non-
specific background. Membranes were sealed in a plastic bag and incubated for 1h at
RT or O/N at 4°C with the appropriate dilution of the primary antibody directed against

the protein of interest. Dilutions of the used antibodies are listed in section D.l.7. The
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membrane was than washed three times in PBS-Tween (10 min each) and incubated
for an additional hour with the horseradish peroxidase-coupled secondary antibody.
After 3 washes with PBS-Tween the antigen-antibody complex was detected using
Enhanced Chemi-Luminescence Kit (ECL, Amersham) or Roche Chemiluminescence
Substrate (POD) and autoradiographed according to the manuals. Visualization was
performed by using the Fuji LAS3000 Fluorescence Image Reader. All steps were

performed at RT.

3. Isolation of chromatin remodeling complexes and the DNA
methyltransferase Dnmtl

3.1. Expression of recombinant proteins with the baculovirus system

The baculovirus system allows high expression levels of large eukaryotic
proteins. Furthermore, this system reflects eukaryotic cells as the proteins are

processed and posttranslational modified.

3.1.1. MAINTENANCE OF SF21/ SF9 CELLS

Sf21 and Sf9 cells were -cultivated in Sf-900 Il medium (Invitrogen),
supplemented with 4 mM N-acetyl-L-alanyl-L-glutamine, 63 mg/l penicillin, 50 mg/I
streptomycin and 10 % fetal calf serum (inactivated by incubation at 56°C for 20 min).
Cells were grown in suspension or as monolayers at 27°C. The suspension culture was
maintained either in spinner bottles at 80 rpm or in Erlenmeyer flasks on a rotating
shaker at 90 rpm. The vessels were then sterilized by autoclaving twice (spinner bottles)
or by heating to 220°C (Erlenmeyer flasks). Cell density of spinner cultures was kept

between 5x10° and 2x10° cells/ml.

3.1.2. AMPLIFICATION OF RECOMBINANT BACULOVIRUSES

Virus amplification was undertaken to preserve the virus stock and to gain a high
titer of virus (typical 10”-10® plaque forming units (pfu/ml)). Expansion of viral stocks
was carried out at rounds of low MOI infections (e.g. 0.1 or less) in order to select for

intact virus particles over several generations of virus replication.

For virus amplification, 1x10% Sf21 or Sf9 cells (Spodoptera frugiperda) in 100 ml Sf
900l medium were infected with 500ul of either initial or already expanded virus stock

in Erlenmeyer flasks at 27°C. Cell growth was thereafter monitored twice a day and
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cells were split to maintain a constant cell density of 1x10° cells/ml. After the estimated
time point of growth arrest, cells were further incubated for 24 hours. The cell
suspension was then centrifuged for 5 min at 4000 rpm and the viral supernatant was

recovered sterilely and stored at 4 °C, protected from light.

3.1.3. TESTEXPRESSION

The protein test expression serves as method to experimentally determine the
amount of virus stock needed for high levels of heterologous gene expression. 1x10°
Sf21 cells growing in logarithmic phase were seeded to each well of a 6-well plate in 3
ml fresh medium. Alternatively, 12x10° Sf9 cells/150 mm plate were seeded in 5 ml
media. After leaving the plate for 15 min at room temperature to allow attaching of the
cells, several dilutions of the virus stocks were made (in the range: 1-50 ul for Sf21 or
50-1000 pl for Sf9) and added. As a mock control, one well was left uninfected. The
plate was sealed with parafiim and incubated for 72 h at 27 °C. Cells were then
detached with a cell scraper and pelleted (500 rpm for 5 min at RT). The pellets could

be either stored at -80°C or analyzed for protein expression:

All following steps were carried out on ice. Cell pellets were resuspended in 200 ul B-
PER reagent (Thermo Scientific), incubated for 10 min on ice and vigorously vortexed
twice during this time. The suspension was then centrifuged (25.000 g, 15 min at 4°C)
and the supernatant diluted 1:2 in 20 mM Tris-HCI pH 7.5. Cell lysate was incubated for
1 hour on a rotating wheel with equilibrated affinity resin according to the affinity tag of
the protein to be purified and the company’s recommendations. Beads were recovered
by centrifugation (500 g, 5 min at 4°C) and washed three times with 20 bed volumes of
its respective binding buffer. One bed volume of SDS-PAGE sample buffer was added
to the washed resin, the suspension was then heated to 95 °C for 5 min. 10-15 pl of this
sample were analyzed on a SDS-PAA gel of appropriate percentage. The amount of
virus per cell number that produced the maximal protein yield was determined and used

for subsequent large-scale infections in suspension cultures.

3.1.4. VIRUS INFECTION OF SF21/ SF9 CELLS

For the 20 times scaled-up reaction 2.4x104 Sf21 cells were transferred to 50 ml
Sf900II media in tissue culture flasks (Rollerbottle Cell-master, Greiner-Bio-one). Cells

were incubated with the respective virus (2 ml/10x reaction) on a rocking platform (1 h,
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27° C). 150 ml fresh Sf900Il was added and further incubated for 48 -72 h at 27° C.
Cells were harvested, washed twice with 1x PBS and stored at -80°C, or proceeded to

protein purification.

3.1.5. CELL HARVESTING

Cells were detached from the tissue culture vessels using a cell scraper and
transferred to centrifuge bins. Cells were pelleted and washed twice with 1xPBS (800
rom, 10 min, RT). Subsequently, the cell pellet was shock-frozen in liquid nitrogen and

stored at -80°C or directly proceeded to protein purification.

8
Alternatively, 2x10 Sf21 cells in 100 ml of medium were transferred to a new culture
vessel. The appropriate amount of virus stock was added to the culture. After 3 hours of
incubation, 100 ml of fresh medium were added to the vessel and it incubated for 3

more days.

3.2. Purification of recombinant proteins using affinity chromatography

Expression and purification by affinity chromatography (Cuatrecasas et al., 1968)
was optimized for each specific protein as described in the following sections. Different
tags were used in present study: a penta-histidine tag and a flag-tag. Purifications were
done according to a common scheme, simply buffer conditions varied with the tags (see

below). All buffers contained protease inhibitors.

At first, cell lysates were prepared as described previously using the appropriate lysis
buffer: A cell pellet (~2x10 ® cells) was thaw on ice or harvested cells were directly
resuspended in 20 ml of the lysis buffer corresponding to the affinity tag. This
suspension was snap frozen in liquid nitrogen and thawed in cold water. The freeze-
thaw procedure was repeated twice and cells were further lysated by sonification (3
times using the large tip for 30 s at 50 % amplitude and 50 % duty cycle with a cooling
period of 30s in between). The insoluble fraction was pelleted by centrifugation (Sorvall:
20000 g, 30 min 4°C). The supernatant was subsequently used for protein purification.
The amount of affinity resin was applied according to the manufacturers’
recommendations. The required amount of slurry (300 pl for FLAG and His) was
transferred into a reaction tube and equilibrated in the respective binding buffer by
adding 5-10 volumes of buffer, resuspending, spinning down the resin (500 g, 5 min).

The supernatant was removed carefully. This equilibrating step was repeated twice and
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the beads were added to the cleared lysate and incubated in 10 ml binding buffer on the
rotating wheel for 3 h at 4 °C. After this period, the beads were collected by
centrifugation (500 g, 5 min, 4°C). The beads were washed three times as described
above in 3 x 20 volumes wash buffer. The washed beads were resuspended in 150-300
Ml elution buffer and incubated on a rotating wheel at 4°C. The suspension was then
transferred to either a MoBiCol or a BioRad spin column and centrifuged for 1 min at
100 g. The eluted protein was recovered and two more elution steps were carried out in
the spin columns. Samples for SDS-PAGE were taken from the flow-through fractions,
wash fractions and all elution fractions. After the third elution step, the beads were
resuspended in an equal volume of SDS-PAGE sample buffer and heated to 95 °C for
10 min. Purification and protein purity were then evaluated on a SDS gel. If necessary,
the purified protein was dialysed against a storage buffer. Two steps of dialysis (1. 1 h,
2. O/N) into 1 L of storage buffer were carried out using dialysis tubes with a MWCO of
6-8.000; Spectrapor®. Purified protein was then snap frozen in liquid nitrogen and

stored at -80 °C. Please see Figure 18 for purified Dnmt1 (A) and Remodelers (B).
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Figure 18. Expression and purification of recombinant DNA methyltransferase 1 and chromatin remodeling
enzymes

A) Penta-His-tagged Dnmtl (D1) was expressed in Sf 9 cells and purified via “Ni-NTA-agarose-beads”. The beads
were washed five times with wash buffer (W1, W3, W5, lane 4-6; W2 and W4 are not shown). Proteins were eluted
four times with elution buffer (E1-E3, lanes 7-9; E4 is not shown). Analysis was done on a 6 % SDS-PAA gel, using
Coomassie blue staining for visualization. Similar amounts of lysate (L, lane 2) and supernatant (S, lane 3) were
analyzed. A size standard was run in lane 1 (peqGold Protein marker IV, Peqlab). B) The indicated proteins were
expressed in Sf 21 cells using the baculo-virus system, purified according to the respective affinity tag and analyzed
by SDS-PAGE. Proteins were visualized by Coomassie blue staining. Relative protein sizes are indicated.
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Affinity- | Protein | Lysis-and Washbuffer Elution Storage
Tag binding buffer
Flag Snf2H EX-50; Wash 1+2: EX-300; EX-300
0.1 % NP-40 EX-500; 0.05 % NP40 400pg/ml
Brgl FLAG peptide
Wash 3+4:
ISWI EX-1000;0.05% NP40 (1.: 2 h; 2.:0/N)
Mi-2 Wash 5+6:
EX-500;0.05 % NP40
Chd1
Wash 7+8:
EX-300;0.05 % NP40
His Dnmtl Wash 1+2:
20mM NaH2PO4
500mM NacCl
20mMNaH2PO4 10 mM Imidazole 20mM 20mM Tris
250mM NacCl 10 % Glycerole pH 8.0 NaH2PO4 200mM NacCl
1 mM Imidazole 200mM NacCl 1mM EDTA
2 mM R-ME Wash 3+4: 250 mM 1.5mMMgCl,
1 % NP-40 Imidazole 10%Glycerole 1
10 % Glycerole 20mM NaH2P0O4 100mM | 10 % Glycerole mM DTT pH
pH 8.0 NaCl pH 8.0 7.6
10 % Glycerole pH 8.0

Table 17: Purification by affinity chromatography

4. Chromatin — Assembly and analysis of arrays

4.1. Chromatin reconstitution using the salt gradient dialysis technique

Reconstitution of chromatin from DNA and purified histones was carried out by
salt gradient dialysis according to Rhodes (Rhodes and Laskey, 1989). The histones,
stable as monomers at high salt conditions, assemble onto the DNA during dialysis to

low salt conditions.

The assembly reaction was performed in the lid of siliconized 1.5 ml reaction tubes
(Biozym) (see Figure 19 for experimental setup). Preparation of the assembly chamber:
The bottom of the tubes was removed using a claw trimmer. A hole was melted into the
lid using a heated metal rod. Any remaining sharp plastic protrusions were removed
using scissors. 6.0-8.0 kDa dialysis membranes (Spectrapor) were pre-equilibrated for 5

min in High salt buffer (Hi-buffer) and clamped between lid and remaining bottom of the
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tube in a single layer. Prepared tubes were placed in a styrofoam floater into a 3-5 |

beaker filled with 300 ml Hi-buffer (containing a magnetic stirrer). Air bubbles below the

membrane were removed with a

bent Pasteur pipette.
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Figure 19. Chromatin assembly by salt gradient dialysis
Schematic illustration of chromatin assembly by the salt gradient dialysis (kindly provided by Gernot Langst).
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Figure 20. Recombinant Drosophila histones

Purified Drosophila histones. Core histones were purified from Drosophila embryos. Proteins were resolved by 17.5
% SDS-PAGE and stained with Coomassie blue. A size standard was run in lane 1 (peqGold Protein marker 1V,

Peglab).
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Finally the assembly reaction was pipetted into the lid:

A typical assembly reaction contained 5 ug DNA with varying amounts of histone
octamer in 50 pl volume. To estimate the optimal histone to DNA ratio, rising amounts
of histones were tested compared to a fixed amount of DNA. The assembly was done in
High salt buffer (salt concentration was adjusted with 5 M NaCl if required)
supplemented with 200 ng/ul BSA. For mononucleosomes assembly, 250 ng

pCpGbasic or pPCMV14 (see section D.1.10) were used as competitor DNA in free form.

The salt gradient dialysis was done by continuous addition of low salt buffer (3 | in total)
into the beaker over a period of 16-20 h at room temperature. The high salt buffer was
then diluted with 3 | low salt buffer, adding 150 ml low salt buffer per hour. The

nucleosomes were then assayed on a 5 % TBE gel and stored at 4°C.

Name Components

High salt buffer 10 mM Tris/HCI, pH 7.6; 2 M NaCl; 1 mM EDTA; 0.05 % NP40;
2 mM B-Mercaptoethanol

Low salt buffer 10 mM Tris/HCI, pH 7.6; 50 mM NaCl; 1 mM EDTA; 0.05 % NP40;
2 mM B-Mercaptoethanol

Table 18: Buffers used for salt gradient dialysis

4.2. Chromatin assembly using the Drosophila embryo extract (DREX)

Assembly using Drosophila embryo extract (DREX) was performed as described
(Becker and Wu, 1992). A standard assembly reaction contained 900 ng of circular
DNA, 12 pl McNAP buffer (30 mM MgCl,, 30 mM ATP, 300 mM creatine phosphate, 10
Mg/ ml creatine phoshate kinase, 10 mM DTT) and varying amounts of Drosophila
embryo extract (20-80 ul). The volume was increased with EX-100 to a final volume of
120 ul. The assemblies were performed in 0.5 ml PCR tubes for 6 h at 26°C (Perkin
Elmer PCR cycler). The quality was analyzed by MNase digestion.

4.3. Chromatin analysis by Micrococcal Nuclease (MNase) digest

Chromatin arrays were analyzed via Micrococcal nuclease (MNase) digest.
MNase preferentially cleaves DNA in the linker region between individual nucleosomes,
leading to the characteristic nucleosomal ladder. The MNase digest provides a method

to analyze both the quality and periodicity of the chromatin assembly. Chromatin was
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partially digested with MNase (depending on the assembly method, MNase

concentration had to be optimized):

e 120 pl of reconstituted chromatin from Drosophila embryo extract was incubated
with 50 u MNase in EX100-buffer (5 mM CaCl2). The reaction was stopped after
30, 90, 300 s with 0.2 Vol. stop-mix (4 % SDS, 0.1 M EDTA) and incubated for 1h
at 37°C with 10 ug RNase A.

* 1 ug of the chromatin reconstituted by salt gradient dialysis was incubated for 10,
40 and 240 s with 25 u MNase in a total volume of 20 pyl EX80 (supplemented
with 3 mM CacCl, and 4 ug CEA). The reaction was stopped with 0.2 vol. stop-
mix.

10 ug proteinase K were added and the reaction was incubated for 1 h at 45 °C.
Subsequently the DNA was ethanol precipitated and the purified DNA analyzed on a 1.3

% agarose gel.

5. Chromatin — Preparation of positioned mononucleosomes

Mononucleosomes were reconstituted on 247 bp rDNA promoter fragments;
Hsp70 promoter fragments and the artificial 601 nucleosome positioning (designed by
Jon Widom) sequence either using salt gradient dialysis as assembly method (see
section D.Il.4.1) or with the HP-Mix method (Stein et al.,, 1979). Nucleosomes
assembled onto the 601 sequence preferentially occupied one visible position. In
contrast, nucleosomes assembled onto the 247 bp rDNA promoter fragment and the
Hsp70 fragment displayed multiple distinct positions that could be separated by native
gel electrophoresis. Faster migrating nucleosomes are located at the periphery of the
DNA fragment, whereas the slower migrating nucleosomes occupy positions at the
center of the DNA. Positioned nucleosomes were separated using native gel

electrophoresis, gel-purified and further used.
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5.1. Assembly of mononucleosomes using HP-Mix

5.1.1. PREPARATION OF HP-Mix

For radioactive labeled DNA and/or small amounts of material the assembly
method developed by Stein and colleagues is convenient (Stein et al., 1979). Poly-L-
glutamic acid (PGA) is a negatively charged polymer, which can force histones to form
octamers in low salt conditions. The PGA polymers then progressively exchange with

DNA molecules allowing nucleosome assembly.

2-fold weight excess of PGA (10 mg/ml PGA (Sigma) stock) was given to the histones
and the reaction was mixed by flicking the tube. The salt concentration was adjusted to
150 mM NacCl with TE (pH 8.0) and gradually filled up with TE containing 150 mM NacCl
(TE150) to a final histone concentration of 50-100 ng/ul. The reaction was gently
pipetted up and down and incubated at room temperature for 1 h. Aggregates were
pelleted at 13000 g for 10min and supernatants (= HP-Mix) transferred into fresh tubes
and stored at -20°C.

5.1.2. RECONSTITUTION OF CHROMATIN WITH HP-MIX

First, test assemblies with different ratios of DNA and HP mix were performed to
determine optimal conditions. 50 ng of labeled DNA (in 10 pl EX-100 supplemented with
200 ng/ul CEA) was incubated with increasing amounts of HP-Mix for 90 min at 30°C
and analyzed using native polyacrylamide gel electrophoresis. The optimal condition of

the test assembly reaction were scaled up for a large preparative assembly (x 160).

5.2. Isolation of positioned mononucleosomes

Following nucleosome assembly in preparative scale, the different translational
positions were separated on 4.5 % polyacrylamide gels in 0.4 % TBE at RT for 3-4 h
(120 V). The gel was exposed for 10-15 min to an X-Ray film and the different
translationally positioned nucleosomes (and free DNA) were isolated: Nucleosome
positions were precisely marked on the autoradiogram and the gel slices corresponding
to the separated nucleosomes were cut out. Gel slices were transferred into a
siliconized 1.5 ml reaction tube and 500 ul EX-50 buffer (supplemented with 200 ng/pl
CEA, 1 mM DTT, PMSF) were added. The nucleosomes were shake-eluted from the gel
pieces at 37°C O/N.
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6. In vitro analysis of DNA methylation in chromatin

The incorporation of radioactively [°H]-labeled methyl groups of S-adenosyl-
methionine into different free DNA and chromatin templates was measured to determine

the enzymatic activity of purified DNA methyltransferases.

6.1. Methylation activity assay on free DNA

The reaction was performed in 50 ul reaction buffer (10 mM Tris pH 7.6, 100 mM
KCI, 1 mM EDTA, 1 mM DTT) containing 150 pmol- 2 nmol free DNA or 25-50 pmol of
the AIR DNA fragment as positive control (free DNA 50-500 nM CpG sites, AIR
fragment 0.5-5 yM CpG sites) and BSA at 0.2 pg/ul. Dnmt1 was applied at a
concentration of 50-100 nM, [°H]-SAM at 60-320 nM. The reaction was incubated for
60-90 min at 37°C. The reaction was stopped by addition of 10 yl 10 mM unlabeled
SAM and the whole reaction onto DE81 filter (2,5 cm diameter; Whatman). Filters were
transferred into 0.2 M ammonium carbonate solution and washed for 10 min. This
washing step was repeated twice with 0.2 M ammonium carbonate, once with water and
once with 70% ethanol. Filters were dried for approximately 30 min at 37 °C and
transferred into Mini-Poly-Q vials. 5 ml Gold-LSC scintillation cocktail were added and

decays of incorporated [*H]-SAM measured for 1 min using a scintillation counter.

6.2 Methylation activity assay on mononucleosomes and chromatin arrays

The assay was performed as described in C.11.6.1. with slight modifications due

to the chromatin template:

The reaction volume of 50 pl comprises of 200-300 ng nucleosomal DNA, 50-100 nM of
Dnmt1 in the special reaction buffer and BSA at 0.2 pg/ul. The experiment in chromatin
was performed in the presence of 160 nM [°H]-SAM. The reaction was incubated at 26

°C for 1h using a thermoblock.

The chromatin array substrate was treated differently: Due to observed inhibition by
high salt concentrations, the reaction buffer was optimized (10 mM Tris pH 7.6, 25 mM
KCI, 1mM EDTA, 1mM DTT) and the reaction was stopped by addition of 0.2 Vol. stop-
mix, 1 mM SAM, 10 yg RNase A, 20 pg Glycogen and incubation at 37°C O/N. 10 g
Proteinase K and 1 ug competitor-DNA were added and the reaction then incubated for
1 h at 45°C. The filter spotting and washing steps were performed as described in

section D.11.6.1.
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6.3. Bisulfite genomic sequencing

To analyze the changes in cytosine methylation at specific sequences, genomic
DNA samples can be modified with bisulfite. When DNA is incubated in the presence of
bisulfite at acid pH, cytosine residues are deaminated to uracil, but, if the cytosine ring
is methylated in the 5 position, the reaction is slow enough to be stopped it after
conversion of the non-methylated cytosine moieties and before the transformation of the
methylated ones (Wang et al., 1980). This selective modification allows the analysis of
cytosine methylation at specific DNA sequences by different techniques, some of them
based on PCR since uracil residues will be amplified as thymines whereas the

methylated cytosines will remain as cytosine in the PCR product.

Since the strands of dsDNA are not fully complementary anymore after cytosine
deamination, primers must be designed to amplify selectively one of both strands.
Bisulfite genomic sequencing reveals the methylation status of the sequence in between

the primers.

For bisulfite sequencing both methylated and unmethylated alleles are amplified in the
same PCR reaction. Thus, only one pair of oligonucleotides is required and the primers
should not encompass any CpG. When this is not possible, degenerated
oligonucleotides considering both the presence and absence of methylation must be

used to avoid a possible bias in the experiment (Frommer et al., 1992).

6.3.1. METHYLATION AND BISULFITE CONVERSION

To analyze the methylation efficiency of Dnmtl in the mononucleosomal context,
a 342 bp mononucleosomal DNA harbouring a modified 601 nucleosome positioning
sequence was used. The 342 bp fragment harbours 27 CpG sites of which 16 are
located within the 601 positioning sequence. The template was amplified by PCR as
described in section C.11.1.8 with the indicated primers. The purified template DNA was
then assembled into chromatin using salt gradient dialysis. For the Dnmtl methylation,

the 601 substrate was applied in free and nucleosomal form:
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Components Volume () Final concentration
10x reaction buffer 4 ul 1x
DNA 1 pl (5 ng naked DNA) 16 nM CpG sites
1 pl (10ng Nuc. DNA)
SAM 1ul 250 nM
Dnmtl 1.25 pl 100-400 nM
H20 Ad 40 pl

Table 19: Methylation reaction for bisulfite sequencing

The reactions were mixed and incubated for 1 h at 37°C using an incubator. The
addition of 250 nM SAM was repeated every hour (4 times) and the reaction stopped by

heat inactivation for 20 min at 65°C.

The bisulfite conversion was carried out using the EpiTect Kit (Qiagen) according to the

manual. Two elutions of 20 ul were combined in one tube.

6.3.2. PCR AMPLIFICATION OF BISULFITE CONVERTED DNA

The purified bisulfite converted DNA was applied to PCR amplification using two
different primer pairs to distinguish between the (+) and (-)- DNA strands. The PCR was
performed with 2-8 pl of the bisulfite treated DNA using standard protocols with an
annealing temperature of 56°C and 40 amplification cycles. For analysis the amplicons

were loaded on a 1.2 % agarose gel.

6.3.3. CLONING THE PCR FRAGMENT AND ANALYSIS

Afterwards, the PCR product was ligated into a standard cloning vector (pGEM-
T-EASY) by TA cloning according to the manual. Briefly, an insert:vector ratio of 6:1
was used for overnight ligation. 4 ul of the ligation reaction were transformed in 50 pl
E.coli XI1 blue competent cells. 250 ul pre-warmed LB medium was added and
incubated for 1h at 37°C, 300 rpm. 200 ul of the cell suspension were plated on LB
plates supplemented with ampicillin and X-gal according to Invitrogen BlueGal manual
and incubated for 24h in the 37°C incubator. Positive clones were identified by Blue-
white screening and re-streaked onto LB/Amp plates. The selected clones were

amplified using a Miniprep kit (Invitrogen) and CpG sites of the DNA analyzed by DNA
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sequencing using Sangers dideoxy method with the M13 fw and M13 rev standard
oligonucleotides. The obtained sequences were then evaluated using a specific
software for evaluation of bisulfite treated DNA (Bock et al., 2005). The results were

illustrated using Excel (Microsoft).

7. Chromatin — functional assays

7.1. Nucleosome mobilization assay

By using the nucleosome mobility assay one can visualize nucleosome
movement catalyzed by ATP dependent nucleosome remodeling factors on single
molecule level (Langst et al., 1999). The nucleosome sliding assay relies on the fact
that the location of a histone octamer on a DNA fragment affects its electrophoretic
mobility in native polyacrylamide (PAA) gels. Centrally positioned nucleosomes migrate
slower than nucleosomes positioned at one end of a DNA fragment. DNA templates
between 200 bp and 300 bp are a preferred substrate because this fragment size
should allow the formation of essentially one nucleosome per template. Longer DNA
fragments would require a nucleosome assembly at lower histone:DNA ratios to avoid
the assembly of more than one nucleosome per DNA template. This would result in
lower mononucleosome assembly yields. All reactions were performed in siliconized
tubes (Biozym). A reaction contained 100 ng mononucleosomes (50-100 fmol) in a total
volume of 10 ul in EX50-buffer containing 1 mM ATP, 1 mM DTT and 200 ng/ul BSA.
The nucleosomes were then incubated with the remodeling proteins (2-20 fmol)
indicated in the individual figures for 90 min at 26°C. The reaction was stopped by
adding 250-500 ng of competitor DNA (plasmid DNA or PCR fragment) and further
incubated for 5 min. Nucleosome positions were analyzed by native gel electrophoresis
using 4.5 — 5.0 % polyacrylamide gels in 0.4 % TBE buffer. Gels were pre-
electrophorized for 30 min-1 h and run for 90 min- 3 hours at 80-130 V. Optimal
migration was controlled by using Orange G DNA loading dye as a marker. After
separation the nucleosomal DNA was visualized by staining with ethidium bromide.
Documentation was performed with the gel documentation system. Assays using
radioactive nucleosomes were performed similarly with slight modifications for

detection.
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7.2. ATPase assay
ATPase assays were performed in the presence of y-*P-ATP (3000 Ci/mmol, 10

mCi/ml) using different substrates to analyze the specific activity. A typical reaction
contained 150 ng of either naked DNA or chromatin in 10-15 pl reaction buffer (20 mM-
50 mM Tris pH 7.6, 1.5 mM MgCI2, 50 mM KCI, 0.5 mM EGTA, 0.5 mM R3-
mercaptoethanol, 10 % glycerol, 0.2 mg/ml BSA), in the presence of 10 yM ATP
together with 0.1 pl of y-*P-ATP. The reaction was incubated at 26°C after the addition
of the proteins. At different time points (30 min, 60 min), 1 pl of the reaction was spotted
on a thin layer chromatography cellulose plate (PEI Cellulose F25 20x20, Merck) and
air-dried. The hydrolyzed phosphate was separated from unconsumed ATP using thin
layer chromatography in 0.5 M LiCl/ acetic acid buffer. Samples were separated until
the buffer reached the top of the plate. The plate was dried at 60°C for 5 min and
exposed on a Phospho Imager. ATP and hydrolyzed phosphate spots were quantified

using AIDA software. Percentage of hydrolyzed ATP was determined (Eberharter et al.,

2004). (Y'32PHydronzed )/(Y'32PHydronzed + Y'32Punhydrolyzed)

Alternatively, the ATPase activity was measured using a Luminescence assay. ATP can
be rapidly detected by light emission through combined use of Luciferase and a

Luminometer:
ATP+d-Luciferin+O, wmsp Oxyluciferin+AMP+Pyrophosphate+CO,+Lightssonm)

The assay was performed as follows: At first an ATP standard curve was prepared and
measured. The linear range was between 107- 10™° M/l ATP. 150-200 ng template
(Buffer, DNA or Chromatin) were added to EX40 buffer supplemented with 200 ng/ul
BSA. The protein of interest was given to the reaction (10 pmol) in the presence of 13
MM ATP. After the reaction was incubated for 30 min at 26°C the 1:10.000 diluted

sample was measured in the Luminometer according to the company’s instruction.

7.3. Electrophoretic mobility shift assay (EMSA)

Positioned mononucleosomes were used to study protein-DNA and protein-
nucleosome interactions. The interactions were analyzed by electrophoretic mobility
shift assays (EMSA). A typical reaction contained 10-50 fmol of DNA or nucleosome in
a total volume of 10-12 pl EX-50 buffer containing 200 ng / yl BSA and 1 mM DTT. For
the EMSAs using the “601"-fragments as DNA substrates, 100-500 nM Dnmtl were

titrated to 50-200 nM nucleosomal DNA. Proteins (as indicated in figure legends) were
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incubated with the DNA or nucleosomal template for 15-30 min at 26°C. Afterwards the
protein-DNA (protein-nucleosome) complexes were separated from free DNA
(nucleosome) by native gel electrophoresis. The reactions were loaded on pre-
electrophoresed 4.5-5 % PAA gels in 0.4x TBE buffer and run for 90 min-3h at 80-100V.
Orange G DNA loading dye was used to monitor the optimal running time. After
separation the nucleosomal DNA was visualized by staining with ethidium bromide.

Documentation was performed with the gel documentation system.

To test the influence of Snf2H in the presence and absence of ATP (1 uM) on the
binding characteristics of Dnmtl to mononucleosomes, electromobility shift assays in
the presence of Snf2H were performed. For this an EMSA reaction was performed as
described before with the exception that 90 nM Snf2H were added to the 12 pl Dnmtl
reaction in EX-50-Hepes buffer with or without 1 yM ATP (10 mM HEPES (pH 7.6), 50
mM KCI, 2.5 mM MgCI2, 10 % Glycerol, 1 mM DTT). The reaction was incubated for 1 h

at RT and analyzed on a native 4.5-5 % polyacrylamide gel as described before.

7.4. Competition assays

To analyze the stability of the Dnmtl-mononucleosome complex, competition
experiments were carried out. 100-500 ng naked plasmid DNA (here pCMV14) were
titrated to the totally shifted Dnmt1-mononucleosome complex and the stability analyzed

on a 5 % polyacrylamide gel.

7.5. Dnmtl binding assay using small DNA fragments

To analyze the binding characteristics of Dnmtl to small DNA fragments, binding

assays using an ultra low range DNA marker (Fermentas) was carried out:

Different concentrations of Dnmtl (100 nM-0.5 uM) were titrated to the DNA substrates
(65-125 ng ultra low range DNA ladder). The reaction was incubated for 30 min at 26°C
in binding buffer and DNA-protein complexes analyzed on a 15 % PAA gel. Low range

DNA ladder was loaded in rising concentrations.

To further analyze the DNA binding properties of Dnmtl 5 Alexa fluor labeled
oligonucleotides were annealed with their complement oligonucleotide for 10 min at
95°C in equivalent ratio and cooled down slowly. 5-50 pmol of the short DNA fragments
were analyzed on a 10.5 % polyacrylamide gel and visualized using the Fuji FLA 5000

system. The Dnmtl EMSA reactions using the DNAs of different length could be
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performed in one reaction due to the different fluorescence labels that could be
discriminated using the specific filters / lasers for detection: 4 pmol annealed
Oligonucleotide (15bp, 30bp, 45 bp and 60 bp) supplemented with 0.2 ug Poly(dIl-dC)
were incubated in EX-50 buffer with 100 nM-0.5 uM Dnmtl for 15 at 37°C. After addition
of 5 % glycerol and analysis of protein-DNA complexes on a 5 % or 15 % PAA gel, the
reactions were visualized using the Fuji FLA 5000 with specific filters to detect the
individual DNA.

7.3. DNasel protection assays (“DNasel footprinting”)

Protein-DNA and protein—nucleosome interactions were further studied by
DNasel footprinting assays. Fluorescence labeled DNA was either applied directly or
assembled into nucleosomes. The endlabeling of DNA was performed as described in
section C.II.1.5. For the optimization of DNasel digests, purified DNA and positioned
mononucleosomes (50-100 ng, 12-25 nM) were incubated with DNasel (0.1 u-0.5 u) for
10-240 s in 1x DNasel buffer or Ex-50 (with 5 mM CacCl, final concentration). DNasel
was inactivated by the addition of EDTA to a final concentration of 5 mM. The reaction

was purified by using the Qiagen purification kit.

DNasel footprint with Dnmtl was performed with purified, end labeled 301 bp
nucleosomal template (77-WID-77) harboring the 601 nucleosome positioning
sequence. This template was generated by PCR using 5'fluorescence labeled primers
followed by assembly into mononucleosomes (see section D.II.1.5.) After incubation for
30 min allowing formation of the Nucleosome - protein complex, the samples were
treated partially with DNasel, the reaction stopped and the completion of the digest
analyzed on a native 5 % SDS-gel. The localization of Dnmtl was mapped by using

capillary electrophoresis sequencing as readout method (Zianni et al., 2006).

Labeled nucleosomal 77-WID-77 template, 100 ng (25 nM final), was incubated with
varying amounts of Dnmtl protein ranging from 0 to 250 nM in binding buffer (the 1x
DNasel buffer or Ex-50 buffer supplemented with 5 mM CacCl,). After several
optimization experiments, the nuclease digestion was found to work best with 0.1 units
of DNase | (Roche) for 100 ng DNA per 20 ul reaction for 90 s at 26°C. The reaction
was stopped with 0.25 M EDTA. The DNA fragments were purified with the QIAquick
PCR Purification kit (Qiagen, Valencia, CA) and eluted in 30 pl H,O to eliminate salts

that can interfere with capillary electrophoresis.
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The visualization was performed in collaboration with the “Institut flr funktionelle
Genomik, Universitat Regensburg”, Prof. Dr. Peter Oefner. Sophie Hinreiner performed
the read-out with the capillary electrophoresis instrument under following conditions:
Approximately 1 ng (250 pM) purified DNA was loaded onto a 3730 capillary
electrophoresis instrument (G5 dye set). The injection was 2 kV and injection time 15 s.
The electropherogram of FAM (blue)- and HEX (green)-labeled DNA as well as free
oligonucleotides are shown. The intensity was measured in relative fluorescence units
(RFU). As size standard a 1:2 mixture of GeneScan- L1Z120 and LI1Z500 was used.

8. Mammalian tissue culture

All work with mammalian tissue cultures was performed according to standard
protocols with standard precautions. For maintenance the mammalian cells were
propagated in their recommended medium according to ATCC, containing 10 % FCS
and 1 % penicillin / streptomycin. The medium of the cultures was changed every 2-3
days depending of the confluence of the cells. According to the growth properties and
the respective assays, cells were split at an estimated confluence of 70 % to different
ratios. For splitting, the medium was aspirated and for adherent cells trypsin/EDTA
solution was added to the cells (1/10 of tissue culture dish) and incubated for 5min at
37°C. The process of detachment was monitored under the microscope and the
reaction was stopped by adding culture medium. For splitting an appropriate volume of
cells was transferred to a new flask and filled with medium to the final volume. Cells

were incubated in an incubator at 37 °C and 5 % CO..

Mammalian tissue cultures can be cryopreserved and stored over long time periods at -
80 °C. This procedure allows to discontinue a cell culture and to repeatedly work with
cells of low passage, as a cell line may change properties and loose viability at high

passages due to ageing, selection and, in the worst case, contamination.

For cryopreservation, a cell line of a low passage number at 60-70 % confluence, was
detached from the flasks with Trypsin/EDTA. The reaction was stopped by adding 10 m|
medium to a 15 cm plate and cells were spun down at 500 rpm for 5 min. The
supernatant was removed and cells were gently resuspended in 2.5 ml FCS containing
5% DMSO. The suspension was then aliquoted to 1 ml in sterile cryo-tubes precooled to

-20 °C. The closed tubes were put into the centre of a paper towel roll which was
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transferred to the -80 °C freezer. The insulation layer provides slow cooling to -80 °C,

which improves the viability of the frozen cells.

For unfreezing cryo-cultures of mammalian cell lines were removed from the -80 °C
freezer and warmed in the hand until the thawed cell suspension could be poured into a
T7 tissue culture flask containing 7 ml of the appropriate cell culture medium
supplemented with penicillin/streptomycin and 10 % FCS. The flask was transferred to a
tissue culture incubator and incubated at 37 °C and 5% CO; O/N. The medium was

changed to remove remaining DMSO.
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E. Results

|. NUCLEOSOME POSITIONING BY CHROMATIN REMODELING COMPLEXES

The diversity of different chromatin remodeling factors in the cell on the one hand
and their high abundance on the other hand give evidence for the assumption that
chromatin remodeling complexes establish specific chromatin configurations. To
address whether chromatin remodeling enzymes provide a regulatory level of chromatin
structure, the nucleosome positioning properties of different chromatin remodeling

enzymes have been dissected.

1. Chromatin remodeling factors determine specific nucleosome positions

To analyze the sequence dependency for nucleosome positioning by chromatin
remodeling factors (see Fig. 18 for purified recombinant proteins), the nucleosome
mobilization direction of five different chromatin remodeling motors and two remodeling
complexes have been compared. In initial experiments | made use of a well-
characterized nucleosome positioning sequence, the 248 bp murine rDNA promoter.
Briefly, the template was prepared by PCR using “body labeling” for radioactive
labeling with [a**P]dCTP. Subsequently, the gel purified DNA fragments were
assembled into chromatin using a histone-poly-l-glutamic acid-mix (HP-mix) for
assembly as described by Stein and coworkers (Stein et al.,, 1979) (see section

D.I.5.1) for the detailed DNA substrate preparation protocol).

The nucleosome assembly gave rise to two nucleosome positions, one at a major
border position N1 and one at a minor central position N2 (Fig. 21A). The experiments
were either performed with the N1 or N2 position alone or with a mixture of both
positions. The outcome of the nucleosome remodeling reaction revealed significant
differences (see figure legend for a detailed assay description). By comparing the
nucleosome positions of the ISWI- and Snf2H-catalyzed chromatin remodeling reaction
it became apparent that ISWI translocates the central N1 nucleosome preferentially to
N2, whereas Snf2H repositions the nucleosomes to positions evenly between N1 and
N2 (see Fig. 21A, lanes 2 and 3). The experiments with Snf2H on the border-positioned
N2 nucleosomes also show a distribution of nucleosome positioning between positions

N1 and N2 (see Fig. 21A, lane 8). The ACF complex preferentially places both N1 and
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Figure 21. Chromatin remodeling complexes position nucleosomes in dependence on the underlying DNA
sequence.

A) Drosophila histones were reconstituted on a radioactively labeled 248 bp long rDNA promoter fragment that is a
well-characterized NPS using HP-mix for assembly (Please find detailed protocols for DNA labeling, DNA
purification and nucleosome assembly in section D.11.1-5). Briefly, after the assembly of the radiolabeled DNA
fragment the nucleosomes adopt two positions, a major central (N1) position and a less dominant border position
(N2). The chromatin remodeling reaction was carried out using the isolated central N1 position (lane 1-4), the border
N2 position (lane 5-8) or a mixture of both positions (lane 9-15). The indicated remodelers (~ 5-10 fmol) were given
to the central or border nucleosome or the mixture of both and incubated for 90 min at 26°C in the presence of 1 mM
ATP.
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B) The chromatin remodeling reaction on the 348 bp DNA fragment harboring the hsp70 promoter was carried out
with slight variances to that described in A). A heterogeneous nucleosome population of a single nucleosome at five
different translational positions (indicated as N1, N2, N3, N4, N4’) was obtained. This mixed nucleosome
population (lane 1) was used for the nucleosome mobility assay. Therefore approximately 50 fmol radioactive
labeled DNA fragment were incubated with ~ 5-10 fmol of the indicated chromatin remodeling machines (Brg1,
Chd1, ISWI, Snf2H; lane 2-6) or remodeling complexes (ACF, NURF; lane 7 and 8) in the presence of 1 mM ATP.
The reactions were incubated for 90 min at 26°C and stopped by the addition of 0.5- 1 ug competitor DNA. The end
point of the nucleosome mobility reaction was analyzed on a native 4.5 % PAA gel and visualized by
autoradiography. C) In order to monitor the progression of nucleosome translocation, nucleosomes were assembled
onto the hsp70 promoter fragment as described in A). The remodeling reaction was carried out by the addition of
increasing amounts (2-10 fmol) of the indicated remodeling machines (Chd1, ISWI or Snf2H). All following steps
were carried out as described in A). The intermediate nucleosome positions are marked by arrows.

N2 positioned nucleosomes to the central N1 position (Fig. 21A, lane 6 and lane 10).
Chd1 translocates the mixed N1 and N2 nucleosomal substrate to the central position
(Fig. 21A, lanes 11 and 12), while ISWI and Brgl translocate the nucleosomes at N2
(Fig. 21A, lane 15).

To further characterize this phenomenon, a more complex substrate has been used to
address this question. A 350 bp fragment, derived from the gene coding for Hsp70 in
Drosophila, another well-defined nucleosome positioning sequence has been used.
Nucleosome assembly on this DNA fragment led to five distinct nucleosome
positions (Fig. 21B). These positions were generated by a single nucleosome
adopting five major positions. Chromatin remodeling experiments (“nucleosome
sliding assays”) testing seven different chromatin remodeling enzymes clearly
showed that every individual remodeling enzyme positions the nucleosomes at a
different site on the 350 bp DNA fragment (see Fig. 21B). ACF and NURF, two
chromatin remodeling complexes tested in this experimental set-up consist both of
the ATPase ISWI and specific additional subunits. Interestingly, the nucleosome
sliding reactions catalyzed by these complexes obtained different results: whereas
ACF positions the nucleosomes efficiently to the N2 position (see Fig. 21B, lane 7),
catalyzes NURF the reposition of the nucleosome to N3 (Fig 21B, lane 8). Additionally,
the different individual molecular motors (Brgl, Chdl, ISWI, Snf2H, Mi-2) have
different nucleosome positioning properties: Drosophila ISWI the ATPase subunit of
the ACF and NURF complex positions the nucleosomes to the N4 and N4’ position
(Fig. 21B, lane 4). Human Snf2H preferentially places the nucleosomes to 3 sites
between position N3 and a position above N4 (Fig. 21B, lane 5). Supplementing the
remodeling reaction with Brgl does not change the nucleosome distribution

significantly, just displacement away from the central N1 position was observed (Fig.
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21B, lane 2). Contrary, nucleosome sliding reactions using other individual motor
proteins lead to the formation of different nucleosomal end-points. Chdl almost
completely translocates the nucleosomes to the N3 position (Fig 21B, lane 3),
whereas Mi-2 catalyzes the nucleosome mobilization primarily to the N1 end-position
(Fig. 21B, lane 6). These different nucleosome end positions cannot be explained by

differences in the underlying DNA sequence.

The addition of increasing amounts of Chdl, ISWI or Snf2H to the Hsp70 DNA
substrate made it possible to track the progression of the nucleosome mobilization
reaction (Figure 21C). This experimental setup allows observing intermediate
nucleosome positions and not only the determination of the reaction endpoint. The
experiments revealed that the nucleosome remodeling reaction seems to occur in
several steps, forming intermediate nucleosome positions (see Fig. 21C, indicated by
arrows) until reaching its terminal position. This was observed for all three tested
remodelers. The intermediate positions were predominantly those positions that showed
a higher intrinsic histone-DNA affinity. These positions were already obtained in the
initial chromatin reconstitution by salt gradient dialysis, which indicates a translocation

from one stable nucleosome position to the next.

These results suggest that the outcome of the reaction is also determined by the type of

ATPase and the composition of the multi-subunit complex in which it is assembled.

2. Specific DNA features that direct nucleosome positioning

According to the results obtained by the nucleosome remodeling reaction one
can conclude that every individual chromatin remodeling factor does interpret the DNA
sequence and structural information differently. In initial experiments we could show that
ACF moves the nucleosomes of a 253 bp rDNA fragment from the border positions to
two rotationally spaced nucleosomes, corresponding to positions 46/56 and 196/206
(N1) on the 248 bp rDNA fragment (Fig. 21A). Previous studies detected that the rDNA
promoter exhibits a conserved structure based on its underlying sequence (Langst et
al., 1997) (Marilley and Pasero, 1996). A strong correlation between ACF-mediated
nucleosome positioning and the presence of an intrinsically curved DNA region has
been described. Further studies demonstrated that ACF translocates the nucleosome

with its dyad axis close or over a DNA bending peak, which was shown for the rDNA
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promoter, Hsp70 DNA as well as the 601 DNA fragment (see manuscript Fig. 3 in
(Rippe et al., 2007).

In order to test the hypothesis whether a DNA sequence encodes information on the
positioning of nucleosomes, a DNA sequence element derived from the rDNA promoter
that was shown to direct nucleosome positioning was inserted into an unspecific DNA
context (see manuscript Fig. 3A). The insertion of a 40 bp highly curved region of the
rDNA promoter into a sequence independent environment, revealed that ISWI does not
simply translocate the nucleosomes to the ends of a DNA fragment, but instead
recognizes some sequence or structure-dependent DNA features. Interestingly, ACF
places the nucleosomes again close to the highest DNA bending region, indicating that
ACF-dependent nucleosome positioning could be directed by the features of the DNA
structure (see manuscript Fig. 3C and 3D). In order to exclude the possibility that this
effect is only a consequence of the preference of ACF for sufficiently long (30 bp)
protruding DNA, two additional substrates were tested for their positioning properties
mediated by ACF (Fig 22A). The experimental design also ensured that the nucleosome
flanking regions had the length required for ACF mediated remodeling. They differed in
the position of the 40 bp curved DNA fragment (border or central position), which was
confirmed by in silico analysis (Fig. 22B). The comparative chromatin remodeling
reactions with ACF on both DNA substrates revealed that the curved DNA element is
sufficient to direct nucleosome positioning even to a border position closer to the DNA
end (Fig. 22C, "K3-b” or “K3-c”). If the sequence element was located at the border
(“K3-b”"), nucleosomes are translocated to the more peripheral positions (see Fig. 22B,
left), whereas the central location (“K3-c”) shifts the nucleosomes to the more central

positions (Fig. 22B, right).
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Figure 22. A curved DNA fragment guides remodeler-dependent nucleosome positioning

A) Left hand side: Schematic illustration of the two nucleosomal 300 bp substrates that contain the 40 bp curved
DNA fragment either centrally (K3-c) or close to the border (K3-b). The curved DNA fragment is indicated as
triangle. Right hand side: The location of the 40 bp fragment is indicated. Both DNAs are 300 bp long with the K3-c
DNA carrying the curved DNA element at the center whereas in the K3-b it is located 115 bp from one and 185 bp
from the other DNA end. The estimated nucleosome positions are indicated as grey ellipses. B) Graphic illustration
of the predicted DNA curvature for the two rDNA promoter fragments based on biophysical properties of the DNA.
This was predicted according to the parameter set published by (Bolshoy et al., 1991). C) Analysis of the
nucleosome positioning properties of both K3 DNA fragments in the ACF-mediated chromatin remodeling reaction.
Left: The remodeling reaction with ACF using the K3-b fragment. Right: The nucleosome mobilization on the K3-c
fragment. Drosophila histones were used to reconstitute nucleosomes on these fragments using salt gradient dialysis
as described by(Rhodes and Laskey, 1989). The nucleosome positions relative to the 40 bp elements are indicated.
The remodeling reaction was performed as described before, with ACF and ATP and the endpoint of the reaction
visualized by PAA gel electrophoresis and EtBr staining.
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3. Two models explaining remodeler directed nucleosome positioning

The results obtained in the comparative chromatin remodeling experiments
revealed that the end product (nucleosome position) of the nucleosome translocation
reaction is determined by two factors, namely the DNA sequence as well as the type of
chromatin remodeling “motor” and potentially its additional subunits. The kinetic model
presented in Figure 23A and B was used to explain specific nucleosome positioning
directed via a chromatin remodeling enzyme. This approach is based on a Michaelis-
Menten like kinetic of the nucleosome translocation. Consequently, “good” substrates
(nucleosome positions on a given DNA) for the chromatin remodeling enzyme are
characterized by a high binding affinity. This high affinity of the remodeler to its
nucleosomal substrates implies a low Ky value and a high K (catalytic conversion rate)
of the remodeler-nucleosome complex to the end product of the reaction (the positioned
nucleosome). A catalytically efficient reaction would hence be characterized by a high
Kea/Km ratio, while a “bad” nucleosomal substrate shows the opposite (a high Ky value

and a low K4 that results in a low Kga/Ky ratio).
Our two proposed models suggest the following reaction process (23A):

Nucleosomes can adopt three positions i, i+1 or i-1 to which the remodeling enzyme R
can bind. All nucleosomes are at position i when the reaction starts. The remodeling
complex R now binds its substrates to form the RN; complex and can translocate the
nucleosome by a remodeler-specific number of bp to the other nucleosome positions
(i+1 or i-1) with the rate constant k i1 or k i1 Alternatively, the RN; complex can
dissociate with dissociation constant Kgy; into nucleosome N; and free remodeler R with
Kgi=[R] x [Ni] / [RNj]. Equivalent reactions can occur at nucleosome positions i+1 or i-1.
In order to place nucleosomes at a specific position, we suggest that certain DNA
sequences harbor intrinsic features that provide “bad” substrates for the nucleosome
remodeling complex. This implies a low escape rate from theses sites thereby forming

the preferred end points of the nucleosome positioning of the reaction.

Figure 23B illustrates the remodeling reaction for a remodeling factor that preferentially
positions the nucleosomes at position i+1. According to the above described processes,
the escape rate Kesci+1 from the nucleosome position Nip (determined by the
translocation rate constant k; x [RNi.1] that is in turn determined by the corresponding
dissociation constant kyj+1) is proportional to  k;/ kqi+1. Based on these assumptions,

either the translocation rate k; away from this position or the binding affinity of the
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remodeler to the nucleosome at position i+1 in order to position the nucleosome at i+1
(equivalent to increase value of Kkgi+1) has to be reduced. The latter case is described
by the “release model” that shows analogies to the transcription termination of RNA
polymerase by specific DNA terminator sequences (Greive and von Hippel, 2005; von
Hippel and Yager, 1992). The other model referred to as “arrest model” implies a low
translocation rate k; away from the nucleosome position, again showing analogy to the
transcription reaction, where pausing/arrest can occur due to a rearrangement of the

active site of the enzyme (Landick, 2006).

In summary, the “release model” predicts a reduced affinity of the remodeler to the
nucleosome at the end point of the reaction, while the “arrest model” would lead to a
specific intermediate that inhibits further translocation without lowering the binding
affinity at the terminal nucleosome position. This hypothesis was tested for the
remodeling machines Chd1l and ACF by EMSAs with the Hsp70 and rDNA fragment
(Fig. 24A and B). The binding affinities of Chd1 to the initial, heterogenous population of
Hsp70 nucleosome positions were compared to the binding events obtained by the
addition of the chromatin remodeling factor (24A, left). The binding experiments lead to
the formation of a nucleosome-protein complex with increasing amounts of Chdl (Fig.
24A, lanes 4 to 7). Quantification of the relative DNA stain intensities corresponding to
the individual nucleosome positions revealed that positions N1, N2 and N3 are preferred
substrates of Chdl to form a nucleosome-protein complex (Fig. 24A, right).
Interestingly, the affinity to the N3 position increased only to a lower extend. By
comparing those results to the results obtained in the nucleosome remodeling reaction
(Fig. 21B) it becomes visible that Chd1 positions the nucleosomes to N3, exactly the
position with the lowest binding affinity for Chd1. These results support a mechanism of
remodeler mediated nucleosome translocations according to the “release model”. The
results could be confirmed with the mixed nucleosome positions (central and border) of
the rDNA fragment (Figure 24B). Both tested remodeling factors (ACF and Chd1) bind
preferentially to positions located at the border of the DNA fragment and show weaker
binding affinities to the central nucleosome position (Fig. 24B, lanes 3 and 5). The
central position is the position to which the nucleosomes are shifted during the
remodeling reaction. Summarizing, my results suggest a nucleosome positioning
mechanism mediated by remodeling factors (ACF and Chd1l) according to the “ release

model”.
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Figure 23. Schematic representation of the remodeler-dependent nucleosome translocation reaction

A) Simplistic scheme for the nucleosome remodeling reaction. Three possible nucleosome positions on the DNA (i-
1;iand i +1) are considered. The chromatin remodeling factor (R) could bind to a nucleosome (N) at each of the
three positions with a dissociation constant (ky). Nucleosome translocation to or from these nucleosome positions
could occur with specific rate constants (k). A detailed description can be found in the text. B) Two models could
explain the remodeler-dependent nucleosome translocation reaction. The corresponding time course of the
concentrations of nucleosomes is illustrated on the right hand side. The chromatin remodeling reaction starts at
nucleosome position N; at a concentration of 2.5 x 10 ° M. According to the “release model” the binding affinity to
the nucleosome at position N, is reduced 10-fold as compared to positions i and i-1. This leads to a distribution in
which about 80 % of the nucleosomes are at this site when the equilibrium is reached. When all binding constants
and translocation rate constants are identical a homogenous distribution of nucleosome positions is obtained in
equilibrium (uniform kg and k). For the “arrest model” the rate constant k_; that translocates the nucleosome from
position i+1 back to position i is ten times reduced as compared to the other translocation rates. At the steady-state
again 80 % of the nucleosomes will be at site Nj.;.
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Figure 24. Evidence for a nucleosome positioning according to the “release model”

EMSASs were performed to analyze the binding affinities of Chd1 and ACF to the nucleosomal substrates. A) The
radiolabeled hsp70 promoter fragment was assembled into chromatin (lane 1) as described for Fig. 21A and B. Chd1l
was added in rising amounts (20-200 fmol, lane 2-7) to the DNA substrate (10-50 fmol) without ATP. The reaction
was incubated for 30 min at room temperature and analyzed by PAA gel electrophoresis and visualized using
autoradiography. The positions of the formed DNA-protein (D/C) and the nucleosome-protein (N/C) complexes are
indicated. Additionally, a box marks the N3 position. The diagram shown at the right hand side illustrates the
percentage of nucleosomes at N3 plotted versus the Chd1 concentration. B) Nucleosomes were assembled onto the
radiolabeled rDNA promoter fragment. The nucleosome bandshift assays with ACF (lane 1-3) and Chd1 (lane 4-5)
were performed with a gel-purified mixture of the nucleosome border and center position derived from the rDNA
fragment. The position of the nucleosome-protein complex is indicated. The graph at the right hand side represents
the nucleosome population at the center position in dependence on increasing ACF or Chd1 concentration.
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4. Nucleosome positioning on “601”-NPS DNA substrates

In an additional comparative nucleosome mobilization experiment | analyzed the
nucleosome positioning properties of different remodelers using several nucleosomal
templates, all based on the “601"-DNA sequence. Four different DNA fragments have
been reconstituted into mononucleosomes using salt gradient dialysis: 1) The 342 bp
modified 601 substrate harboring 27 evenly distributed CpG sites (as used in the
bisulfite assay, see section D.11.1.8), 2) A similar 342 bp DNA fragment harboring the
modified 601 sequence and flanking regions without CpG-dinucleotides (see section
D.I1.1.8), 3) The 77-WID-77 DNA fragment, 4) The 22-WID-22 DNA fragment.

The experiments illustrated in Figure 25A show 601 nucleosomes harboring CpG less
flanking regions that have been tested in nucleosome sliding assays with Snf2H (lanes
1 to 8), ISWI (lanes 9 to 16) and the ACF complex (lanes 17 to 24) with and without
ATP. It has been observed that Snf2H and ISWI translocate nucleosomes to border
positions, while this effect is most pronounced for ISWI (compare lanes 8 and 24 with
lane 16). Contrary, nucleosome mobilization with ACF does not show a significant
effect. Similar experiments have been performed with the 342 bp DNA fragment used in
the bisulfite assay (Fig. 25B): again a conversion of the slow migrating central
positioned nucleosome to the faster migrating forms has been observed. This is due to
the relocation of the histone octamer from the central position to the more peripheral
position of the DNA fragment. ISWI shows the strongest nucleosome sliding (see Fig.
25B, lane 18), with all nucleosomes mobilized towards the end of the DNA fragment. As

previously detected, ACF shows just a marginal effect (lane 26).

Experiments comparing the 22-WID-22 and the 77-WID-77 substrates, revealed that
both Snf2H and ISWI require a minimal length DNA protrusions for catalyzing the
nucleosome translocation reaction (Fig. 25C and D). Using the 22-WID-22
mononucleosome as substrate did not show any effect for neither Snf2H nor ISWI
(compare Fig. 25C and D, lanes 6). Contrary, with the 77-WID-77 substrate,
nucleosome translocations towards more peripheral positions have been observed as

for the previously analyzed substrates (compare lane Fig. 25C and D, lanes 12).

In summary, these results confirm our previous data on the hsp70 DNA and rDNA
promoter fragments and additionally suggest that every single chromatin remodeling
enzyme reads and interprets the underlying DNA sequence and or its structure

differently, leading to a distinct nucleosome positioning.
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Figure 25. Comparative nucleosome mobilization assays on different 601 nucleosomal substrates

A) “Nucleosome sliding” assays with different chromatin remodeling factors (Snf2H, ISWI, ACF complex, 2-40
fM) using the 601 template lacking CpG sites in the protruding DNA (approximately 50 fmol) revealed a preferred
shift to the border positions (see section D.11.1.8 for DNA fragment description). Positioned mononucleosomes were
incubated at 26° C with increasing amounts of the indicated remodeller in the presence or absence of ATP as
indicated (* represents the presence of CpG sites). The reaction was stopped after 90 min with competitor DNA,
separated on a native 4.5 % polyacrylamide gel and visualized by ethidium bromide staining. B) Chromatin
remodeling reaction with Snf2H, ISWI, ACF as described in A) with the 342 bp substrate used in the bisulfite assay
C) and D) Nucleosome mobilization with Snf2H (C) and ISWI1 (D) on the 22-WID-22 in comparison to the 77-
WID77 substrate: Affinity purified Snf2H (C) or ISWI (D) was incubated with 50 fmoles of nucleosomes in the
presence or absence of ATP as indicated. Nucleosome positions were analyzed by electrophoresis on native
polyacrylamide gels as described above.
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[l. MAINTENANCE METHYLATION IN THE CONTEXT OF CHROMATIN

The molecular mechanisms of DNA methylation in the context of chromatin are
still ambiguous. Recent data provide evidence for a restricted DNA methylation by
Dnmtl in chromatin (Okuwaki and Verreault, 2004). However, the published results are
conflicting. To elucidate the properties of Dnmtl on DNA packaged into chromatin in
detail, | have performed studies on the binding and methylation characteristics of
Dnmtl. Furthermore, | have addressed the influence of chromatin remodeling on the

DNA methylation and binding efficiency of Dnmt1.

1. DNA and nucleosome binding properties of Dnmtl

By comparing the binding properties of Dnmtl to different DNA substrates either
in free form or packaged into mononucleosomes, the basic unit of chromatin, | wanted

to determine the structural effects on the binding characteristics of Dnmt1.

1.1. DNA binding characteristics of Dnmtl
To determine the binding affinity of Dnmtl for free DNA | used the technique of

electrophoretic mobility shift assay (EMSA). This method facilitates the visualization of
DNA-protein interactions due to differences in migration behavior in the gel: higher
molecular DNA-protein complexes migrate slower in native gel electrophoresis than free
DNA and can hence be distinguished. Please see Figure 18 for the purification of

recombinant Dnmt1.

In initial experiments, | compared binding of Dnmt1 to free DNAs of different length (Fig.
26A). Increasing amounts of Dnmtl (Fig. 26A, lane 3-6; 100 nM-0.5 yM) were titrated to
a low range DNA ladder consisting of 10-250 bp DNA fragments (Fig. 26A, lane 1 and
2). The addition of increasing amounts of Dnmtl showed that the protein binds
preferentially to longer DNA substrates (> 35 bp), visible as DNA-protein complexes
stuck in the gel well. The affinity to smaller DNA fragments (< 35 bp) was much lower
and higher protein concentrations even lead to discrimination of fragments shorter than
35 bp in length (Fig. 26A, lane 5 and 6). According to this assay, only longer (> 35 bp)
free DNA substrates are stably bound by Dnmt1.
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Figure 26. Dnmtl requires a DNA substrates length > 45 bp for efficient DNA binding

A) Electrophoretic mobility shift assays. Ultra low range DNA ladder (DNA size (bp) indicated on the left) was
loaded in rising concentrations (62 and 125 ng, lane 1-2). Different concentrations of Dnmt1 (100 nM-0.5 uM) were
added to 125 ng of the DNA (lanes 3-6) and the DNA-protein complexes were analyzed on a 15 % PAA gel.

B) Fluorescence labeled oligonucleotides of different lengths (30 bp (A488, lane 1-5), 45bp (A555, lane 6-10), 60 bp
(A647, lane 11-15) were hybridized in similar quantities to their complementary strand. EMSA was performed in a
12 ul volume containing the mixture of different Alexa-labeled ds-oligonucleotides (4 pmol of each ds-
oligonucleotides), 0.2 ug poly(dldC) and the reaction was incubated without (lane 1, 6, 11) or with Dnmt1 (final 100
nM- 1 uM, lane 2-5; lane 7-10; lane 12-15) in Ex50 Buffer for 15 min at 26°C and analyzed on a 5 % native
polyacrylamide gel. The Fuji FLA 5000 system was used for visualization of the DNA-protein complexes.
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C) Similar procedure as in B). Fluorescence labeled oligonucleotides of different lengths (15 bp (A647, lane 15-21),
30 bp (A488, lane 1-7), 45bp (A555, lane 8-14), 60 bp (A647, lane 15-21)) were hybridized in similar quantities to
their complementary strand. A 12 ul reaction contained the mixture of different Alexa-labeled ds-oligonucleotides
(4 pmol of each ds-oligonucleotides), 0.2 ug poly(dldC) and was incubated without (lane 1) or with Dnmt1 (final
100 nM- 0.5 puM, lane 2-3) in Ex50 buffer for 15 min at 26°C and analyzed on a 15 % native polyacrylamide gel.
The Fuji FLA 5000 system was used for visualization. D) Relative quantification of Dnmtl binding properties
comparing DNA molecules of different lengths (see C).

Dissection on the binding affinity of Dnmtl to small DNA fragments in more detalil,
EMSAs with fluorescently labeled oligonucleotides that were hybridized to their
complementary strand were performed (Fig. 26B and 26C). Fluorescently labeled ds-
oligonucleotides (4 pmol each) of different lengths (15-60 bp), harboring different labels
on their 5’end, were incubated with increasing amounts of Dnmtl (100 nM-0.5 uM; 30
bp: lane 2-5, 45 bp: lane 7-10; 60 bp: lane 12-15) and complex formation was analyzed
on a 6 % PAA gel (Figure 26B). A similar experiment is shown in Figure 26C with the
exception that the Dnmtl affinity to a 15 bp ds-oligonucleotide was also tested (30 bp:
lane 2-7, 45 bp: lane 8-14; 15 bp and 60 bp: lane 15-21). These experiments confirmed
that Dnmtl requires a minimal DNA length of > 30 bp to efficiently bind its substrates.
The observed higher affinity for longer DNA substrates suggests either a cooperative
binding of Dnmtl or a DNA-binding domain within the protein that requires longer DNA
to bind.

1.2. Nucleosome binding characteristics of Dnmtl

The initial experiments suggested that the affinity of Dnmtl to DNA requires a
specific minimal length of free DNA. This observation provided the basis for interaction
studies of Dnmtl with different mononucleosomal substrates. Firstly, EMSAs on
reconstituted mononucleosomes varying in the length of the DNA overhang were
conducted. Figure 27A shows an illustration of the DNA substrate design used for the
nucleosome binding assay (please find a detailed description of the template design in
D.II1.1.8). The different DNA substrates as generated by the use of respective restriction
enzyme digests on the pPCRScript_slol-gla75 are represented in Figure 27B. The
resulting DNA fragments were amplified using PCR (Figure 27C, a selection of PCR
products is shown) to generate the respective DNA substrates for nucleosome
assembly (see Figure 17 in section D.II.1.8. for illustration of DNA substrate design).

Subsequently the different fragments, ranging from 147 bp to 301 bp were reconstituted
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Figure 27. Nucleosome assembly on modified 601 fragments

A) llustration of the nucleosomal substrate design used for the 601 nucleosome mobility shift assays. Central 147 bp
601 nucleosome positioning sequence and flanking rDNA (70 bp) and Hsp70 (70 bp) sequences are presented as
blue, red and green rectangles, respectively. Restriction sites for the separation of different fragments are indicated
as arrows. B) The 601 NPS was used to generate nucleosomal templates with different lengths of overhanging DNA
by restriction digest of the DNA construct and analyzed on a 1.3 % agarose gel. The different restriction
endonucleases (RI-RV) used here are indicated on top of the different lanes (lane 2-8). By combination of different
restriction endonucleases, symmetrical and asymmetrical DNA overhangs of variable lengths, relative to the WID
sequence could be prepared. C) Following restriction digest, the templates were amplified by PCR. The used
oligonucleotides to generate the specific WID DNA templates are described in Fig. 17 and section D.I1.1.8. Not all
PCR products are shown. D) Subsequently these different fragments were assembled into chromatin using salt
gradient dialysis. The nucleosome positions were separated on a 5 % polyacrylamide gel (lane 2-8, free DNA and
nucleosomes are indicated). A size standard (2-log DNA ladder) was run in lane 1.
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into mononucleosomes by salt gradient dialysis (Figure 27D) as described before
(Rhodes and Laskey, 1989) (see Figure 19 for the salt assembly experimental set-up
and Figure 20 for recombinant Drosophila histones). Nucleosome assembly with the
different “601-DNAs” resulted in the appearance of a single band that could be
visualized on a native PAA gel (Fig. 27D, lane 2-8). Using this strategy a variety of
asymmetrical and symmetrical “601-nucleosome positions” with different linker length
are generated. The DNA protrusions of the mononucleosomes range from 0-77 bp
either asymmetric or symmetric from both sides of the nucleosome. The different
nucleosomal substrates could be separated according to their migrating characteristics
in the PAA gel: border positioned nucleosomes migrate faster as compared to more

centrally positioned nucleosomes.

To characterize the binding characteristics of Dnmtl to nucleosomes, | compared the
affinity of Dnmt1 to the 601 nucleosomal substrates with different length of protrusions.
The nucleosomal substrates (50-200 nM) were incubated without or with increasing
amounts of Dnmtl (100 nM — 0.5 uM). The resulting DNA-protein complexes were
analyzed in gel retardation assays (Fig. 28A-C). Figure 28A shows the binding of Dnmt1
to symmetrical templates whereas Figure 28B compares asymmetrical templates.
Dnmtl fails to stably interact with nucleosomes assembled on the 147 bp DNA (WID,
fast migrating band, e.g. lane 2-5), even at high Dnmtl concentrations (0.5 pM), no
stable Dnmtl-nucleosome complex with the 147 bp nucleosome was formed (see Fig.
28A, lane 5). Dnmtl shows weak interactions with the symmetrical 22-WID-22 substrate
(see Fig. 28B, lane 3-5). The binding of Dnmtl to the 40-WID-40 template results in a
clear shift (Fig. 28B, lane 2-5 or 7-9). Interestingly, Dnmt1 shows low binding affinities to
the asymmetric templates (22-WID, 40-WID, 77-WID) (Fig. 28A). Along this line, Dnmtl
shows the strongest interactions with the 77-WID-77 nucleosome, whereas it shows

only weak affinity to the asymmetric counterpart (77-WID) (Figure 28C, lane 2-4).

The binding affinities to the free DNA substrates could also be estimated in these
experiments. Free DNA of 300 bp (77-WID-77) is preferentially bound in comparison to
shorter DNA fragments (< 200 bp, WID) (see Fig. 28B or C, fast migrating band).
Comparing the longest symmetrical mononucleosome (77-WID-77) to its histone-free
DNA it becomes apparent that Dnmtl shows similar affinities to both substrates (see
Fig. 28C, lane 3 and 4). For all shorter symmetrical and also asymmetrical substrates,

Dnmtl prefers the free DNA form compared to the mononucleosomal form (see Fig.
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Figure 28. Characterization of the Dnmtl binding affinity to mononucleosomal substrates differing in the
length of protruding DNA

A) to C) The different symmetrical (A) and asymmetrical (B) nucleosomal templates (100-150 ng; 50 — 200 nM)
(linker length of the WID sequence indicated by cartoons) were incubated in a 12 pul reaction volume without (lane 2
and 6) and with 100 nM-0.5 uM Dnmt1 (lane 3-5 and 7-9) for 30 min at 26°C in binding buffer (10 mM HEPES (pH
7.6), 50 mM KCI, 2.5 mM MgCI2, 10 % Glycerol, 1 mM DTT). C) A comparison of the Dnmtl affinity to the 77-
WID-77 asymmetrical and symmetrical mononucleosomes is shown. Potein-DNA and Protein-nucleosome
complexes were analyzed on 6 % polyacrylamide gels. A size standard (2-log ladder) was run in lane 1.
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28A and B). This suggests that Dnmtl preferentially recognizes and stably associates
with free DNA instead of nucleosomal DNA. It further demonstrates that a minimal DNA
length of 40-80 bp flanking the nucleosome positioning site is needed for an efficient
Dnmtl binding. Additionally, preferential binding is observed to the symmetrical
nucleosomes harboring 40-80 bp flanking sequences. Notably, Dnmtl preferentially
binds to the symmetrical 40-WID-40 substrate over the asymmetrical 77-WID substrate,
though they harbor the same amount of binding sites (data not shown). Titration of
Dnmtl to the 77-WID-77 substrate led to the formation of several retarded DNA bands,
suggesting that more than one Dnmtl molecule can associate with the DNA (see Fig.
29A). The results of these binding experiments indicate the formation of a stable Dnmt1

— nucleosome complex (Fig. 29A, lane 3-5 (left) or lane 2-4 (right)).

In order to test the stability of the Dnmtl-nucleosome complex more accurately,
competitive binding assays were performed (Fig. 29B). As competitor, a 6 kb free DNA
plasmid was used (Fig. 29B, lane 2). The 77-WID-77 nucleosome (50 nM) was first
incubated with amounts of Dnmtl1 (150 nM) appropriate to form the stable nucleosome—
Dnmtl complex as described before (Fig. 29B, lane 3). The stable complex was
subsequently incubated with rising amounts of competitor DNA (20-100 nM) and
analyzed by native PAA gel electrophoresis (PAGE). It was observed that even after the
addition of low amounts of competitor DNA, the Dnmtl-nucleosome complex started to
disassemble (Fig. 29B, lane 5). This effect was potentiated by adding more competitor
DNA (Fig. 29B, lane 6 and 7). These observations demonstrate that, although the
formed complex of Dnmtl and the 77-WID-77 nucleosome seems stable, it can be
disintegrated by the addition of low concentrations of competitor DNA. Similar results
were obtained in a time course experiment with addition of a fixed amount of competitor
DNA (data not shown). These results indicate a complex formation that is highly
dynamic. Figure 29C summarizes the Dnmtl binding characteristics with respect to the

different nucleosomal templates.
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Figure 29. The binding of Dnmtl to nucleosomes occurs on symmetrical nucleosomes harboring 30-80 bp

DNA overhangs on entry and exit sites of the nucleosome

A) Electromobility shift assays using the symmetrical 77 bp linker nucleosome (77-WID-77) as substrate indicate a
stable Dnmt1-nucleosome complex (please see Fig. 28A for assay procedure). Dnmtl was titrated to the 77-WID-77
nucleosomal substrate. The protein-DNA complex was visualized on a 4.5 % native PAA gel. B) Competitive
binding assays. Lane 2 shows the 6 kb competitor plasmid DNA. 100 ng (50 nM) of the 77-WID-77 nucleosome
(lane 3) were first incubated with appropriate amounts Dnmt1 (150 nM) to form the stable nucleosome-Dnmtl
complex (lane 4). The stably formed complex was subsequently incubated with rising amounts of competitor DNA
(100-500 ng (20 nM-150 nM), lane 5-7) and analyzed on a 6 % native polyacrylamide gel. A size standard (2-log
ladder) was run in lane 1. C) Conclusion of the Dnmtl EMSAs using the different 601 nucleosomal fragments.
Dnmtl (centrally) discriminates nucleosomal substrates without DNA overhangs (WID, on top). It shows low
affinity to asymmetrical and symmetrical mononucleosomes with < 30 bp flanking DNA (left side), whereas its
affinity to templates > 30 bp is medium (right side). The highest affinity was observed on templates harboring 40-

80bp of symmetrically DNA overhangs.
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1.3. Mapping the localization of Dnmtl on the 77-WID-77 nucleosome

1.3.1. SET-UP OF THE DNASE| FOOTPRINTING ASSAY

The read-out of EMSASs is limited to the single information of a DNA—protein
complex formation and does not allow specifying the precise localization of the protein
on the DNA substrate. To further analyze whether binding of Dnmtl to the 77-WID-77
nucleosome occurs exclusively via contacts of free DNA or requires additional
nucleosomal contacts, DNasel protection (DNasel “footprint”) experiments were
performed. While the read-out method has been described before (Yindeeyoungyeon
and Schell, 2000; Zianni et al., 2006) | at first had to set up the assay conditions, in
order to identify protected sites and hypersensitive regions of the DNasel digest on an

automated capillary DNA analyzer.

Fluorescently labeled 301 bp 77-WID-77 DNA was generated by PCR using
oligonucleotides that were 5’ labeled (see section D.II.1.5 for detailed description). The
quality of the amplified DNA was then analyzed on a native PAA gel and 5'-Fluorescein
phosphoramidite (6-FAM) or 5'-Hexachloro-Fluorescein- Phosphoramidite (HEX) labels
visualized using the Fuji Fla-5000 system or ethidium bromide staining (Fig. 30A). The
visualization clearly shows that the amplification of the 301 bp DNA substrate works and
efficiently labels. However, a big amount of unincorporated oligonucleotides remains in
the probe (Fig. 30A lane 3 and 4). The quality of the labeled DNA fragment was
analyzed using an automated capillary electrophoresis instrument (Fig. 30B). This was
done by Sophie Hinreiner at the “Institute of functional genomics” (see section D.11.7.6).
The results of the fragment analysis showed the most significant peak at approximately
300 bp, which represents the detection of the DNA fragment at the correct size. Peaks

smaller than 50 bp correspond to free oligonucleotides.

Fluorescently labeled 77-WID-77 DNA was subsequently assembled into nucleosomes

using salt gradient dialysis (Fig. 31A).

Though DNasel has a sequence preference it randomly hydrolyzes the phosphodiester
bonds of DNA between the 3' oxygen on the deoxyribose of one nucleotide and the 5’
phosphate of the next nucleotide. Generally, a low DNase | concentration is used so
that on average each DNA molecule is cleaved just once. In initial experiments |
determined the optimal DNasel concentration for the footprinting reaction (31B). To this

end, DNA and positioned nucleosomes (12.5-25 nM) were treated with DNasel (0.1 u)
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Figure 30. Labeling of the 77-WID-77 DNA substrate using fluorescently labeled oligonucleotides

A) The 77-WID-77 template was fluorescently labeled by PCR (“body labeling™) using 5’ labeled oligonucleotides
(FAM: Em519 = green and HEX: Em556 = yellow) as described in section D.I1.1.6. The labeled DNA was purified
by ethanol precipitation and analyzed on a 5 % native polyacrylamide gel. EtBr or the respective laser (FAM: 473
nm; HEX: 473) was used to visualize the labeled DNA. Free oligonucleotides and the labeled 77-WID-77 DNA are
indicated as bars. B) For visualization approximately 1 ng (2.5-5 nM) purified DNA was loaded onto a 3730
capillary electrophoresis instrument. The injection was 2 kV and injection time 15 s. The electropherogram of FAM
(blue)- and HEX (green)-labeled DNA as well as free oligonucleotides are shown. The intensity was measured in
relative fluorescence units (RFU). As size standard a 1:2 mixture of L1Z 120 and LI1Z500 was used.
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Figure 31. Setting up the Dnasel protection assay using a capillary electrophoresis instrument

A) Reconstitution of mononucleosomes using salt gradient dialysis. Labeled DNA (lane 1) incubated with
Drosophila histones was assembled by salt gradient dialysis into chromatin (lane 2 and 3). Different ratios of
histones to DNA were used in salt assembly and tested for nucleosome occupancy using a 5 % native
polyacrylamide gel. Free DNA and nucleosome positions are indicated. A size standard (2-log ladder) is indicated.
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B) Partial DNasel digests of free DNA and central positioned mononucleosomes are shown. DNasel digestion was
performed using the 77-WID-77 DNA fragment in free and nucleosomal form. The 301 bp 5’fluorescently labeled
DNA was assembled into nucleosomes by salt gradient dialysis as described in A) 50 ng (12,5 nM) free DNA, (red
bar on the left) and positioned nucleosomes, grey ellipse on the right were treated with 0.1 u DNasel for several time
points (0, 60,120, 240 s, as indicated). The reaction was stopped by the addition of 5 mM EDTA to inactivate the
DNasel. DNA was subsequently analyzed for complete digestion on a 5 % native polyacrylamide gel. A DNA size
standard (2-log ladder) was run in lane 1. C) Comparison of the electropherograms originating from 1. DNasel
digest of free DNA (red line) 2. DNasel digest of nucleosomal DNA (blue line). The position of the central
nucleosome is indicated (ellipse). The DNasel digest was performed using the 77-WID-77 DNA fragment in free
and nucleosomal form. The 301 bp 5’fluorescently labeled DNA was assembled into nucleosomes by salt gradient
dialysis. 50 ng (250 nM) free DNA and positioned nucleosomes were treated with 0.1 u DNasel for several time
points (0, 60,120, 240 s). The reaction was stopped by the addition of 5 mM EDTA to inactivate the DNasel. DNA
was subsequently loaded onto a capillary electrophoresis instrument as described in 30B. The electropherograms for
both directions (5’HEX: on top and 5’FAM: on bottom) are compared for free DNA (red line) and nucleosomal
DNA (blue line). The nucleosome core is illustrated by an ellipse.

and the reaction was stopped at several time points (0, 60, 120, 240 s) by the addition
of EDTA. Digestion products were analyzed on a native PAA gel (Fig. 31B). The patrtial
DNasel digest results in a characteristic cleavage pattern that differs between the free
DNA and nucleosomal DNA (Fig.31B, compare left to right hand site). Longer incubation
times lead to the accumulation of smaller fragments (Fig. 31B, lane 4 and 5). The
optimal DNasel concentration for 25 nM free DNA (50 ng DNA) was determined as 0.1
u for 60 s, resulting in a partial DNasel digest (Fig. 31B (left), lane 2). The DNasel
digest of the nucleosome (50 ng) was incubated longer compared to the free form,
thereby generating longer products (Fig. 31B (right), lane 3 and 4). The optimal DNasel
concentration was determined as 0.1 u for an incubation time of 120 s (Fig. 31B (right),
lane 4). One major criterion of the DNasel footprinting analysis using the capillary
electrophoresis instrument is the DNasel concentration. Therefore, several optimization
experiments testing DNasel on the nucleosomal template have been analyzed on the
capillary electrophoresis instrument (data not shown). Zianni and coworkers reported
that the electropherogram of optimal DNasel digestion should show peak heights that
are 1) evenly distributed and Il) show a distribution along the complete size of the
fragment (Zianni et al., 2006). These characteristics were implemented at DNasel
concentrations of 0.5 u and incubation times of 120 s for 25 nM DNA (data not shown).
Further, DNasel protected fragments of both DNA forms free and the nucleosomal form,
were analyzed on the automated sequencer (Fig. 31C). The analysis of both sites
(FAM/ HEX) reveals a protected region between ~ 80 and 230 bp, exactly the
nucleosome positioning sequence (78 bp- 224 bp), known as the “601” NPS.
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1.3.2. DNMT1 FOOTPRINTING ASSAY

Next, | intended to map Dnmtl-nucleosome interactions using the DNasel
protection assay. A flow-chart of the DNasel protection (“footprinting”) assay and its
read-out by capillary electrophoresis is depicted in Figure 32 (for a detailed description
see section D.11.7.3): Briefly, Dnmtl-nucleosome complex was prepared in large scale.
Prior, the optimal ratio of Dnmtl (150 nM) to 77-WID-77 (25 nM) nucleosomes that
barely forms a Dnmtl-nucleosome complex was determined by EMSA (Fig. 33A, lane
4).

Subsequently, the reaction was subjected to a partial DNasel digest and stopped at the
multiple time points (0-240 s). Additionally, Both DNasel digests (with/without Dnmt1)
were compared and checked for completion (Fig. 33B). After purification from proteins
and free oligonucleotides the DNA was finally loaded onto the capillary electrophoresis
sequencer instrument (Fig. 33C). The resulting peak pattern was compared to the

pattern obtained after DNasel digest of the nucleosomal DNA in the absence of Dnmtl.

The comparison of the two fragment patterns showed clear differences at the
nucleosome entry and exit sites. This indicates that Dnmt interacts with both,
overhanging DNA and nucleosomal DNA. The protected sites between basepairs 40 to
80 of both nucleosome sites suggest that Dnmt1 might bind ~ 30-40 bp of free DNA and
an symmetric region surrounding the nucleosome dyad axis. Another interpretation is
that Dnmtl binds bilaterally to the 77-WID-77 nucleosomal substrate. Furthermore
Dnmtl could also posses a very long DNA binding domain. Figure 33 D shows the
Dnasel protected regions on both sites of the nucleosome (left) and a hypothetical

cartoon in 3D, how Dnmt1 could bind on the nucleosome entry/exit sites (right).

In conclusion, the EMSAs on DNA in free and nucleosomal form have shown, that
Dnmtl requires DNA overhangs to stably interact with mononucleosomes. Furthermore
this interaction seems to occur at both sites of the nucleosome as suggested by the

results of the footprinting assay.
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Figure 32. Scheme of the DNasel protection assay (“Footprint™)

A) Schematic representation of the DNasel footprinting assay (please find detailed protocol in section D.I1.7.3).
Briefly, fluorescence labeled DNA was incubated without (right side) or with (left side) the protein of interest (Here:
Dnmtl). Subsequently, DNA was partially digested with DNasel. The DNasel protected fragments were analyzed by
Maxam-Gilbert DNA-Sequencing using an automated capillary electrophoresis system for the read-out. The
electropherograms reveal the location of the protein of interest by “footprints”.
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Figure 33. DNasel protection (“Footprinting”) assay to map the localization of Dnmt1 at the preferred
mononucleosomal template

A) Analytical EMSA to test the Dnmt1 affinity prior to the footprint reaction. 150 nM Dnmt1 were titrated to 100 ng
(25 nM) nucleosomal DNA (77-WID-77) to monitor Dnmtl-nucleosome complex formation in the DNasel reaction
buffer and incubated for 30 min at 26°C. Complexes were separated on a 5 % PAA gel. The positions of the
nucleosome (ellipse) and Dnmtl-nucleosome complexes are indicated. B) Quality analysis of the DNasel protection
assay (“footprinting assay”) in the absence (left side) or presence (right side) of Dnmtl. Recombinant Dnmtl (150
nM) was incubated with the 77-WID-77 nucleosomal template (25 nM) and partially digested with DNasel (10 sec,
30 sec, 60 sec, 90 sec, 120 sec). The reaction was stopped by the addition of 5 mM EDTA to inactivate the DNasel.
Subsequently the nucleosome-Dnmtl complexes were analyzed on a 5 % polyacrylamide gel. C) Read-out of
DNasel protection assay. The position of Dnmtl was mapped using an automated sequencing machine. DNA was
purified using the PCR purification kit (Qiagen) prior to loading onto the capillary electrophoresis instrument. A
comparison between the nucleosomal DNA alone (blue line) and the Dnmtl bound nucleosomal DNA (red line) is
shown. The electropherograms for both directions (5’HEX: on top and 5’FAM: on bottom) are compared are
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represented. The nucleosome position (ellipse) and the flourescence labels are indicated. An enlarged region,
showing the protected region is highlighted in the box. D) Conclusion of the Dnmtl “footprinting” assay. Left: A
schematic illustration of the nucleosome and its DNasel protected regions (indicated as grey boxes on the entry/exit
sites of the nucleosome) is shown. Right: Cartoon illustrating how Dnmt1 (blue) could hypothetical bind to the exit
and entry site of the nucleosome (3D-view).

2. Methylated CpG site analysis in the mononucleosomal core

The accessibility of a DNA sequence packaged into a mononucleosomes could
influence the methylation of specific target CpG sites by Dnmtl depending on their
specific position within the nucleosome. To examine the distribution of CpG
dinucleotides methylated by Dnmtl, | performed bisulfite sequencing experiments. For
this purpose a 342 bp DNA substrate (based on the “pGA4 BN-601-m1”-DNA)
consisting of a central modified 601 nucleosome positioning sequence and 27 CpG
sites evenly distributed over the entire DNA fragment was used (see section D.11.1.8 for
detailed description of DNA substrate preparation). This substrate was assembled into
chromatin by salt gradient dialysis as described before (Figure 34A, lane 3). The
estimated nucleosome position was verified by restriction endonuclease digest (data not
shown). A flow-chart of the bisulfite sequencing assay is shown in Figure 34B: After
incubation of free DNA or mononucleosomes (16 nM CpG sites applied) with Dnmtl
(120 nM final concentration) and SAM (250 nM) the DNAs was converted via bisulfite
treatment. This treatment deaminates unmethylated cytosines but does not react with
methylated ones. Next, the resulting DNA sequences were amplified by PCR and the
products subsequently cloned and sequenced. After bisulfite treatment the DNA strands
are not complementary anymore, therefore two primer pairs are needed to discriminate
between the sense and the antisense DNA strands. The efficiency of the PCR
amplification was verified on an agarose gel (Fig. 34C): It was clearly shown that all
DNA fragments had the expected size and therefore were successfully amplified (Fig.
34C, lane 2-6).

Figure 34D and 34E shows the methylation efficiency of Dnmtl at individual CpG sites

on the modified 601 nucleosome substrate.
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Figure 34. Bisulfite sequencing of Dnmtl-methylated mononucleosomal templates

A) Reconstitution of 601Bisulfite mononucleosome (342 bp fragment, harbouring 27 CpGsites) using salt gradient
dialysis. DNA incubated with histones was assembled by salt gradient dialysis into chromatin. Different ratios of
histones to DNA (lane 2 and 3) were used in salt assembly and tested for nucleosome occupancy. A size standard (2-
log DNA ladder) was run in lane 1. Free DNA and mononucleosomes (both indicated) were visualized by agarose
gel electrophoresis and ethidium bromide staining. B) Flow-chart of the bisulfite assay. Localization of methylated
CpG sites in the 601 mononucleosome in comparison to free DNA is shown. 601 mononucleosome and free DNA
templates (both 16 nM CpG sites applied in final reaction) were incubated with Dnmt1 (120 nM final concentration)
and S-adenosyl methionine (250 nM) in a 40 pl reaction. The DNA was treated with bisulfite, purified and
subsequently applied to PCR with specific oligonucleotides to discriminate between the (+) and (-) strand. The PCR
products were then cloned into the pPGEMTeasy vector and the clones analyzed by bisulfite sequencing. C) PCR
products of the Bisulfite 601 free and nucleosomal DNA fragments following bisulfite conversion. (+) and (-)
represents the respective amplified DNA strand. In D) and E) Evaluations of the Dnmtl methylated CpG sites (in
percent) according to their position in the 601 free DNA (blue bars) form or on mononucleosomes (red bars). (+)
and (-) strands are shown. The red bar on the bottom represents the DNA fragment with the CpG sites (marked as
stars). The ellipse illustrates the 601 nucleosome position.
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Whereas on both strands the CpG sites within the regions flanking the nucleosome can
be efficiently methylated, the methylation efficiency rapidly decreases towards the
nucleosome core. This effect is more drastic on the sense strand. In contrast Dnmtl is
capable to methylate all CpG sites distributed over the free DNA substrate. This
counted for the (+) strand as well as for the (-) strand. Interestingly, Dnmtl seems to
methylate specific CpG sites more efficiently even in free DNA substrates. On the sense
strand CpG 6, 12, 18, 23 are barely methylated (Fig. 34D), whereas this phenomenon is
less pronounced for CpG 20, 22 on the antisense strand (Fig. 34E).

To analyze the DNA substrates more precisely, | compared the activity of Dnmtl on
different free DNA and nucleosomal substrates without or with DNA protrusions (Fig.
35A and C). The substrates that were analyzed in this assay are shown in Fig.35A and

described in section D.11.1.8.

The catalytic activity of Dnmtl on the different free DNA and nucleosomal substrates

was analyzed in the radioactive DNA methylation activity assay:

The transfer of tritium-labeled methyl groups from S-adenosyl methionine ([*H]-SAM)
onto the different free DNA and chromatin reconstituted DNA substrates by Dnmtl was
analyzed with little modifications from a published protocol (Pradhan et al., 1999). A
flow-chart of this assay is outlined in Figure 35B. Briefly, free DNA or corresponding
chromatinized DNA (480 nM CpG sites) was incubated for 60-90 min at 26°C with rising
amounts of purified Dnmtl (50 nM final concentration) enzyme in the presence of [°H]-
SAM (60-360 nM final). Tritium incorporation was counted using a liquid scintillation

system.

As can be seen in panel 2 and 4, Dnmtl methylates the two free DNA substrates (Fig.
35C). Surprisingly, the 147 bp free DNA substrate (panel 4) was more efficiently
methylated as compared to the 342 bp DNA (panel 2). This could be due to local
differences in the higher order structure of the DNA. Vast differences were detected for
nucleosomal substrates: the modified 601 substrate that was used in the bisulfite assay
proved to be a good substrate for Dnmtl (panel 3). In contrast, Dnmtl could barely
methylate the 147 bp nucleosome substrate without protruding DNA (panel 5). These
results strengthen the conclusion that Dnmtl needs DNA overhangs for both, binding

and methylation events.
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Figure 35. Analysis of Dnmtl activity on different mononucleosomal templates

A) Agarose gel analysis of free DNA and nucleosomal 601 templates used in B). The different DNA templates are
described in section D.11.1.8. On top: The 342 bp DNA fragment (Bisu601), here shown in free (lane 2) and
nucleosomal (lane 3) form, was used for bisulfte sequencing. Below: The 346 bp DNA fragment harboring a CpG
less nucleosome flanking region is shown in free (lane 2) and assembled form (lane 3). The 147 bp 601 DNA
fragment is shown only as free DNA (lane 7). Approximately 200 ng DNA were loaded onto the gel and were
visualized by agarose gel electrophoresis and ethidium bromide staining. B) Graphic representation of the DNA
methyltransferase activity assay. Hemimethylated and unmethylated free DNA or chromatinized substrates were
incubated for 60-90 min at 26°C (for chromatin templates) or 37°C (for naked DNA templates) in the presence of

3[H]-SAM and Dnmtl. The reaction was subsequently spotted onto DEAE filters and the incorporated 3[H]-CH3
was measured (please find a detailed description in section D.11.6.1).
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C) Enzymatic activity of Dnmtl at the different DNA templates analyzed in the radioactive methylation activity
assay. The 601 bisulfite template (as free DNA and nucleosomal template) was applied to the Dnmt1 (80 nM
Dnmtl) methylation efficiency assay and compared with a 147 bp fragment (both 480 nM CpG sites in final
reaction) harboring no linker DNA in the mononucleosomal form. The incorporation of 3H-SAM (360 nM final)
was measured. The different DNA substrates are illustrated as bars, the ellipse represents the nucleosome position
marked. The AIR DNA fragment was applied as positive control. CpG sites are shown as stars.

3. Generation of hemimethylated DNA as a substrate for Dnmtl

Dnmtl has been described to catalyze maintenance methylation. Thus, one
major objective was to generate long hemimethylated DNA for subsequent analyses. |
compared different procedures of DNA preparation, because of the lack of standard
protocols. Initial experiments were performed using the strategy depicted in Fig. 36A.
First, fully methylated DNA was generated by treating a circular plasmid with the
bacterial CpG methyltransferase M.Sssl. In the following, a single strand nick was
introduced using Nb.Bsml. Exonuclease Ill was then used to remove mononucleotides
from the 3’-hydroxyl terminus of the nicked strand. Following primer annealing the DNA
was repaired by DNA ligase and analyzed on an agarose gel (Fig. 36B): After M.Sssl
methylation of the plasmid DNA the methylated DNA was incubated with the
methylation sensitive restriction enzymes Mspl and Hpall to analyze the methylation
efficiency. Mspl and Hpall are isochizomeres with the recognition palindrom CCGG.
The methylation efficiency can be analyzed due to the features of the enzymes: Mspl is
active on unmethylated as well as metylated DNA, whereas the activity of Hpall is
inhibited by methylation. Therefore different restriction patterns do correlate with the
degree of DNA methylation. The restriction digests with Mspl and Hpall showed that the
methylation reaction was efficient: in comparison to the Mspl restriction pattern Hpall
was inhibited by the successful methylation (Fig. 36B). Finally, the methylated and
nicked plasmid DNA rendered single-stranded by the incubation with Exonuclease Il

The nicked-DNA can be distinguished due to its slower migration.

Due to precipitation efficiency problems of single-stranded DNA or degradation in case
of primer extension, only about 50 % of the input DNA could be recovered after
exonuclease Il digestion. To increase the yield, variations of the above described

methods were tested (data not shown). One was to use T4 polymerase instead of Taq
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Figure 36. Preparation of hemimethylated DNA

A) Schematic illustration of the strategies used to generate hemimethylated chromatin (please find a detailed
description in text). A single-strand nick was inserted into a M.Sssl-methylated 6 kb plasmid using a restriction
endonuclease. Subsequently the nicked strand was digested with Exonucleaselll and the complementary strand
hybridized by primer extension reactions. The plasmid was then re-ligated and packaged into chromatin using salt
gradient dialysis. B) Qualitative agarose gel analysis of the different educts and products to generate
hemimethylated DNA as substrate for Dnmtl. Methylation efficiency was analyzed by restriction digest using the
methylation sensitive isochizomers Mspl/Hpall.
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polymerase for the primer extension reaction, because the 5’-3’ exonuclease activity of

Tag polymerase might have been the cause of DNA degradation.

Because none of the above variations proved very efficient in generating
hemimethylated DNA, the protocol was redesigned (Fig. 37A). The circular plasmid
DNA was linearized with a restriction endonuclease (Hindlll). One third of the linearized
DNA was methylated by M. Sssl and mixed with two third of linearized unmethylated
DNA. Following denaturation at 94°C and re-annealing, the quality of this
hemimethylated DNA product was analyzed on an agarose gel (Fig.37B and 37C):
Estimations of the amount of produced hemimethylated DNA were determined by
restriction digest using Mspl and Hpall. The fragment patterns produced by Hpall in
unmethylated compared to hemimethylated DNA were clearly different (Fig. 37C
compare lanes 6 and 8). The methylated DNA inhibits Hpall activity, whereas in the
hemimethylated fraction additional higher molecular weight bands come up (Fig. 37C,
lane 8). This could be due to the heterogenous DNA mixture that is generated by this

method.

The purified DNA was re-circulated by DNA ligase (Fig. 37B, lane 8) and assembled

into chromatin by salt gradient dialysis (data not shown).
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Figure 37. Effective generation of hemimethylated DNA

A) Graphic illustration of the method used to effectively generate hemimethylated chromatin. The linearized
(HindlI1) 6 kb plasmid was methylated using the bacterial methyltransferase M.Sssl. 2/3 untreated DNA was mixed
with 1/3 methylated DNA and subsequently annealed (10 min at 95°C denaturation, slowly cool down for
annealing). The DNA was re-circulated using DNA ligase and then assembled into chromatin. B) and C) The
different educts and products used to generate hemimethylated DNA as depicted by scheme A) were analyzed as
described in Fig. 36 by agarose gel electrophoresis. Methylation efficiency was analyzed by restriction digest using
the methylation sensitive isochizomers Mspl/Hpall. The heterogeneous template is indicated. A 1 kb size standard

(1 kb ladder NEB) was run in lane 1.
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3.1. Analysis of the hemimethylated substrates

The analysis of the hemimethylated DNA via restriction digest suggests a
successful generation of hemimethylated DNA. However, this method is not
guantitative. To examine the hemimethylated DNA more precisely, | analyzed the
catalytic activity of Dnmtl on this template in a sensitive radioactive assay. To inspect
the quality of the hemimethylated DNA, the DNAs described above were applied to the
radioactive methylation assay (Figure 38A). As positive control, the 34 bp
hemimethylated AIR DNA fragment (15 pmol CpG sites), harboring 5 CpG sites was
used in the assay. This well-characterized fragment is derived from the AIR promoter,
which is regulated by methylation (Sleutels and Barlow, 2002; Zwart et al., 2001). The
activity of Dnmtl on the hemimethylated substrates is about 1.25 times lower (80 % of
catalytic activity on AIR fragment) than on the hemimethylated AIR fragment (Fig. 38A,
panel 1 and 5). This could be due to the quality of the hemimethylated DNA, because as
a consequence of the preparation method it is a heterogeneous mixture that contains

unmethylated and methylated DNA in addition to hemimethylated DNA.

To further characterize the hemimethylated DNA, same amounts of the prepared DNA
(hemimethylated substrate) or a 1:3 mixture of fully methylated and unmethylated
template (mixed substrate) were subjected to the radioactive methylation assay and a
time-course experiment was performed. A graphic illustration of the applied DNA
substrates (hemimethylated substrate versus mixed substrate) is depicted in the
diagram 38B, while Figure 38C shows an agarose gel analysis of the different DNA
substrates. The linearization of the circular pPCMV14 plasmid worked (Fig. 38C, lane 3),
but there is some circular plasmid left after the digest as can be seen by a faster
migrating band. Differences between the mixed substrate and the hemimethylated
substrate are clearly visible: the hemimethylated substrate shows higher-molecular
weight bands that could be due to different DNA structures after hybridization (Fig.
38C,lane 5).

The time course experiment (Fig. 38D) shows an incorporation of [*H]-CHs that is almost
4 times higher in the hemimethylated substrate as compared to the mixed substrates.
The reaction shows linearity up to two hours, where the maximum of the reaction
velocity is reached and rapidly decreases afterwards. The mixed template shows almost
constant counts (~ 1000 cpm). This suggests an inhibition of Dnmtl caused by

unmethylated and methylated DNA substrates.
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Figure 38. Analysis of DNA methylation efficiency in chromatin

A) The hemimethylated DNA templates as shown in Figure 37 were tested in the radioactive methyltransferase
activity assay for further qualitative analysis. A hemimethylated 34 bp AIR DNA fragment (15 pmol CpG sites
applied) was used as positive control (panel 1). The circular (panel 2), linear (panel 3) and linear methylated (panel
4) templates (15 pmol CpG sites applied) are shown. Identical amounts of CpG sites (15 pmol) of the
hemimethylated DNA were applied (panel 5). The reaction was performed in the presence of 50 nM Dnmtl and
60nM [3H]-SAM. B) Schematic illustration of the DNA substrates tested in the methylation time-course experiment.
The hemimethylated substrate was generated as described in Fig. 37 A). The mixed substrate was prepared by
mixing the M.Sssl methylated and untreated DNA in a 1:3 ratio. C) Agarose gel analysis of the different templates
used in D). A size standard (1 kb) was run in lane 1. D) Monitoring the time-kinetics of the putative hemimethylated
DNA template. The enzymatic activity of Dnmtl was analyzed on the re-annealed hemimethylated substrate
(referred to as “hemimethylated substrate™) in comparison to the 1:3 mixture of methylated to untreated template
(referred to as “mixed substrate™) in the methylation assay. Aliquots were taken after indicated time points and the
reaction stopped using a dry ice/ethanol bath.
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4. Dnmtl methyltransferase activity on nucleosome arrays

4.1. Activity in the absence and presence of chromatin remodeling factors

| tested whether the presence of chromatin remodeling complexes can enhance

the activity of Dnmtl on chromatin arrays.

First the hemimethylated substrate was assembled into chromatin by salt gradient
dialysis. The optimal reconstitution ratio between histones and DNA was determined as

0.8 :1 as analyzed by partial MNase digest (Figure 39A).

Assembled chromatin, unmethylated and hemimethylated (200 ng), was incubated
without or with ATP and/or recombinant chromatin remodeling complex ACF (20 to 70
fmol) in the presence of Dnmtl (60 nM) and [*H]-SAM (60 nM) under standard
conditions and the incorporation of tritiated methyl groups was determined (Figure 39B).
Interestingly, Dnmtl showed no activity on unmethylated chromatin; even the presence
of ACF did not complement this inhibition (see Fig. 39B, panel 2-5). Contrary, on
hemimethylated chromatin Dnmtl alone was capable to methylate the chromatin array
(see panel 7). The addition of ACF complex showed a marginal increase in the activity
(see panel 8). In the presence of both ATP and ACF there was a 3.5 fold increase in the
methylation rate (see Fig. 39B, panel 9). This ATP-dependent effect could not be
significantly enhanced by increased ACF additions (panel 10). Interestingly, the

methylation efficiency was as high as on the naked hemimethylated control.

The basal methylation rate, which was also observed in the absence of ACF could be
explained by methylation activity in the linker regions. Salt-assembled chromatin has a
compact structure, which however still comprises gaps. In comparison, chromatin
derived from Drosophila embryo extract (DREX) yields a higher degree of compaction. It
could hence be observed that chromatin generated by salt gradient dialysis is more

accessible (diploma thesis, Anna Schrader).

Similar results were obtained in the presence of the ATPase Brgl as molecular motor
(Figure 39C). | compared the methylation efficiencies of Dnmtl on unmethylated,
hemimethylated and methylated chromatin. In contrast to the experiments with ACF, a
basic catalytic activity of Dnmtl could be observed without Brgl and ATP on all three
forms of methylated chromatin, with the highest activity on hemimethylated chromatin (~
2 times higher than on unmethylated chromatin) (compare Fig. 39C panel 2, 6 and 19).

The influences of Brgl on Dnmtl methylation in chromatin were similar as for the ACF
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Figure 39. Remodeling factors are required for efficient DNA methylation in chromatin

A) Reconstitution of chromatin arrays using salt gradient dialysis. DNA incubated with histones was assembled by
salt gradient dialysis into chromatin. Different ratios of histones to DNA were used for chromatin assembly and
tested for nucleosome occupancy. Nucleosome arrays were analyzed using partial MNase digestion at different time
points (10, 40, 240 sec). The purified DNA was visualized by agarose gel electrophoresis and ethidium bromide
staining. The regular fragment ladder indicative for nucleosomal arrays is shown (sn: subnucleosomal DNA, 1n-5:
mono-, di-, tri-, tetra-, pentanucleosomal fragments). A size standard (1 kb) was run in lane 1. B) Unmethylated
(blue bars) or hemimethylated (red bars) nucleosomal DNA (200 ng) was subsequently incubated for 6h at 26°C
either in the absence or presence of Dnmtl (60 nM), ATP and ACF (20-70 fmol) (components listed below the
diagramm). DNA was isolated and the incorporation of 3[H]-labeled CH3 determined. The DNA accessibility for
Dnmtl was restored (panel 3/5) by addition of the recombinant remodeling complex ACF and ATP to chromatin. C)
Brgl (50-90 fmol) was also tested in the radioactive methylation activity assay. This was performed as described in
B) with minor variations: The methylation efficiency of Dnmtl (60 nM) was analyzed on non-methylated (panel 1-
4), hemimethylated (panel 5-8) and methylated (panel 9-12) chromatin templates (200 ng). As positive control the
AIR fragment was used (referred to as “c”).
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complex. The addition of the ATPase Brgl solely enhanced the tritium incorporation
marginally, again showing the highest effect on hemimethylated chromatin (~ 1.6 times
in comparison to the catalytic activity without Brgl, panel 7). In the presence of both
Brgl and ATP, the methylation efficiency of Dnmtl increased significantly on all three
substrates. The most significant effect (~ 2.5 times higher) was observed on
hemimethylated chromatin in comparison to the methylation efficiency without ATP

(panel 8).

In contrast to the experiments with ACF, | observed that the methylation efficiency on
hemimethylated DNA was generally higher in the presence of both Brgl and ATP
(compare Fig. 39B panel 9 with 39C panel 8). This could be the consequence of the

different chromatin remodeling mechanisms used by Brgl and ACF1.

Thus, DNA methylation in the context of chromatin arrays is enhanced in the presence
of ACF and Brgl in an ATP-dependent manner. Furthermore this suggests that
chromatin remodeling could play a crucial role in the process of DNA methylation within
nucleosomes. Finally these findings suggest that DNA methylation is more efficient in a

dynamic chromatin system.

5. Binding properties on mononucleosomes in the presence of the
chromatin remodeling enzyme Snf2H

The presented bisulfite sequencing data demonstrate that the catalytic activity of
Dnmtl is inhibited by the first level of chromatin compaction, the mononucleosome.
CpG sites within the nucleosomal core are refractory to methylation by Dnmtl. Due to
this fact it becomes apparent that DNA methyltransferases require additional factors to
gain access to their target CpG sites within the nucleosome core. My previous analyses
of the methylation activity of Dnmtl in chromatin arrays showed that remodeling
enzymes are required for an efficient DNA methylation in chromatin in an ATP-
dependent manner. To shed a light on the question whether chromatin remodeling
factors, modify the binding characteristics of Dnmtl, binding studies on

mononucleosomes in the presence of Snf2H were conducted.

It has been previously reported that the binding efficiency of Dnmtl to
mononucleosomes is enhanced in the presence of the remodeling factor Snf2H
(Robertson et al., 2004). It was shown that this effect is ATP-independent. To address

this question of Dnmtl binding in the context of the optimal nucleosomal substrate (77-
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WID-77), EMSAs were performed. In initial experiments | determined the amount of
Snf2H that barely did not bind to the nucleosomes (Figure 40, marked with a star), in
order to rule out a Snf2H triggered nucleosome translocation. Subsequently, Dnmtl
binding assays with or without Snf2H supplemented with or without ATP were
performed as indicated in Figure 40. My results do not confirm an increased binding
affinity of Dnmt1 to mononucleosomal substrates without ATP (Fig. 40, compare lanes 9
and 10 with 13 and 14). Regarding protein-nucleosome complex formation one might
speculate that there is a marginal increase of Dnmtl binding affinity caused by the
presence of both ATP and Snf2H (lanes 17 and 18). Further investigations will be

required to address this question.

Substrate —e—

Dnmt1 - = = - -‘/—I//I///-I
Snf2h s e s
+ 4+

ATP T

*_ this Snf2h concentration has been used in reactions deposited in lanes 11 to 19

Figure 40. Analysis of the DNA binding characteristics of Dnmtl in the presence of Snf2H

A) Electromobility shift assays were performed using the optimal Dnmtl nucleosomal template as substrate (77-
WID-77: lane 2, as described in the text). Mononucleosomes were incubated with the respective protein alone
(Snf2H: lane 3-6, (30-120 nM); Dnmt1: lane 7-10, (50-150 nM)). To test the influence of Snf2H in the presence or
absence of 1 uM ATP (as indicated) on the binding characteristics of Dnmt1, Snf2H (90 nM) was added to the
reaction (absence of ATP: lane 11-14; presence of ATP: lane 15-18). The black star indicates the amount of Snf2H
that was added to the reaction.
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F. Discussion and Perspectives

I. Nucleosome positioning by chromatin remodeling complexes

The understanding of how nucleosome positions and dynamics regulate gene
expression has increased enormously in recent years. Different studies provided
evidence on the influences and mechanisms behind nucleosome positioning (see
section B.II.3). In the course of my studies it became apparent that the positioning of
nucleosomes is a multifactoral process. For example it had been demonstrated, that in
a promoter region, nucleosomes frequently adopt specific positions (Sekinger et al.,
2005). Other studies suggest that the DNA sequence plays a major role in determining
the nucleosome position (loshikhes et al., 2006; Satchwell et al., 1986; Segal et al.,
2006). Additionally, it has been shown that ATP-dependent chromatin remodeling
complexes are in large parts involved in the direction of nucleosomes to specific
positions (Cooper et al., 1994; Weiss and Simpson, 1997), a result that we were
especially interested in and which | followed up during my PhD. | could show that
chromatin remodeling complexes establish distinct chromatin structures in the cell,

providing a higher order regulatory level.

1. Do remodelers position nucleosomes in a sequence-dependent manner?

The pivotal question we asked was, for what reason does the cell possess such a
variety of different remodeling complexes? Our working hypothesis was that these
numerous remodeling complexes recognize distinct DNA-nucleoprotein signals that are
then translated into a remodeler-specific chromatin structure. The suggestion that each
individual chromatin remodeling enzyme posses a specific function is more likely than
simply maintaining an unspecific dynamic and accessible chromatin, because of too

high energetic costs for the cell.

To test this hypothesis | performed comparative chromatin remodeling assays by using
different recombinant molecular motors (Brgl, Chdl, Mi-2, ISWI, Snf2H) and two
recombinant complexes (ACF, NURF). The results of the nucleosome remodeling
reaction on the rDNA promoter fragment as well as the Hsp70 DNA fragment revealed,
that every individual remodeling factor displays different nucleosome translocation
properties (see Fig. 21A and B). Due to the fact that the nucleosomal substrates used

here were the same for each protein, one can conclude that each individual remodeling
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factor translates the recognized signals of the nucleosomal substrate differently.
Consequently, each remodeling enzyme establishes its specific chromatin structure,
visible as a specific nucleosome position in my assay. The Hsp70 DNA fragment
(Hamiche et al., 1999) is a more complex substrate compared to the rDNA promoter
NPS. Due to the formation of five major nucleosome positions, | could bypass the
reported DNA end effects with this DNA fragment. Studies have demonstrated that most
SWI/SNF chromatin remodeling complexes, the yeast Iswlb and the NURF complex
preferentially translocate the nucleosomes towards DNA ends (Hamiche et al., 1999;
Jaskelioff et al., 2000; Kang et al., 2002; Lorch et al., 2001; Ramachandran et al., 2003;
Stockdale et al., 2006; Aoyagi et al., 2002a;Aoyagi et al., 2002b; Flaus and Owen-
Hughes, 2003b; Kassabov et al., 2003).

My comparative nucleosome mobilization experiments using four different
mononucleosomal templates have confirmed the results discussed above (see Fig. 25 A
to C). With the exception of the 22-WID-22 DNA fragment, all fragments seem to be
good substrates for chromatin remodeling enzymes. This suggests that the protruding
DNA ends of 22 bp at both sites of the nucleosomal core seem to be below the minimal
length required for catalysis of the remodeler. Interestingly, this phenomenon has been
reported before (He et al., 2006; Yang et al., 2006; Zofall et al., 2004; Gangaraju and
Bartholomew, 2007a; Kagalwala et al., 2004). All other 601-related DNA substrates
showed a translocation of the nucleosomes to a more border position, while this effect
was most pronounced for ISWI. Contrary, nucleosome mobilization using ACF did not
show a significant effect. In summary, these results confirm our previous results on the
hsp70 DNA and rDNA promoter fragment and further suggest that every single
chromatin remodeling enzyme recognizes and translates the underlying DNA sequence

and or structure differently into a distinct nucleosome positioning patter.

But which properties of the nucleosome remodeling complex direct this specific
nucleosome positioning? In our study, the same molecular motor (ISWI) assembled with
different additional protein subunits (ACF and NURF complex) resulted in different
nucleosome positioning. This elucidates that the outcome of the reaction is dependent
on the ATPase and the type of subunits that form a multiprotein complex. A previous
study demonstrated that the biochemical function of a chromatin remodeling enzyme
can be modified by the addition of protein subunits, e.g. the addition of hACF1 altered

the remodeling pattern of Snf2H (Fan et al.,, 2005a). Due to these results one can
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assume that chromatin remodeling factors do translate the combination of DNA
sequence and structural information differently, thereby establishing specific
nucleosome positions. Of special interest are the DNA binding domains that could
directly influence the DNA binding manner. My data suggest that different DNA binding
domains could account for the direction of the nucleosome positioning. This is
supported by the fact that the assembly of additional protein subunits to the ATPase
changes the end position of the nucleosome. This can be nicely observed by comparing
the results of the chromatin remodeling reactions catalyzed by ISWI and ACF. Another
conceivable explanation for these significant differences could be that the assembly of
additional subunits leads to intramolecular interactions, thereby changing the protein
conformation. This could in turn modify the DNA binding properties of the protein due to

the exposure or occlusion of DNA binding domains.

Therefore the DNA binding affinity of the separate binding domains should be tested in
comparison to the complete complex. Sequences at which certain subunits bind tightly
could result in pausing of the remodeling reaction and vice versa the remodeler could
move nucleosomes away from the sequences that facilitate recruitment of the complex.
In addition, sequence and structural features of the nucleosome could be responsible
for the altered remodeler-nucleosome binding affinity. Future experiments are needed to
elucidate the mechanisms behind this altered binding affinity and the possible

enrichment of certain intermediates.

While monitoring the progression of the nucleosome mobilization reaction on the hsp70
promoter fragment | could see that the nucleosome remodeling reaction seems to
proceed in several sequential nucleosome positions, forming intermediate nucleosome
positions until reaching their terminal position (see Fig. 21C). Interestingly, the adopted
intermediate positions were predominantly the positions that had already been obtained
in the initial chromatin reconstitution by salt gradient dialysis, due to a higher intrinsic
histone-DNA affinity. This is an indication for a translocation from one stable
nucleosome position to the next one during the process of chromatin remodeling and
further suggest that the nucleosome position is at least in part determined by

interactions of the histone octamer with the underlying DNA.

But to what extent is nucleosome positioning determined by the underlying sequence
and how do additional factors influence the final nucleosome position? Numerous

studies have addressed these questions and revealed the existence of specific
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nucleosome positioning DNA sequences (NPS) (loshikhes et al., 2006; Satchwell et al.,
1986; Segal et al., 2006; Wang and Widom, 2005) (please see section B.II.3.1 for a
detailed discription). The major outcome of these studies was that individually
positioned nucleosomes seem to be much more frequent than initially expected (Albert
et al., 2007; Ozsolak et al., 2007; Yuan et al., 2005) The data suggest that NPSs are
characterized by AA, TT and TA dinucleotides occurring every 10 bp. Additionally, a 10
bp periodicity of GC dinucleotides has been found, that is offset by 5 bp compared to
the other dinucleotides. This periodical presence of dinucleotides provides a certain
rotational setting: AA / TT extend the major groove, whereas GC contract the minor
groove, what might facilitate DNA wrapping (Albert et al.,, 2007; Field et al., 2008;
Mavrich et al., 2008a; Mavrich et al., 2008b). Despite of these findings, the presence of
the reported dinucleotide patterns in an individual nucleosome only occurs modestly
above a random distribution and is largely limited to the first nucleosome upstream of
the 5’ nucleosome free region (-1 nucleosome) and the first nucleosome downstream of
the nucleosome free region (+1 nucleosome) (Mavrich et al., 2008a; Segal et al., 2006).
Therefore, one can conclude that sequence dependent nucleosome positioning might
only be a subtle force and positioning could involve a combination of these favorable
positions and unfavorable nucleosome free regions. Further it has been suggested that
additional factors are needed to establish specific nucleosome positions, which are

observed in vivo.

With respect to my studies on DNA methylation in chromatin, | will briefly discuss the
impact of DNA methylation on the positioning of nucleosomes. Several studies
detected a strong link between CpG methylation and nucleosome positioning (Davey
and Allan, 2003; Davey et al., 2003). Though some results were conflicting, one can
conclude that CpG methylation decreases the ability of DNA to bend into the major
groove at the methylated CpG site, thereby influencing nucleosome positioning. Other
studies have shown a decreased DNA bending flexibility (Nathan and Crothers, 2002)
and a hindrance of forming bent structures mediated by CpG dinucleotides (Tippin and
Sundaralingam, 1997). Additionally, a decreased nucleosome affinity was also detected
(Pennings et al., 2005). In summary, numerous studies suggest that CpG methylation
can directly influence the DNA bendability and thereby nucleosome positioning. This
reciprocal interaction between DNA methylation and nucleosome positioning is a very

interesting fact, which implies that not only nucleosome positioning could influence the
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accessibility of DNA methyltransferases to specific CpG sites but also points on the
exclusion of histone octamers to adopt a CpG dinucleotide position. Moreover, this NFR
could consequently be accessible for other chromatin associated factors such as
methylated cytosine binding proteins (MBDs,MeCPs), HDACs, HMTs or transcription

factors.

Despite of these observations it has been observed that nucleosomes are in general
positioned, allowing access for transcription factors for proximal promoter regions
(Sekinger et al., 2005). TF binding sites in yeast were shown to be ~ 7 times more
frequent situated in linker DNA sequences than in nucleosomal regions (Yuan et al.,
2005). High-resolution position mapping of nucleosomes containing the histone variant
H2A.Z revealed that TF binding sites are most frequently found near the edges of

nucleosome (Albert et al., 2007).

Though many studies computationally predicted nucleosome positions based on the
properties of the underlying DNA sequence and were valuable from a statistical
perspective, they miss some important additional factors that contribute to the in vivo
nucleosome position in the cell (Field et al., 2008; Gupta et al., 2008; loshikhes et al.,
2006; Mavrich et al., 2008b; Peckham et al., 2007; Segal et al., 2006; Yuan and Liu,
2008).

Chromatin remodeling complexes seem to provide such a major factor that determines
nucleosome positioning besides the underlying DNA sequence. This hypothesis is
supported by my studies. | could show that although the same DNA substrate was
utilized, the outcome of the chromatin remodeling reaction differed for each protein

analyzed.

Different lines of evidence support this asumption. A good example is the nucleosome
spacing controlled by chromatin remodelers. Interestingly, different complexes are
capable to promote distinct repeat length. Yeast Iswl and Isw2 complexes for example
generate repeat length of about 175 bp and 200 bp (Tsukiyama et al., 1999). Contrary,
other complexes including the SWI/SNF subfamily and ISWI containing complexes
alleviate regular spacing from chromatin in vivo (Guyon et al., 2001; Schnitzler et al.,
2001; Tsukiyama et al., 1995; Tsukiyama and Wu, 1995) Recent studies provided
evidence that some remodeling complexes require a given length of protruding DNA to

one or both sites of the nucleosome to be sufficiently active (Dang et al., 2006;
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Gangaraju and Bartholomew, 2007a; He et al., 2006; Kagalwala et al., 2004; Yang et
al.,, 2006; Zofall et al., 2004). These characteristics could also account for the
differences in recognizing DNA sequences as observed in my studies. Furthermore, one
recent study analyzed how specific DNA sequence elements influence the nucleosome
positions promoted by spacing remodeling complexes (Whitehouse and Tsukiyama,
2006). The authors showed that the yeast Isw2 remodeling complex repositions
nucleosomes onto unfavorable DNA sequences to generate tightly packed, inaccessible
nucleosomal arrays. In addition, the authors demonstrated, that upon deletion of Isw2
chromatin adopts a DNA directed nucleosome positioning based on dinucleotide rich
elements that facilitate genomic access. Maier et al. demonstrated that ACF moves
regularly positioned nucleosomes of 12 “601” NPSs away from this high affinity sites to

a random end-position with respect to each 601 repeat (Maier et al., 2008).

Further experiments have to be done to elucidate the mechanism that directs
nucleosome positioning. For example it would be crucial to identify the responsible
signals or features that are encoded by the DNA and direct individual remodelers to
distinct nucleosome positions. This could be done by mapping the nucleosome
positions via MNase digests of the nucleosomal DNA and subsequently determine the
nucleosome boundaries by primer extension reactions. Afterwards it would be
necessary to analyze the sequence and structural information of the underlying DNA to
get an idea about some important DNA features and to find similarities and differences
between positioning sequences. This could be done by in silico analysis to yield
information on biophysical properties of the DNA, such as curvature, flexibility,
dinucleotide content and bending ability. Additionally, it would be necessary to compare
the nucleosome positioning abilities of various motor proteins on different nucleosome

positioning sequences, determining their high combinatory diversity.

2. Is remodeler directed nucleosome positioning determined by the DNA?

Previous studies have shown that specific DNA sequences are capable to direct
nucleosome positioning (Albert et al., 2007; Ozsolak et al., 2007; Yuan et al., 2005). My
data obtained by nucleosome mobility assays suggest that the diversity of chromatin
remodeling complexes generates distinct nucleosome “patterns”. To further analyze this
phenomenon, | have tested the nucleosome positioning capability of a specific DNA

fragment (see manuscript Fig. 3). For this assays the 248 bp rDNA fragment was used.
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Firstly, gel permutation assays experimentally verified that the rDNA fragment contained
an intrinsically curved DNA (see manuscript Fig. SI 7C). Interestingly, several previous
studies could demonstrate that the rDNA promoter of different organisms exhibits a
conserved sequence-dependent structure (Langst et al., 1997; Marilley and Pasero,
1996 ). In nucleosome remodeling assays we observed that ACF moves the
nucleosomes from border positions to two rationally spaced positions of the rDNA
fragment (see manuscript Fig. SI 7A and 3A) (Langst et al., 1999; Strohner et al., 2005).
The fact that we could find a strong correlation between ACF-dependent nucleosome
positioning and the presence of an intrinsically curved region was an indication for a
possible nucleosome positioning element. Additional evidence is provided by the close
vicinity of the nucleosome dyad axis and the DNA curvature peak (see manuscript Fig.
3C and D). Our experiments using nucleosomal substrates that have been generated by
cloning a 40 bp curved DNA fragment into a sequence-unspecific DNA environment,
reveals a distinct nucleosome positioning by ISWI and ACF (see manuscript Fig. 3A).
ISWI seems to recognize specific DNA features and does not simply move

nucleosomes to the extremities of DNA (Langst and Becker, 2001b).

Contrary, | could demonstrate for ACF that a 40 bp highly curved sequence element is
sufficient to direct nucleosome positioning, again with the dyad close to the highest DNA
curvature peak, indicating that ACF-dependent nucleosome positioning could be
directed by the features of the DNA structure (see manuscript Fig. 3a). | could exclude
the possibility that this effect is only a consequence of the preference of ACF for
sufficiently long (30 bp) protruding DNA by choosing an appropriate experimental
design that fulfils the required conditions (Fig. 22C). The curved DNA fragment was
sufficient to direct nucleosome positioning even to a border position closer to the DNA
end (Fig. 22C, “K3-b” or “K3-c”).

Numerous studies provide at least minor evidence for a sequence specificity of the
different remodeling enzymes: Studies performed on linear DNA substrates harboring
one or two positioned nucleosomes have demonstrated that the inherent sequence
preference for remodeling enzymes was at least influenced by the effects of nearby
DNA ends, the effect that we could bypass by our experimental design For example all
analyzed SWI/SNF members tended to move nucleosomes towards the end (Aoyagi
and Hayes, 2002; Aoyagi et al., 2002; Flaus and Owen-Hughes, 2003b; Jaskelioff et al.,
2000; Kassabov et al., 2003; Lorch et al., 2001; Ramachandran et al., 2003), whereas
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most ISWI complexes catalyzed the mobilization away from the end (Corona et al.,
1999; Eberharter et al., 2001; Hartlepp et al., 2005; Langst et al., 1999; Schwanbeck et
al., 2004; Stockdale et al., 2006; Yang et al., 2006). Interestingly, it has been described
that remodelers moving nucleosomes away from DNA ends do not place them in the
exact centers of the DNA, but appear to favor certain sequences (Flaus and Owen-
Hughes, 2003a; Flaus and Owen-Hughes, 2003b; Gutierrez et al., 2007b; Kassabov et
al., 2002b). In our study | examined the mononucleosome positioning on long linear
DNA substrates (Hsp70) to reduce the effects of DNA ends on the positioning. Using
this substrate we concluded that the observed distinct nucleosomal positioning, seems
to be controlled by the underlying DNA sequence and not by the DNA ends. Another
study eliminated these DNA end effect entirely by examining human SWI/SNF
remodeling on three different circular mononucleosomal substrates (Sims et al., 2007).
Similarly to our results, hSWI/SNF moved the nucleosomes away from initially favored
nucleosome positioning sequences in such a way that these sequences become the
least well-occupied positions of the substrate. The authors observed instead that
nucleosomes were rather localized to positions favored by the specific remodeling
complex used in the assay. Furthermore, hSWI/SNF seems to translocate nucleosomes
also onto sequences that posses some intrinsic affinity for the histone octamer, in
addition to just simply direct according to the enzym’s own intrinsic sequence
preferences (Sims et al., 2007). These results are consistent with our observations and
together they suggest that although the intermediate nucleosome positions clearly
exhibits some histone octamer-DNA interaction, there is clearly some degree of
sequence directed nucleosome positioning by chromatin remodeling enzymes. In
summary my data show that at least some remodeling complexes, such as ACF are
able to recognize the underlying DNA sequence and move nucleosomes to favored

positions of the complex, which can differ, from the nucleosome positioning sequence.

Following the identification of specific DNA sequence elements that show a high
positioning potential for the different motor proteins, it would be interesting to analyze
the binding affinity of the remodeling enzymes. This could be addressed by the design
of artificial DNA substrates on the basis of this nucleosome positioning sequence
information in order to identify DNA features that direct nucleosome positioning. It is
possible that the observed differences in the positioning potential are due to topological

reasons, directing nucleosome translocations. Our laboratory could previously show that
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chromatin remodeling enzymes can bind nucleosomes symmetrically or asymmetrically,
like ACF that binds in a symmetrical manner, whereas the ISWI motor binds
asymmetrically to nucleosomes (Langst and Becker, 2001b; Strohner et al., 2005).
Therefore DNasel footprinting studies could give high resolution insight into the topology

of the enzyme-nuclesome complex.

3. How can remodeler dependent nucleosome positioning be explained?

As descibed above, we now know that the end product (nucleosome position) of
the remodeling reaction is at least dependent on two factors: The type of chromatin
remodeling enzyme with or without its additional subunits and the underlying DNA
sequence. We proposed two theoretical kinetic models to explain the mechanisms of
the nucleosome positioning reaction: the “arrest model” and the “release model” (see
Fig. 23B). Generally, both models dissect the remodeling reaction in different steps and
are based on changes in the binding affinity of the remodeling enzyme to the specific
nucleosome position. My EMSA experiments revealed that the nucleosome movement
proceeds by positions that show an intrinsic nucleosome affinity (see Fig. 21C). These
data suggest that chromatin remodeling enzymes pass over high affinity nucleosome
positioning sequences and rather establish sequence-independent positions. The
observed effect cannot be explained by the underlying sequence or conformation of
DNA, but is more likely determined by specific remodeling factors itself. Furthermore,
this cannot be explained by the means of affinity, since the enzymes would simply
catalyze the transfer to the highest and thereby most favorable affinity binding site,
positioning all nucleosomes to the same end position. EMSAs with heterogeneous
nucleosome positions provide evidences for ACF and Chdl to follow the “release
model” (see Fig. 24A and B) In analogy to the process of “transcription termination”,
during which specific sequence termination elements disrupt the binding of the RNA
polymerase to its DNA substrate and therefore stop elongation, the binding affinity of
the remodeler is reduced according to this model (Greive and von Hippel, 2005; von
Hippel and Yager, 1992).

| could demonstrate for the two tested DNA substrates that the analyzed remodelers
have weaker binding affinities to those nucleosome position to which the nucleosomes
are finally translocated in the remodeling reaction (compare Fig. 21A and B with Fig.

24A and B). In accordance with the study of Sims et al. (Sims et al., 2007) it can be
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concluded that the different remodeling enzymes recognize the underlying DNA
sequence and move nucleosomes to positions that are preferred by the respective
remodeler. Interestingly the position can differ from the strongest nucleosome
positioning sequence. The nucleosome is translocated away from initially favored NPSs
to new positions preferred by the enzyme. These adopted positions are characterized
by some intrinsic affinity for the histone octamer. Therefore one could speculate that

each remodeler might possess low sequence preference.

My experiments have all been performed in vitro. Different lines of evidence suggest
that nucleosome positioning by chromatin remodeling enzymes plays a major role in
vivo. My results suggest that different remodeling enzymes could be targeted to specific
genomic loci. The fact that functional TF binding sites are much more frequently found
in linker regions compared to DNA covered by nucleosomes and that TSS are often
devoid of nucleosomes suggest that promoter DNA sequences regulate transcription by
arranging nucleosome positioning sequences according to TF binding site (Albert et al.,
2007; Allan et al., 1980a; Narlikar et al., 2007; Ozsolak et al., 2007; Segal et al., 2006;
Yuan et al., 2005).

Though regulatory regions of eukaryotic genes were shown to be organized by
specifically positioned nucleosomes (Grunstein, 1990; Simpson, 1990; Simpson, 1991),
it has been suggested that additional factors are required to establishment of NFRs and

nucleosome positioning (Bernstein et al., 2004; Li et al., 1997).

It was demonstrated that DNA sequences, that had been shown to position
nucleosomes in vitro failed to do so in vivo (Li et al., 1997) : For example the yeast Isw2
remodeling complex overrides the sequence preferences of nucleosomes, causing
nucleosomes to move into the 5 and 3’ NFR resulting in transcriptional repression
(Whitehouse et al., 2007; Whitehouse and Tsukiyama, 2006). Also in yeast, the a2-
MCM1 complex seems to actively position nucleosomes at repressed genes. (Clapier et
al., 2001; Roth et al., 1990; Shimizu et al., 1991). The yeast RNR3 gene requires
precise nucleosome positioning by the Isw2 chromatin complex for transcriptional
repression (Cooper et al., 1994; Fleming and Pennings, 2001; Kastaniotis et al., 2000;
Li and Reese, 2001; Weiss and Simpson, 1997).

Interestingly, active and silent rDNA copies are characterized by distinct epigenetic

marks as well as by different nucleosome positions. It was observed, that the rDNA
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associated remodeling complex NoRC induces nucleosome movement of 25 bp, both in
vivo and in vitro (Li et al., 2006). In respect to silent rDNA copies, NORC is the
remodeling complex that moves the promoter bound nucleosome into the silent position.
This results in placing the UBF binding site and the functionally important CpG residue

into one region.

A recent study analyzed the relationship between CpG islands, nucleosome remodeling
and nucleosome stability during inducible gene transcription (Ramirez-Carrozzi et al.,
2009). The authors discovered for the first time that specific genes displaying a high
CpG dinucleotide degree are not associated with chromatin remodeling enzymes,
whereas other genes lacking CpG sites are associated with SWI/SNF remodeling
complexes. Characteristic properties of mammalian promoters are the presence of
CpG islands (70 % of mammalian promoters) (Davuluri et al., 2001), a low nucleosome
occupancy (Yuan et al., 2005) and preassociation of RNA polymerase Il with inactive
genes (Gilmour and Lis, 1986; Krumm et al., 1992). The authors depleted Brgl and Brm
simultaneously in macrophages and revealed that only a subset of Toll-like receptor 4
(TLR4) induced genes requires SWI/SNF for regulation (Ramirez-Carrozzi et al., 2009).
Secondary response genes exhibited strong SWI/SNF dependence, whereas primary
response genes could be divided into SWI/SNF dependent and independent regulatable
genes. Interestingly, promoters of the SWI/SNF-dependent group exhibited inducible
nuclease accessibility and inducible association of Brgl, whereas the independent ones
were permanently accessible for nucleases. Although CpG-island promoters do not
functionally require SWI/SNF complexes it was discovered that these are constitutively
associated with Brgl (Ramirez-Carrozzi et al., 2006). The authors suggest that the high
CpG content of SWI/SNF independent genes contributes to nucleosome instability.
Contrary, SWI/SNF dependent genes lacked CpG-islands and assembled into stable
nucleosomes (Ramirez-Carrozzi et al., 2009). In respect to our study, these are
interesting results. It is conceivable that SWI/SNF remodelers could recognize specific
signals that are encoded in the underlying DNA sequence, thereby recruiting them to
SWI/SNF dependent-genes, whereas they are kept away from CpG less genes due to
the nucleosome instability. The exact functional role of SWI/SNF complexes in this

process remains to be identified.

In vivo additional factors, which are present in chromatin, could influence the intrinsic

sequence specificity of remodelers and thereby the outcome of chromatin remodeling
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reaction. Furthermore, the end-product of the remodeler-specific nucleosome position
could be a combination of the DNA sequence, the remodeler and also transcription
factors, histone tail modifications variant core histones and chromatin proteins such as
linker histone H1, HP1 and HMGs. It was demonstrated that remodeling complexes
make use of sequence-specific DNA binding factors to establish preferred nucleosome
positions (Kang et al.,, 2002; Pazin et al., 1997; Pazin and Kadonaga, 1997).
Additionally it was shown that histone H1 reverses the intrinsic preference of hSWI/SNF
to move nucleosomes towards DNA ends, instead repositions nucleosomes away from
ends (Ramachandran et al., 2003). Interestingly, other studies also demonstrated that
some chromatin associated factors such as H2A variants macroH2A or yeast H2A.Z
might also block remodeler-mediated nucleosome repositioning (Li et al., 2005). Tom
Owen-Hughes and coworker showed recently, that histone acetylation had regulating
influence on the type and rate of remodeling by Isw2, Chdl, RSC complexes (Ferreira
et al., 2007a).

In conclusion the goal of this project was to elucidate the chromatin remodeler directed
nucleosome positioning focusing on the underlying DNA sequence. To date it is unclear
to which extend nucleosome positions are determined by histone-DNA interactions or

mediated by chromatin remodeling activities.

By comparing the molecular mechanisms of different chromatin remodeling enzymes |
could demonstrate that each tested remodeling enzyme possesses distinct nucleosome
translocation properties. | could show that nucleosome positioning by two specific motor
proteins is determined by a reduced affinity of the remodeling enzyme to the end
product of the reaction. In summary, this study provides evidence that the end product
of the remodeling reaction is determined by a combination of the underlying DNA

sequence and the presence of additional protein subunits.

The identification of remodeler and DNA sequence/structure mediated nucleosome
positioning suggests the existence of a “remodeler-dependent nucleosome positioning
code”. This process could establish a remodeler-specific chromatin structures at specific
genomic loci. With respect to DNA dependent processes such as DNA methylation this
might be an important regulatory process. One could image the following sequential
order: A specific chromatin remodeling complex like NoRC could be targeted by specific
DNA-based features and/or the recruitment by additional proteins to a genomic locus,

e.g. the rDNA promoter. The remodeler-specific translation could then lead to the
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establishment of new nucleosome positions, which in turn would allow DNA

methyltransferases like Dnmtl and Dnmt3a to gain access to their target sites.

In conclusion my results provide evidence for a new model of transcriptional control by
the combined action of DNA sequences and chromatin remodeling complexes. Future

research will have to elucidate the complex mechanisms of this combined regulation.

II. CHARACTERIZATION OF DNMT1 IN THE CONTEXT OF CHROMATIN

For several years the basic enzymatic mechanisms and functions of DNA
methyltransferases have now been studied in vitro with purified enzymes (Bestor and
Verdine, 1994; Cheng and Roberts, 2001). However, although the physiological DNA
substrate of eukaryotic cells is packaged into chromatin, most of these assays have
been carried out on free DNA substrates and DNA sequences that are not found in
nature. Much less is known about the mechanism of DNA methylation within chromatin.
Studies that did address this question obtained quite conflicting results (Gowher et al.,
2005b; Okuwaki and Verreault, 2004; Robertson et al., 2004; Takeshima et al., 2006;
Takeshima et al., 2008). Hence, to clarify the influence of chromatin on DNA
methylation, | analyzed the DNA binding and enzymatic properties of Dnmtl under
these conditions. Additionally, | examined the impact of chromatin remodeling

“machineries” on DNA methylation,

1. What are the DNA and nucleosome binding properties of Dnmt1?

To elucidate the binding properties of Dnmtl on free DNA, | performed EMSAs
using a low range DNA marker as substrate. The initial experiments on short free DNA
fragments suggested that Dnmtl preferentially binds to longer DNA substrates (> 35 bp)
(see Fig. 26A). To narrow down these results, binding assays on fluorescently labeled
hybridized oligonucleotide fragments of different length (15 to 60 bp) have been carried
out. This method allows the direct comparison of different DNA substrates in
competition. By choosing different fluorophores with distinct excitation and emission

spectra, simultaneous substrate binding analysis were possible (Fig. 26B and C).

Quantification of the fractions that were not bound by Dnmtl suggested that Dnmtl
requires a minimal binding length of ~ 45 to 60 bp for efficient DNA binding and

discriminates shorter fragments (see Figure 26D). This binding affinity of Dnmtl for
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longer DNA substrates either suggests a cooperative binding mechanism or a DNA
recognition/-binding domain that requires long DNA substrates. Recent studies on
Dnmt3a showed an oligomerization for the isolated carboxyterminal domain of murine
Dnmt3a on DNA (Jia et al., 2007). Furthermore the C-terminal domain of Dnmt3a has
been described to partially bind to DNA > 20 bp when bound in association with several
Dnmt3a molecules (Jia et al., 2007). These differences could be due to alterations in
DNA binding characteristics mediated by the N-terminal regulatory domain. Both, DNA
binding and allosteric control of the methyltransferase have been reported to be located
in the N-terminal domain (Bacolla et al., 2001; Bacolla et al., 1999; Fatemi et al., 2001).

Interestingly, my binding assays now reveal a narrow range of Dnmtl concentrations
that causes the probe to shift from unbound to completely bound, suggesting a
cooperative binding mechanism (see Fig. 26B). This interpretation is supported by a
recent publication determining Hill values to biochemically characterize the binding of
Dnmtl to DNA (Robertson et al., 2004). The Hill equation describes the fraction of a
macromolecule saturated by a ligand as a function of the ligand concentration and can
be further used to determine the degree of cooperativity of ligand-enzyme binding (Hill
and Flack, 1910). In accordance with our results, Robertson and coworkers calculated
Hill plots with straight lines characterized by slopes > 1, indicating that Dnmt1 binds

cooperatively to DNA (Robertson et al., 2004).

Dnmtl bears at least two separate DNA binding sites, one in the N-terminal and one in
the C-terminal domain (Araujo et al., 2001; Fatemi et al., 2001; Flynn and Reich, 1998).
The enzyme can interact with its target DNA and additionally with a second DNA
molecule that functions as an allosteric regulator. The prominent N-terminal CXXC zinc
finger motif of Dnmtl has been reported as being essential for allosteric acivation of the
catalytic domain of Dnmtl (Fatemi et al., 2001). Despite of this finding, recent data
demonstrates that this domain is dispensable for the intramolecular N-C-terminal
interaction (Fellinger et al., 2009), but is instead important for DNA binding. It is
therefore possible that intramolecular interactions between different domains change

the binding property of Dnmtl to DNA.

To further elucidate the binding properties of Dnmtl on chromatin, | performed EMSASs

on mononucleosomal substrates (see Fig. 28A to C).
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A key aspect of this study was the analysis of different effects of DNA overhang lengths
from the nucleosome core on the binding ability of Dnmtl. Therefore the well-defined
601 nucleosome positioning sequence (Lowary and Widom, 1998) was used to
generate substrates that harbored a symmetrical or an unsymmetrical overhang from
the nucleosome ends (15 bp, 22bp, 40 bp, 60s bp, 77 bp). For this comparative analysis
| adjusted the amounts of free DNA and mononucleosomes to the intensity of EtBr
intercalation, since intercalation scales differently between free DNA and the more
condensed nucleosomal DNA. Like this it was possible to draw conclusions on
differences in binding affinities between free DNA and nucleosomal DNA based on
guantitative changes. Using this technique | could demonstrate that a minimal binding
length of 30-80 bp of protruding DNA is needed for efficient binding of Dnmtl to
nucleosomes (see Fig. 28C and 29C). Furthermore binding to nucleosomes occurs
preferentially on “symmetrical” nucleosomes harboring DNA overhangs on both sites
(entry and exit site) of the nucleosome. The observed differences of binding between
symmetric and asymmetric nucleosomes regarding DNA overhangs could be the
consequence of different binding mechanisms. Furthermore it can be speculated that
symmetrical flanking DNA just provides the 2-fold amount of binding sites or
alternatively that DNA in direct contact to the entry and exit sites of the
mononucleosome is preferentially bound. | could address this question by comparing a
symmetrical substrate, harboring 40 bp of DNA overhang at both sites of the
nucleosome with an asymmetrical nucleosome with 77 bp flanking DNA on only one
side (data not shown). The results revealed that Dnmtl preferred the symmetrical
substrate over the asymmetrical one. This argues for the preferred binding of
symmetrical nucleosomes due to specific DNA structures. The presence of DNA
overhangs seems to enhance the interaction between Dnmtl and the nucleosome. This
characteristic has been described for various remodeling proteins before: Although
SWI/SNF complexes bind to core mononucleosomes with little flanking DNA, flanking
DNA is important for the ISWI protein to bind to mononucleosomes (Aalfs et al., 2001;
Kagalwala et al.,, 2004; Strohner et al., 2005; Whitehouse et al., 2003). Longer
nucleosomal DNA overhangs have also been reported to be essential for Snf2H to form

a stable protein-nucleosome interaction (He et al., 2006).

The putative optimal nucleosomal substrate for Dnmtl binding in my study harbors 77

protruding basepairs on both sites of the nucleosome (77-WID-77; see Fig. 29A). This
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suggests that the length of protruding DNA affects the binding productivity of Dnmtl to
DNA/nucleosomes and could also be important for an efficient methylation activity. The
appearance of several retarded bands (Fig. 29A) suggests that multiple Dnmtl
molecules associate with the substrate to form a stable Dnmtl-nucleosome complex
(see Fig. 29A). The narrowness of the range of Dnmtl concentration within which the
substrate shifted from not being bound to completely being bound by the
methyltransferase, again indicates a cooperative binding mechanism to nucleosomes.
The Hill plot data by Robertson et al. also suggest a cooperative binding manner of
Dnmtl to both, their 208 bp fragment from the sea urchin 5S ribosomal DNA in its free
as well as in its nucleosomal form (Robertson et al., 2004). Interestingly, in this study it
was observed that Dnmtl binds mononucleosomes with approximately the same affinity
as free DNA. The discrepancy to my results could be due to a different DNA sequence
analyzed in their EMSAs. They used the well-characterized 208 bp 5S rDNA NPS
(Flaus et al., 1996; Nilsen et al., 2002; Tse et al., 1998; Ura et al., 1995) that is in
contrast to the 601 DNA a physiologically relevant DNA methylation target sequence
(Bird, 1978; Bird and Southern, 1978; Bird and Taggart, 1980; Grummt and Pikaard,
2003). The different DNA conformation could account for the conflicting results obtained

by us.

| could further see that the addition of a DNA competitor of unspecific sequence to my
Dnmtl binding reaction dispersed the protein-mononucleosome complex (see Fig. 29B).
Upon addition of competitor DNA the shorter nucleosomal DNA substrate is released
and Dnmtl forms a complex with the longer competitor plasmid DNA. Furthermore, time
course experiments revealed that the dissociation of Dnmtl from the nucleosomal

substrate is a highly dynamic process (data not shown).

In contrast to my results for Dnmtl, a study analyzing the binding characteristics of
Dnmt3a and Dnmt3b on different nucleosomal substrates obtained different results
(Takeshima et al., 2006). The authors observed that Dnmt3a binds equally well to
nucleosomes regardless of the presence or absence of protruding DNA, whereas
Dnmt3b does not bind nucleosomes without DNA overhangs. Their data for Dnmt3b are
consistent with our data for Dnmtl and suggest different binding mechanisms of these

enzymes to nucleosomal DNA (Takeshima et al., 2006).

My Dnmtl DNA binding results on free DNA fragments are in accordance with my

observations of Dnmtl binding on nucleosomal substrates; together they suggest that
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Dnmtl needs at least a DNA substrate of 30-80 bp or alternatively symmetrical
nucleosomal DNA overhangs of the same length for a strong interaction. | could confirm
a cooperative binding mode of Dnmtl for both DNA conformations, free DNA and
nucleosomes. To further analyze the binding properties of Dnmtl, different approaches
can be followed. Due to the maintenance methyltransferase activity of Dnmtl, it would
be important to monitor the binding affinities of Dnmtl on hemimethylated substrates of
different length, DNA sequences and conformations (e.g. hairpin structure). It would be
interesting to determine the Ky values in order to determine the ability of Dnmt1 to bind
to different substrates. Moreover it would be attractive to monitor the binding properties
of the isolated DNA binding domains or their mutants. One study addressed this
guestion using the isolated catalytic domains of Dnmt3a and Dnmtl (Gowher et al.,
2005b). The authors detect only a weak affinity of this domain to mononucleosomes in
contrast to the full-length Dnmt3a / Dnmtl. This suggests that the N-terminal domain
could play a critical role in nucleosome binding (Gowher et al., 2005a). For other
chromatin associated proteins, such as MENT, a cooperative binding was also shown
(Springhetti et al., 2003). This phenomenon of cooperativity could account for the
appearance of “methylation spreading” and the aberrant de novo methylation of CpG

islands that is often observed in tumor cells (Graff et al., 1997).

2. Where does Dnmtl bind on a nucleosome?

My results presented above have shown that Dnmtl needs protruding DNA for
stable binding to nucleosomes. However, whether binding occurs exclusively through
contacts to free DNA or also through nucleosomal contacts had to be determined. In
this context DNasel protection assays gave precise information about the target sites of
Dnmtl at the 77-WID-77 mononucleosomal substrate. Presumably, Dnmt1 might need
the interaction with both, protruding DNA and the core nucleosome, since it showed no

affinity to the core nucleosome alone.

The comparison of the cleavage patterns for free and nucleosomal DNA revealed a
protected region corresponding to the nucleosome positioning sequence (~ 80 to 230
bp) (see Fig. 31C). My results of the DNasel footprinting assays imply that Dnmtl

interacts with overhanging DNA and nucleosomal DNA (see Fig. 33C).

The protected sites between 40 — 80 bp on both sites of the nucleosome indicate that

Dnmtl might bind ~ 40 bp of free DNA, a symmetric region surrounding the nucleosome
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dyad. To precisely characterize the target sites of Dnmtl it would be important to
analyze the binding behavior of Dnmtl on hemimethylated naked DNA substrates in
comparison to nucleosomal DNA. Footprinting Dnmtl onto hemimethylated DNA or
nucleosomes would give detailed insight whether Dnmtl needs to contact the DNA
beyond the target CpG site. In order to study the interaction between Dnmtl and its
nucleosomal substrate cryo-electron microscopy studies would by a desirable

complementing approach.

In conclusion, the EMSAs on DNA in free and nucleosomal form have shown, that

Dnmtl requires DNA overhangs to stably interact with mononucleosomes.

3. Does Dnmtl methylate DNA within the nucleosome core region?

My results have demonstrated that Dnmtl is able to bind to nucleosomal DNA
only if the DNA is equipped with DNA protrusions. To further determine whether this
basic repeating unit of chromatin is accessible to Dnmt1, | mapped the methylation sites
in the 342 bp nucleosome, harboring the 601 nucleosome positioning sequence flanked
by CpG less flanking sequences (Fig. 34 D and E). The bisulfite sequencing data clearly
revealed that the enzymatic activity of Dnmtl is inhibited within the nucleosome core
region, leaving only the linker regions for Dnmtl mediated methylation. This effect was
more distinct for the sense-strand than the antisense-strand. Whereas the methylation
activity decreased to 0 % for the sense strand there was a marginal catalytic activity for
single CpG sites within the antisense strand. This difference could probably be due to
discrepancies in the DNA conformation. It seems likely that DNA conformational
flexibility, which varies along nucleosomal DNA, could also have an impact on base
flipping of the target cytosine (Davey et al., 2002; Nilsen et al., 2002). Other enzymes
that gain access to their target sites by base flipping are the DNA glycosylases. For two
of them a severe inhibition by nucleosomal core particles has been shown (Beard et al.,
2002; Nilsen et al., 2002). However it is not known whether base flipping is involved in
inhibiting these factors within nucleosomes. Additionally, the path of DNA helix around
the histone octamer has been shown to be dependent on the local DNA sequence
(Richmond and Davey, 2003). This effect could influence the enzymatic activity of DNA
methyltransferases. Furthermore, by mapping of methylation sites in the sense and
antisense strand | could show that Dnmt1l methylates specific CpG sites more efficiently

even in free DNA substrates. In the sense strand CpG 6, 12, 18, 23 have barely been
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methylated and the same phenomenon could be observed for CpG 20, 22 in the
antisense strand (though less pronounced). This may reflect the effect of the local DNA
conformation rather than the linear DNA sequence, due to the relative sequence non-
specificity of Dnmtl1. Additionally; | could observe that the enzymatic activity of Dnmtl
escalated abruptly in the border region, near the nucleosome edge. It can be imagined
that for CpG sites located near the edge of the nucleosome, the probability of site
exposure by spontaneous transient dissociation is higher than within central sites of the

nucleosome (Anderson et al., 2002; Polach and Widom, 1995).

Another in vitro study obtained slightly different results: though Dnmtl was inhibited in
the context of chromatin, it still posses the ability to modify CpG dinucleotides on the
surface of nucleosomes (Okuwaki and Verreault, 2004). Interestingly, the activity was
highly dependent on the nature of the DNA substrate. CpG sites on the surface of 5 S
rRNA gene or H19 promoter were methylated efficiently, whereas nucleosomes
containing the Air promoter were refractory to methylation. This discrepancy in the
methylation of equivalent positions in the H19 and Air nucleosome core patrticle could
be the consequence of the above mentioned sequence dependent variations in local
DNA structure and/or conformational flexibility (Okuwaki and Verreault, 2004). To
further analyze this hypothesis, it would be important to analyze natural DNA sequences

and to compare their competence on methylation efficiency.

My Dnmtl activity assays using different substrates of free DNA and nucleosomal DNA
with or without extruding DNA revealed that Dnmtl requires protruding DNA to exhibit
an efficient methylation activity (see Fig. 35C). The fact that Dnmtl barely methylates
the 147 bp nucleosome substrate without DNA overhangs suggests that Dnmtl needs
linker DNA for an efficient methylation activity. In accordance with my EMSA data this
reduced methylation activity suggest to be the consequence of a reduced binding
affinity to nucleosomes without protruding DNA. The obtained results coincide with the
bisulfite sequencing data and have revealed that Dnmtl activity is inhibited within the
nucleosomal core region and needs symmetrical DNA overhangs for an efficient

methylation.

The experiments of Robertson et al. determined the kinetics of Dnmt1: The Ky“® value
on mononucleosomes was 12-fold higher than that on free DNA (Robertson et al.,
2004). This could reflect the hindrance of CpG sites that are partially occluded by

histones. In this study, Dnmtl was also less catalytic efficient on mononucleosomes
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than on free DNA (Robertson et al., 2004), what again is consistent with our results and

also with the data of Okuwaki and coworkers (Okuwaki and Verreault, 2004).

An interesting candidate protein for future Dnmtl studies in the context of chromatin is
histone H1. A recent study examined the methylation activities of Dnmt3a towards the
nucleosome core region and linker DNA using oligonucleosomes, focusing especially on
the effect of linker histone H1 (Takeshima et al., 2008). As | could demonstrate for
Dnmtl, Dnmt3a was shown to scarily methylate DNA in the nucleosome core region
and preferentially methylates the adjacent linker DNA (Takeshima et al., 2006).
Interestingly, Dnmt3a methylation activity was higher towards oligonucleosomes
depleted of histone H1 than those supplemented with H1. Both, DNA methylation and
binding of histone H1 are signs of transcription inhibition in vitro (Bird, 2002) (Bouvet et
al., 1994; Schlissel and Brown, 1984; Zlatanova et al., 2000). Therefore one can
suggest that the binding of histone H1 could result in the decrease of DNA methylation
in vivo. However, studies depleting histone H1 partially in different organisms did not
show a global effect on DNA methylation or gene transcription, but rather showed local
consequences for gene expression and DNA methylation in vivo (Barra et al., 2000; Fan
et al., 2005c; Shen and Gorovsky, 1996; Wierzbicki and Jerzmanowski, 2005). Taken
together, these studies indicate that histone H1 contributes to the regulation of DNA
methylation of specific regions, either by increasing or by decreasing the methylation

level.

In this context it would be very interesting to compare Dnmtl mediated methylation
activity on nucleosomal DNA in the presence of histone H1. Further experiments could
then test for enzymatic activity of Dnmtl when the reactions are supplemented with

chromatin remodeling complexes.

4. Are chromatin dynamics required for Dnmtl activity in chromatin?

To study the ability of Dnmtl to preserve DNA methylation patterns in chromatin,
hemimethylated DNA has been generated. The final method of use is based on the
hybridization of unmethylated and methylated DNA and therefore produces a
heterogeneous mixture of methylated products with a major proportion of
hemimethylated DNA. Restriction endonuclease digests on the one hand and
incorporation of radioactive CHs-groups on the other hand have confirmed the

heterogeneity of the generated products (see Fig. 37B and C).
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Time-kinetic studies have verified the efficient generation of hemimethylated DNA:
Dnmtl activity on the mixed substrate (i.e. mixture of unmethylated and methylated
DNA) remains at a low level (Fig. 38D). The low activity of Dnmtl on un-and fully
methylated DNA suggests that these substrates could have an inhibitory effect on the
enzymatic activity. In contrast Dnmtl shows efficient methylation activity on the
corresponding hemimethylated substrate (i.e. hybridization of unmethylated and
methylated DNA). The increase of activity within the first two hours of the experiment
could be due to allosteric activation of Dnmtl by methylated CpG sites (Bacolla et al.,
1999). The observed inhibition after two hours could be due to an accumulation of
homocysteine, leading to a competitive product inhibition (Yokochi and Robertson,
2002; Yokochi and Robertson, 2004). Different studies have shown that Dnmtl is
subject to both allosteric activation and competitative product inhibition by methylated
DNA (Bacolla et al., 1999; Fatemi et al., 2001; Yokochi and Robertson, 2002). It has
been shown that the methylated cytosine is a more potent activator than inhibitor
(Bacolla et al., 1999). N-terminal parts of the enzyme interact with the C-terminal
domain, inducing the activation of Dnmtl due to a conformational change (Fatemi et al.,
2001; Margot et al., 2003). Additionally, unmethylated substrates have been
demonstrated to repress the enzyme activity of Dnmtl, what argues for a substrate
inhibition (Flynn and Reich, 1998). These results highlight the complexity of enzymatic
events and clearly show that the outcome is dependent on various factors. Hence, it
would be interesting to analyze how these complicated effects depend on the sequence
and methylation state of the DNA bound to the allosteric and catalytic sites. According
to the data cited above, Dnmtl could be inhibited by the accumulation of methylated
CpG dinucleotides and/or the activity of the enzyme could be repressed by

unmethylated substrates.

| could reproduce the reported preference of Dnmtl for hemimethylated CpG sites in
vitro (Hitt et al., 1988; Pradhan and Esteve, 2003b) (Bestor and Ingram, 1983). The
published preference of Dnmtl for hemimethylated oligonucleotide substrates of
different length and sequences ranged from 2 to 200-fold depending on the study
(Fatemi et al., 2001; Flynn et al., 1996; Goyal et al., 2006; Tollefsbol and Hutchison,
1997; Tollefsbol and Hutchison, 1995). In my experiments the methylation activity of
Dnmtl has been about 3.5 times higher on hemimethylated compared to unmethylated

linear substrates (see Figure 38A). In previous assays using unmethylated and
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hemimethylated short AIR-DNA fragments | could observe a 10-fold increase of Dnmtl
mediated methylation efficiency (Anna Schrader, diploma thesis). The lower increase of
methylation activity observed in the present study could be due to the heterogeneity of

the substrates.

In further studies, | have determined the catalytic activity of Dnmtl on chromatin arrays
both in the absence and presence of ATP-dependent chromatin remodeling activities
(ACF, Brgl) (see Figure 39B and C). The assembly method via salt gradient dialysis
(Rhodes and Laskey, 1989) (Langst et al., 1999) generates a pure chromatin system of
highly compacted nucleosomes with a regular spacing of ~ 160 bp (Fig. 39A). My
previous data revealed that the methylation activity of Dnmtl on chromatin generally
decreases in comparison to naked DNA substrates. The reported preference of Dnmtl
for hemimethylated free DNA has also been confirmed for hemimethylated
chromatinized DNA. Using my set-up the methylation activity of Dnmtl increases
roughly 2-fold comparing hemimethylated chromatinized DNA to unmethylated one

(Anna Schrader, diploma thesis).

The efficiency of DNA methylation by Dnmtl increases significantly in the presence of
chromatin remodeling activity and ATP as tested with ACF and Brgl (see Fig. 39B and
C). In the non-dynamic chromatin system (the absence of both remodeler and ATP) a
basal enzymatic activity of Dnmtl in chromatin has been observed. This could be due to
methylation in the linker regions. Other data of mine shows that in comparison to the
dense chromatin confirmation derived from Drosophila embryo extract, the chromatin
assembled via salt gradient dialysis harbors a less compact structure (data not shown).
Free DNA stretches could be better exposed which would result in a higher DNA
methylation degree of Dnmtl. Interestingly, | could observe an increase in the
methylation efficiency of Dnmtl also in the presence of the remodeler (Brgl or ACF
complex) without ATP. This could be the consequence of a conformational change of
Dnmtl through the interaction with the remodeler and thereby probably an increased
binding of Dnmt1 to its substrate. Another possible explanation could be that remodeling
proteins bind on the DNA substrate at first and subsequently co-recruit Dnmtl onto the
substrate, what could stabilize the binding of Dnmtl. Also conceivable is that

remodeling complexes stabilize Dnmtl on its DNA substrate.

The results further show that the nucleosomal DNA is not completely accessible since

the addition of ATP and recombinant remodeling complexes had clear methylation
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activity increasing effects. The most likely explanation is that that the remodeling
complexes ACF and Brgl render the DNA in salt assembled chromatin accessible for
DNA methyltransferases. This is consistent with the general increase in DNA access
that was reported for DNA binding factors by nucleosome remodeling complexes, like
CHRAC (Varga-Weisz et al.,, 1997). Moreover, CHRAC enhances the accessibility of
nucleosomal DNA for transcription factors during replication (Alexiadis, 1998). Ito and
colleagues have shown that ACF establishes the interactions of DNA binding proteins
and nucleosomal DNA, thereby facilitating transcription in vitro (Ito et al., 1997a). The
nucleotide excision repair machine (NER) has been shown shown to be inhibited in the
context of chromatin. Strong suppression of NER activity was observed on physiological
spaced dinucleosomal substrates, even on the linker DNA (Ura et al., 2001).
Interestingly, NER regained its activity in the presence of the ACF complex, indicating

an interaction with chromatin remodeling complexes.

As for methylation activity reactions supplemented with ACF, | obtained similar results
with the catalytic subunit Brgl of the SWI / SNF remodeling complexes (see Fig. 39 B).
The dynamics mediated by the presence of Brgl were also able to increase the
methylation efficiency of Dnmtl on hemimethylated chromatin. This increase was even
higher when compared to the methylation efficiency with ACF, probably due to
mechanistic differences of nucleosome mobilization (see below). Furthermore, the
addition of ACF to the unmethylated chromatin substrate does not show an effect.
Contrary, the addition of Brgl stimulates the enzymatic activity of Dnmtl. The effect of
the Brgl activity on the catalytic activity of Dnmtl is generally higher for Brgl than for
ACF. This could be the consequence of different biochemical and biological activities of
the two remodeler classes. They use different strategies to make DNA accessible:
Snf2H (as a model for the ISWI family) makes DNA accessible primarily by sliding the
histone octamer away (Fan et al., 2003; Hamiche et al., 1999; Kassabov et al., 2002b;
Langst et al., 1999), whereas Brgl (as a model for the SNF2 family) generates DNA
loops thereby making DNA accessible (Fan et al., 2003; Fazzio and Tsukiyama, 2003),
(Kassabov et al., 2002b; Langst et al., 1999). Nucleosomes remodeled by Brgl contain
DNA loops that are stably exposed within the bounds of the histone octamer (Fan et al.,
2003). Brgl facilitates access to sites near the dyad of the nucleosome (Fan et al.,
2003). The two remodeling families also differ in their substrate specifities: Snf2

complexes can work on nucleosomes with little flanking DNA (Clapier et al., 2001;
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Guyon et al., 2001), while ISWI cannot (Aalfs et al., 2001; Whitehouse et al., 2003).
ISWI-based nucleosome remodelers can also assemble and space nucleosomes,
whereas SNF2 cannot. The addition of ACF1 influences the remodeling strategy of
Snf2H. ACF requires longer DNA overhangs for an optimal activity of the complex,

which might be important for the ability to space nucleosomes (He et al., 2006).

Brgl has been described to be implicated in both, transcriptional activation and
repression (Martens and Winston, 2003). Mutations or deletions of the Brgl coding
region or related genes result in altered gene expression in cancer cell lines through
largely unknown mechanisms (Roberts and Orkin, 2004). It has been shown that the
loss of SWI / SNF-mediated transcriptional activation can be regarded as a novel
mechanism to increase DNA methylation in cancer cells (Banine et al., 2005). Recently,
Datta et al. demonstrated a direct interaction between Dnmt3a and Brgl (Datta et al.,
2005). Furthermore in this study an association of these proteins with the
transcriptionally silent, methylated metallothionein promoter in mouse lymphosarcoma
cells has been shown. Dnmt3a seems to be involved in the inhibition of the
transcriptional initiation on the methylated promoter, though its catalytic function was
dispensable for suppression. Contrary, the catalytic activity of Brgl seems to be
necessary for the suppression, indicating involvement of chromatin remodeling in this
process (Datta et al., 2005). My studies now have shown that Brgl also increases the

activity of Dnmtl in chromatin in vitro.

All  previous published studies analyzing the methylation activity of DNA
methyltransferases in chromatin were done on mononucleosomal substrates (Okuwaki
and Verreault, 2004; Robertson et al., 2004; Takeshima et al., 2006; Takeshima et al.,
2008). In these publications a general reduction of DNA methyltransferase activity
(Robertson et al., 2004) that was highly sequence specific (Okuwaki and Verreault,
2004) was observed. Results by Okuwaki and co-workers further suggest that Dnmtl
methylates DNA even within the nucleosome core. They further describe that this does
not account for DNA sequences that are not regulated by DNA methylation, like

imprinting control regions (Okuwaki and Verreault, 2004).

However, in my present work | could observe a sequence-independent reduction of the
Dnmtl methylation activity using chromatin arrays. My studies were performed with a

DNA sequence that is not naturally regulated by DNA methylation. Furthermore | could
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demonstrate by in vitro approaches that the Dnmtl methylation activity increases

significantly in the presence of chromatin remodeling complexes and ATP.

It has been reported that different spontaneous mechanisms could influence the ability
of DNA modifying proteins to gain access to their sites of action within nucleosomes,
like direct recognition and spontaneous site exposure mediated by nucleosome sliding
or transient dissociation (Anderson et al., 2002; Felsenfeld, 1996; Lorch et al., 1987,
Polach and Widom, 1995; Widom, 1997). It has also been demonstrated that short-
range nucleosome sliding under similar conditions as used in my assay set-up is
negligible for proteins to get access but that site exposure rather occurs through the
spontaneous transient dissociation of short DNA stretches. This process starts at one
end of the nucleosomal core particle and extends progressively towards its interior
(Anderson et al., 2002; Polach and Widom, 1995). In spite of these phenomena my
results and the studies of other groups on the characterization of DNA methylation on
mononucleosomes and higher order chromatin level have shown that DNA methylation
is less efficient in chromatin. This argues that spontaneous site exposure seems to be
not sufficient to relieve methylation of nucleosomal core particles and chromatin higher
order chromatin structures. Methylation of such CpG sites may require the involvement
of ATP-dependent nucleosome remodeling factors. This hypothesis is further
substantiated by studies mutating the genes encoding chromatin remodeling factors
such as ATRX, LSH, DDM1 that lead to hyper- or hypomethylation (Dennis et al., 2001,
Fan et al., 2005b; Gibbons et al., 2000) (Jeddeloh et al., 1999). Together, these studies
provide evidence for a tight interplay between chromatin remodeling and DNA
methylation. However, the mechanisms of these processes are far from being
understood. The interaction with a variety of other DNA binding proteins and the burden
of the nucleosomal chromatin structure suggest that chromatin-associated factors could
probably dictate the targeting of DNA methyltransferases to specific DNA sequences.
For example Dnmtl and Dnmt3a are known to interact with HDAC1 and HDAC2, but
the functional consequence of this interaction remains unclear (Fuks et al., 2001; Ling et
al., 2004; Robertson et al., 2000; Rountree et al., 2000). Furthermore, the conformation
of nucleosomal DNA around the histone is variable, which could have an influence on
CpG “base flipping”. For numerous DNA repair machines (such as DNA glycosylases) it
was reported that these enzymes gain access to their mutated target site via by this

“nucleotide flipping” mechanism (Cheng and Roberts, 2001).
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To further investigate the role of chromatin remodeling complexes in the process of
DNA methylation, it would be necessary to study the DNA methylation efficiency on
different DNA sequences in nucleosomal arrays. My experiments were performed in a
sequence-unspecific environment, but it has been shown that Dnmtl exhibits a
sequence-dependent activity in chromatin (Okuwaki and Verreault, 2004). My studies
have been performed on mononucleosomes that harbor the “601” nucleosome
positioning sequence. Therefore it would be interesting to analyze the methylation
activity of Dnmtl on a 601 oligonucleosome (nucleosomal array) substrate. One could
insert a 601 dimer (or oligomer) sequence into a vector lacking CpG sites in the
backbone and analyze the methylation efficiency of Dnmtl on the assembled chromatin
substrate. Apart from this, it would be interesting to monitor the sequence-dependence
of the methylation activity in chromatin arrays. Therefore DNA sequences of genes that
are regulated by methylation, like 1gf2 / H19 could be tested. Further the influence of
chromatin remodeling factors on the methylation activity could be tested for these in

vivo target sequences.

5. Do Remodelers influence the Dnmtl nucleosome binding affinity?

My results show that already at the first level of DNA compaction, the
nucleosome core particle represents an obstacle for maintenance methylation by
Dnmtl. Most of the CpG sites within the nucleosomal core region are refractory to DNA
methylation. Although Dnmt1, which associates with PCNA during DNA replication in S
phase is capable to rapidly methylate a large number of CpGs sites behind the
replication fork, a major fraction also shows delayed DNA methylation later on in cell
cycle progression (Liang et al., 2002; Woodcock et al., 1986). It was shown that Dnmt1
acts in a biphasic mechanism regarding the timing of methylation, with 10 to 20 % of the
methylation delayed, extending beyond 1h post-replication. The additional compaction
of chromatin in the cell may further restrict access to certain CpG sites in vivo, which
would be consistent with our results on a nucleosomal array. Therefore and with regard
to the observed inhibition within NCPs, an efficient methylation of nucleosomal CpG
sites may require the involvement of ATP-dependent nucleosome remodeling factors. It
is conceivable that chromatin remodeling factors modify the binding of Dnmtl to its
substrate, thereby strengthening the interaction. To examine the functional effects of
Snf2H interaction with Dnmtl, | performed electrophoretic mobility shift assays using the

77-WID-77 nucleosome (Fig. 40). However, | did not observe an effect of Snf2H on the
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binding affinity of Dnmtl towards nucleosomal DNA. This has to be further investigated
by a Dnmtl titration with lower increments. Additionally, one could detect a potentially
formed complex by addition of a Dnmtl antibody, what would result in a supershift.
Further a co-immunoprecipitation would also be conceivable for complex detection.
Finally, the ATP-dependency could be further analyzed with the non-hydrolysable ATP
analog ATPyS. In contrast to my results, the group of Keith Robertson observed that the
addition of human Snf2H enhanced the binding affinity of Dnmtl by a factor of three in
an ATP-independent manner. This effect could be due to an alteration or stabilization of
the protein conformation. However, the authors observed that this increased binding
affinity had no effect on the enzymatic activity of Dnmtl with respect to
mononucleosomal substrates. These discrepancies regarding our results could be
attributed to many factors: First, a different nucleosomal substrate (208 bp rDNA) was
used, which could influence the DNA conformation and therefore the binding affinity of
Dnmtl. Second, they used histidine-tagged Snf2H, whereas our Snf2H is FLAG-tagged.

This could possibly result in different inter- or intramolecular affinities.

Furthermore, it would be interesting to generate NCPs that harbor overhanging DNA
without CpG sites and test the methylation efficiency of Dnmtl in the nucleosomal core,

both in the presence and absence of nucleosome remodeling factors.

Indirect evidence suggests that efficient DNA methylation requires ATP-dependent
chromatin remodeling. SWI/SNF-type chromatin remodeling factors alter the
translational position of nucleosomes effectively exposing naked DNA with its CpG sites
to DNA methyltransferase activity. Mutations of genes encoding chromatin remodeling
factors, such as DDM1 in Arabidopsis, ATRX in human or Lsh in mouse induce
hypomethylation at certain genomic regions (Dennis et al., 2001; Fan et al., 2005b;
Gibbons et al., 2000; Jeddeloh et al., 1999). Robertson et al. observed a direct
association of Dnmtl and hSnf2H by co-immunoprecipitation. Furthermore,
immunofluorescent microscopy supports the observed interaction with a significant
fraction of both proteins co-localizing in heterochromatic regions in HelLa cells
(Robertson et al., 2004). | could also detect an interaction between Dnmtl and human
Snf2H by co-immunoprecipitation assays in human HEK293 cell extracts (Anna
Schrader, diploma thesis). Geiman et al. could demonstrate a co-localization of Dnmt3b
and Snf2H and other chromatin modifying proteins in heterochromatic regions in the

nucleus (Geiman et al.,, 2004b). Furthermore, Dnmt3a interacts physically and
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functionally with components of the nucleosome remodeling machinery. Dnmt3a was
also shown to associate with constituents of the Brgl complex in mouse
lymphosarcoma cells (Datta et al.,, 2005). Interestingly, the activity of Dnmt3a was
dispensable for repression, whereas Brgl activity was crucial for silencing (Datta et al.,
2005). The nucleolar remodeling factor, NORC, plays a role in promoting the methylation
and silencing at the rDNA gene region. NoRC interacts with the methyltransferases
Dnmtl and Dnmt3a in vivo (Santoro et al., 2002) and DNA methylation has a direct
effect on transcriptional repression on rDNA (Santoro and Grummt, 2001). Different
studies provide evidence that Lsh is primarily involved in de novo methylation but is
dispensable for maintenance methylation (Yan et al., 2003; Zhu et al., 2006). Lsh
cooperates with Dnmtl and Dnmt3b as well as with HDAC1 and HDAC2 to silence
transcription. Repression by LSH and its interactions with HDACs are lost in Dnmt1/3b
knockout cells. This data suggest that LSH might serve as a “recruiting factor” for Dnmts
and HDACs to establish a transcriptionally repressive chromatin. Interestingly,
transcriptional repression and recruitment of DNA methyltransferases did not
immediately result in DNA methylation (Myant and Stancheva, 2008). Further
investigations have to be done to clarify the sequential order of transcriptional
repression. It would be interesting to reconstitute LSH in vitro to analyze its influences

on the methylation and binding properties of Dnmt1 to nucleosomal DNA.

Together these results suggest a tight interaction between the processes of chromatin
remodeling and DNA methylation in vitro. Numerous lines of evidences suggest, that
chromatin remodeling also plays an important role for the preservation of DNA
methylation patterns in vivo. To further elucidate this, it would be of certain interest to
transiently deplete the chromatin remodeling factor Snf2H by RNA interference and
subsequently determine the DNA methylation status at a methylation-regulated DNA
locus, such as the rDNA promoter. At the mouse rDNA promoter locus a single CpG site
(-143) reflects the transcription status, what would be a potential site for methylation

analysis following Snf2H knockdown.

The existence of different DNA methylation pathways and potential DNA methylation
complexes, being responsible for the methylation of distinct genomic regions has been
suggested (see introduction, section B.11.4.3). Numerous studies have elucidated the
highly complex crosstalk between DNA methylation and other epigenetic pathways in

order to regulate transcriptional activity. These interactions are well summarized in a
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recent review (Rottach et al., 2009). Different hypothetical models try to give an
understanding of the cooperation between DNA methylation, histone modification
(methylation and acetylation) and chromatin remodeling by SNF2 family proteins
(Geiman and Robertson, 2002; Robertson, 2001; Robertson, 2002). One scenario could
be the following: Deacetylation of histone tails could be the first step in this process.
Chromatin remodeling complexes could read specific DNA features in the underlying
DNA and translate them into a specific nucleosome positioning. This in combination with
histone methylation by HMTases could facilitate the access of DNA methyltransferases
to DNA sequences that were previously packaged into an inaccessible conformation.
(Martienssen and Henikoff, 1999) Subsequently associated HDACs would again
deacetylate newly assembled histones, to ensure the heterochromatic state after the
passage of the replication machinery (Baylin et al., 2001; Rountree et al., 2000) (see
Fig. 41). It has to be mentioned that the above-described model is rather simplified and
the sequential order of events remains uncertain. The participation of proteins that
recognize the methylated cytosine such as HP1 and MeCP2 and bind the altered
chromatin structue, thereby reinforcing transcriptional silencing, as well as HDACs
acting at several steps of this process are conceivable. It has been shown that the
relationship between chromatin and DNA methylation is bilateral (D'Alessio and Szyf,
2006).

The main objective of my study was to elucidate the role of ATP-dependent chromatin
remodeling enzymes in DNA maintenance methylation by Dnmtl. Characterizing the
biochemical properties of Dnmtl in the context of chromatin, | observed that both the
binding as well as the methylation activity of the enzyme is heavily reduced on DNA
sequences occupied by the nucleosome core. My data further suggest that Dnmtl
crucially requires to contact flanking DNA for efficiently nucleosome binding. The fact
that the addition of chromatin remodeling enzymes abolishes the inhibitory effect of the
histone octamer suggests an important role for remodelers in DNA methylation.
Although other studies demonstrated an association between chromatin remodeling
enzymes and DNA methyltransferases (Geiman et al., 2004b; Robertson et al., 2004;
Santoro et al., 2002), my in vitro experiments provide for the first time evidence for a
direct influence of chromatin remodeling complexes on the enzymatic activity of Dnmtl
in chromatin. Future studies are needed to further elucidate the nature of these

interactions and to verify whether these effects also exist in vivo.
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Figure 41. Interactions between DNA methyltransferases and chromatin-associated proteins

A) Hypothetical interaction model how HDACs, histone methyltransferases and other chromatin associated proteins
(HP1, MBDs) could cooperate with DNA methyltransferases to set up the specific methylation patterns. ATP-
dependent chromatin remodeling enzymes may be required for accessibility of DNA methyltransferases. Chromatin-
associated proteins probably dictate the targeting of DNA methyltransferases to specific DNA sequences, what is
most likely mediated by protein-protein interactions. Numerous interactions between DNA methyltransferases and
components of the chromatin modification machinery were identified. B) Many indirect connections have been
established between chromatin modifications and DNA methylation, but the exact mechanistic crosstalk, i.e. which
epigenetic modification comes first and the target mechanisms, remain largely unknown.
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Chromatin-remodeling complexes can translocate nucleosomes
along the DNA in an ATP-coupled reaction. This process is an
important regulator of all DNA-dependent processes because it
determines whether certain DNA sequences are found in regions
between nucleosomes with increased accessibility for other factors
or wrapped around the histone octamer complex. In a comparison
of seven different chromatin-remodeling machines (ACF, I1SWI,
Snf2H, Chd1, Mi-2, Brg1, and NURF), it is demonstrated that these
complexes can read out DNA sequence features to establish spe-
cific nucleosome-positioning patterns. For one of the remodelers,
ACF, we identified a 40-bp DNA sequence element that directs
nucleosome positioning. Furthermore, we show that nucleosome
positioning by the remodelers ACF and Chd1 is determined by a
reduced affinity to the end product of the translocation reaction.
The results suggest that the linkage of differential remodeling
activities with the intrinsic binding preferences of nucleosomes can
result in establishing distinct chromatin structures that depend on
the DNA sequence and define the DNA accessibility for other
protein factors.

ACF | nucleosome remodeling | nucleosome positioning

NA packaging into nucleosomes has long been recognized as

a mechanism to control the accessibility of protein-DNA
interactions involved in processes like transcription, replication
repair, and recombination (1). The specific location of nucleosomes
on DNA may play both inhibitory and activating roles (2) and
depends on the ATP-coupled activity of chromatin-remodeling
complexes that reposition nucleosomes or evict them from the
DNA (3). For example, nucleosomes can be located at silent yeast
promoters to occlude binding of basal transcription factors (4, 5).
In contrast, an alternative nucleosome position with transcription
factor-binding sites in the flanking linker DNA was shown to
stimulate transcription (6-8).

Because the cell harbors hundreds of different remodeling
complexes, it appears likely that they possess distinct activities,
rather than solely being unspecific nucleosome-moving entities.
Indeed, recent results demonstrate that the majority of nucleo-
somes in yeast are found at well defined positions (9). These sites
can be predicted, in part, from the analysis of DNA dinucleotide
sequence motives (10, 11). However, it is currently unclear whether
nucleosome positioning in the cell results only from sequence
preferences of histone—-DNA interactions or is directed by addi-
tional factors like the chromatin-remodeling complexes. As de-
picted in Fig. 1, these complexes comprise several groups of the
Snf2-like ATPases and include the Snf2, ISWI, Mi-2, Chd1, Ino80,
ERCC6, ALC1, CHD7, Swrl, RAD54, and Lsh subfamilies (12).
Each subfamily consists of at least one to six similar AT Pases, many
of which have been shown to remodel nucleosomes, transfer histone
octamers in trans, and generate superhelical torsion in DNA as
reviewed previously (3, 13). The number of specific chromatin-
remodeling activities in the cell is further increased by the assembly
of the ATPases into large multiprotein complexes, where the same
ATPase is shared within different remodeling complexes. For
example, the human BAF and PBAF complexes differ by the
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subunits BAF250 and BAF180 present in the one, but not in the
other, complex, and at least three different human NURD com-
plexes containing the ATPase Mi-2 were described (14). In addi-
tion, the molecular motors of the complexes can be exchanged with
other ATPases of the same subfamily. This finding was documented
for the human BAF complex that contains either the hBRM or
BRG1 ATPase (15) and for several ISWI complexes.

The diversity of the mammalian ISWI-like chromatin-
remodeling complexes is described in Fig. 1. The mammalian
genome encodes for at least four ISWI-like ATPases, Snf2H,
Snf2L1, SNF2L2, and the catalytically inactive splice-variant Snf2L
+ 13 (16-18). To date, about a dozen specific mammalian com-
plexes containing one of these ATPases were purified. It was shown
that at least four of these complexes (\CHRAC, hRSF, hNUREF,
and hACF) can exist as isoformic complexes (i.e., they contain
alternative ISWI-like ATPases) (16, 19, 20). This result suggests
that the exchange of ATPases is a common theme and increases the
number and complexity of chromatin-remodeling complexes in the
cell. In addition, many of the subunits of the remodeling complexes
exist as multiple-splice variants, such as CERC2 (19), BPTF (21),
Tip5 (22), and Baz2B (22). This feature would further increase the
diversity of ISWI-remodeling complexes. In summary, the current
data indicate that a human cell is likely to form >40 different
ISWI-like complexes. Extrapolating this finding to other Snf2
subfamilies, it is estimated that the nucleus harbors hundreds or
even thousands of different chromatin-remodeling complexes. Fur-
thermore, some of these complexes are highly abundant. Quanti-
fication studies in yeast suggest that one chromatin-remodeling
complex is present for ~10 nucleosomes (23, 24). This diversity and
high total concentration of remodeling complexes appear to be
unnecessary for simply maintaining an unspecific fluid and easily
accessible conformation of chromatin. Instead it suggests that
chromatin-remodeling complexes provide a higher order regulatory
level by establishing specific chromatin structures in the cell. This
hypothesis was tested here by comparing seven different remodel-
ing machines. It is demonstrated that each of those machines
possesses unique nucleosome-positioning characteristics. For the
ACF-remodeling reaction, it is shown that nucleosome positioning
is sequence-dependent, in that a short DNA element can determine
ACF-dependent nucleosome positions. Finally, the mechanism of
remodeler-dependent nucleosome positioning was analyzed. It is
concluded that, for the ACF- and Chdl-remodeling machines,
differences in the affinity of the remodeler toward differently
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Fig. 1. Mammalian chromatin-remodeling complexes are highly diverse.
(Left) The Snf2 family members present in humans, with the number of
individual proteins within a subfamily in parentheses. The 11 subfamilies
marked in red were shown to possess ATP-dependent chromatin-remodeling
activities. Each of these subfamilies comprises many different members.
(Right) The multiple ISWI ATPases complexes known to date. There are four
ISWI subgroups (green boxes), and the known chromatin-remodeling com-
plexes containing these ATPases are listed. Complexes in light gray type were
shown to exist with the alternative ISWI-type ATPases.

positioned nucleosomes determine the outcome of the remodeling
reactions.

Results

Chromatin-Remodeling ATPases Establish Unique Nucleosome
Positions. The DNA sequence-dependent specificity of the chro-
matin-remodeling reaction was examined in a comparison of seven
different chromatin-remodeling machines (ACF, ISWI, Snf2H,
Chd1, Mi-2, Brgl, and NURF) (18, 25-29). Two well characterized
nucleosome substrates, the Drosophila hsp70 DNA fragment (28)
and the murine rDNA promoter (30, 31), were used [Fig. 2 and
supporting information (SI) Figs. 6 and 74]. Nucleosome assembly
on the Asp70 DNA fragment by salt dialysis gives rise to a distri-
bution of nucleosomes positioned at five dominant positions. The
different positions of the nucleosomes are designated as N1, N2,
N3, N4, and N4’ and can be visualized by native PAGE because they
show differences in their electrophoretic mobility (Fig. 2, lane 1)
(28). This mixed nucleosome population was used as a substrate for
the seven different chromatin-remodeling complexes listed previ-
ously. All remodeling complexes are capable of relocating nucleo-
somes on the substrate in an ATP-dependent reaction. The end-
point of this reaction obtained with a specific remodeling complex
(lanes 2-8) was then compared with the distribution of nucleo-
somes on the input substrate (lane 1). The results of the remodeling
reactions clearly demonstrate that every remodeling enzyme pos-
sesses a distinct nucleosome-positioning activity. This striking result
cannot be explained by DNA sequence-dependent differences in
the histone—-DNA interactions. If the remodeling complexes would
simply catalyze a transfer of the nucleosomes to their highest
affinity histone-binding sites, the same end product should be
obtained for the different remodeling complexes. This finding was
clearly not the case. For example, NURF-dependent nucleosome
remodeling was shown to position the nucleosomes efficiently from

15636 | www.pnas.org/cgi/doi/10.1073/pnas.0702430104
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Fig. 2. Chromatin-remodeling complexes position nucleosomes in a DNA
sequence-specific manner. The nucleosome substrate was reconstituted by
salt dialysis on a radioactively labeled 350-bp fragment carrying the hsp70
promoter. A mixture of a single nucleosome at five different major positions,
indicated as N1, N2, N3, N4, and N4’, was obtained (28). This mixed nucleo-
some population (lane 1) was used as the same substrate for all seven remod-
elers shown. The endpoint of the nucleosome translocation reaction obtained
after incubation for 90 min at 26°C in the presence of ATP is shown for
recombinant Brg1 (lane 2), Chd1 (lane 3), ISWI (lane 4), Snf2H (lane 5), Mi-2
(lane 6), ACF (lane 7), and NURF (lane 8).

Y

N1, N2, and N4 positions to the N3 position (lane 8) (28). In
contrast, ACF, a similar remodeling complex harboring the iden-
tical ISWI ATPase, behaves differently and preferentially positions
the nucleosomes at position N2 (lane 7). In addition, each isolated
molecular motor subunit has a distinct positioning behavior. ISWI,
the ATPase of ACF and NUREF, positions nucleosomes at N4’ and
N4 positions (lane 4). However, Snf2H preferentially places the
nucleosomes on three sites between position N3 and a positioning
site above N4 (lane 5). BRG1 does not change the nucleosome
distribution significantly, but nucleosomes are displaced from the
central position N1 (lane 2). Chdl transfers the nucleosomes almost
completely to position N3 (lane 3), whereas Mi-2 positions nucleo-
somes preferentially at the position N1 (lane 6). A similar complex-
specific remodeling activity was observed in the analysis of the
rDNA substrate (SI Fig. 74). At the resolution of these experi-
ments, the remodeling reactions led to a different distribution of
nucleosomes at sites N1, N2, N3, N4, and N4’ (Fig. 2) or N1 and N2
(SIFig. 74), but no new nucleosome positions (except for the Snf2H
reaction) were created (SI Fig. 7B).

It is concluded that remodeling machines do interpret the DNA
sequence/structure information in different ways, establishing in-
dividual nucleosome-positioning patterns on a given DNA se-
quence. In particular, the nucleosome positioning depended on
both the type of the ATPase motor protein as well as the compo-
sition of the multiprotein complex into which it is integrated (see
also SI Fig. 74). The nucleosome movements proceeded predom-
inantly by positions characterized by an intrinsic nucleosome affin-
ity preference (SI Fig. 7B) because the intermediate positions were
mostly identical with the initial nucleosome positions generated by
salt dialysis assembly. However, the relative occupancy of these sites
can be strongly affected by specific chromatin-remodeling activities.

A Small DNA Element Directs ACF-Dependent Nucleosome Positioning.
If the DNA sequence encodes information on the positioning of
nucleosomes by remodeling complexes, it should be possible to
identify specific DNA sequence elements that direct nucleosome
positioning independent of the surrounding DNA sequence con-
text. This prediction was tested with ACF in the experiments
presented in Fig. 3. On the rDNA sequence, ACF moves the
nucleosome from border positions to two rotationally spaced
positions occupying nucleotides —190 to —40 and —180 to —30
relative to the rDNA gene transcription start site (30, 31). This
finding corresponds to positions 46/56 to 196/206 (N1) on the
248-bp rDNA fragment studied in SI Fig. 74. Previous studies
established that the rDNA promoter of a variety of organisms
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C, but for the 248-bp rDNA promoter fragment with the previously determined nucleosome sites (30, 31).

exhibits a conserved sequence-dependent structure (32, 33). An
analysis of this sequence for specific features revealed a strong
correlation between ACF-dependent nucleosome positioning and
the presence of an intrinsically curved DNA region (Fig. 3D). The
dyad axis of the positioned nucleosome with the rDNA was close
to the DNA curvature peak that was verified experimentally (SI Fig.
7C). Accordingly, a 40-bp fragment with the center of the curved
region (positions 115-155) was then cloned into the DNA vector
pT-K3 to examine it in a sequence environment with no apparent
sequence similarities to the rDNA fragment. The resulting 253-bp-
long DNA was used to assemble nucleosomes by salt dialysis.
Nucleosomes were positioned at three major sites (N1, N2, and N4)
and one minor site (N3) (Fig. 34, lane 1). This distribution of
differently positioned nucleosomes was used as substrate for the
remodeling reaction with ISWI or ACF (Fig. 34, lanes 2 and 3). In
contrast to the 248-bp rDNA template (SI Fig. 74), the ISWI-
dependent nucleosome positioning did not place the nucleosomes
to the extremes of the DNA, but preferentially to position N2 on the
expense of nucleosomes positioned at the DNA border (N4). This
result demonstrates that ISWI is not an unspecific, asymmetric
molecular motor that moves any nucleosome to the ends of the
DNA fragment, but can recognize certain DNA features (34). ACF,
in contrast, translocated the nucleosomes predominantly to the
central N1 site. The nucleosome positions involved in the remod-
eling reaction with the K3 DNA fragment were mapped at a high
resolution (Fig. 3B). The major nucleosome positions were assigned
to N1 being an unresolved mixture of two rotationally positioned
nucleosomes at 37/45 to 195/187, N2 covering positions 25 to 175,
and the nucleosomes positioned at the DNA ends (N4) consisting
mainly of positions 0/7 to 151/157. The preferred sites found with
the K3 DNA were superimposed with the DNA curvature predic-
tion plot (Fig. 3C). From comparison with Fig. 3D, it is apparent
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that the 40-base pair sequence element from the rDNA promoter
was sufficient to direct ACF-dependent nucleosome positioning
also in the K3 fragment, with the dyad axis again being placed close
to the region of highest DNA curvature. Due to the possibility that
ACF simply moves the nucleosome to the center of the DNA
because of its preference for sufficiently long (=30-bp) DNA
flanking the nucleosomes, two additional nucleosome substrates
were examined (SI Fig. 8). The results clearly demonstrate that the
40-bp DNA element identified here is able to direct nucleosome
positioning by ACF to a position closer to the border of the DNA.

Two Models Can Explain Remodeler-Dependent Nucleosome Position-
ing. The comparison presented above revealed that the end product
of the chromatin-remodeling reaction depends on both the type of
chromatin remodeler and the DNA sequence (Figs. 2 and 3 and SI
Figs. 7 and 8). To explain how a remodeling machine is able to direct
the nucleosome to a specific position, the kinetic model presented
in Fig. 44 was used. The approach considers the translocation of
nucleosomes as an enzymatic reaction that follows a Michaelis—
Menten-like model. This finding implies that “good” substrates for
the enzyme (in this case, the chromatin-remodeling complex) are
characterized by a high affinity of enzyme and its nucleosome
substrate (low value of Michaelis—-Menten constant Kyy) and a high
catalytic conversion rate k., of the enzyme—substrate complex to
the product, which is the repositioned nucleosome. In this case, the
kea/Km ratio is high as expected for an efficient catalytic process.
The opposite would be true for “bad” nucleosome-remodeling
substrates (i.e., the kc./Km ratio is low). This view leads to the
proposal that the nucleosome-translocation reaction proceeds by
moving nucleosomes from sites where they are good substrates to
sites where they are bad substrates. Differences in the remodeling
activity are due to DNA sequence-dependent differences for nu-
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Fig. 4. Mechanisms of nucleosome positioning by chromatin-remodeling
complexes. (A) Scheme for the remodeling reaction. Three positions on the
DNA (i — 1, i, and i + 1) are considered. The remodeler R can bind to a
nucleosome N at each of these three positions with a dissociation constant Kg.
Translocation to or from these positions occurs with rate constants k as
described in the text. (B) Two models for nucleosome positioning are depicted.
(Right) Corresponding time course of the concentrations of nucleosomes. The
reaction starts with all nucleosomes at position i at an initial concentration of
2.5 X 1072 M. If all binding constants and translocation rate constants are
identical (uniform Kg and k), a homogenous distribution is obtained in equi-
librium, where one-third of the nucleosomes is at positionsi — 1, i, and i + 1,
asexpected. (Left) In the release model, the binding affinity to the nucleosome
at position i + 1 is reduced by a 10-fold higher value of Ky ;+1, compared with
positions i and i — 1. This result leads to a distribution in which ~80% of the
nucleosomes are at this site when an equilibrium is reached. For the arrest
model, the rate constant k_; that translocates the nucleosome from position
i + 1 back to position i is 10 times reduced compared with the other translo-
cation rates. Again ~80% of the nucleosomes will be positioned at site i + 1
as the reaction reaches a steady state. The kinetic simulations were conducted
with concentrations similar to those used in the in vitro reaction of ~1
remodeler per 50 nucleosomes.

cleosome locations that make them good and bad substrates for a
given complex.

The reaction is described as follows. The nucleosome N can be
at position i, i + 1, or i — 1, and the remodeler R can bind to
nucleosomes at these positions. At the beginning of the reaction, all
nucleosomes are at position i. The RN; complex can now translocate
the nucleosome by a remodeler-specific number of base pairs
(SWI/SNF =50 bp, ISW2 =10 bp) (35) to the other positions with
the rate constants k;;1 and k;—; or the RN; complex can dissociate
with the equilibrium dissociation constant Ky, into nucleosome N;
and free remodeler R with Kq; = [R] X [N;J/[RN;]. The same
reaction can occur at positions i + 1 and i — 1. To position the
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nucleosome at a specific site on the DNA, we propose that certain
DNA sequences make nucleosomes bad remodeling substrates with
a low escape rate from these sites so that they constitute the
preferred end points of the remodeling reaction. This finding is
illustrated in Fig. 4B for a remodeling reaction that positions the
nucleosome preferentially at position i + 1.

The escape rate Kes;+1 from position i + 1 is given by the
translocation rate constant k _; times the concentration of the RN;
complex, which in turn is determined by the corresponding equi-
librium dissociation constant K4, +1. Accordingly, we can conclude
that kesc;+11s proportional to k /K4, +1. To position the nucleosome
ati + 1, either the translocation rate k —; away from this position or
the binding affinity of the remodeler to the nucleosome at position
i + 1 has to be reduced. The latter would be equivalent to increasing
the value of Kg;+;. This result is referred to here as a “release”
mechanism. Its mode of operation is similar to transcription ter-
mination by specific DNA terminator sequences that form a hairpin
structure in the RNA, which then disrupt the binding of RNA
polymerase to the template so that the elongation reaction stops at
this site (36, 37). For the second mechanism that involves a low
translocation rate k—; away from the corresponding nucleosome
position, the term “arrest” mechanism is used. It can again be
described by analogy to the transcription reaction, where pausing/
arrest of RNA polymerase can occur at certain DNA sequences
because of a rearrangement of the enzyme’s active site without the
dissociation of the enzyme from the template (38). Accordingly, we
can envision an arrest mechanism for the chromatin-remodeling
reaction, in which a specific intermediate form interferes with the
continuation of the translocation reaction. In contrast to the release
model, the binding affinity of the remodeler is not reduced. It is
noted that any increase of the binding affinity for the nucleosome
at a given position will increase the likelihood of moving the
nucleosome away from this position if the translocation rate re-
mains unaffected. A particularly tight nucleosome remodeler re-
action that induces a block of the translocation reaction (i.e., low
rate k_; rate) could potentially position a nucleosome to a certain
site. However, this anchoring mechanism would only work effec-
tively under stoichiometric concentrations of remodeler and nu-
cleosome, and its kinetics are not compatible with that of the in vitro
remodeling reaction under enzymatic conditions studied here of ~1
remodeling complex per 50 nucleosomes.

Nucleosome Positioning by Chd1 and ACF Follows the Release Model.
The release model predicts that the affinity of the remodeler to the
nucleosome is reduced at the endpoint of the remodeling reaction.
According to the arrest model, binding affinity at the terminal
position is not lowered, but the translocation reaction is inhibited.
These predictions were tested with Chdl and ACF. The relative
binding affinities of the remodelers to the initial mixture of nu-
cleosome positions were analyzed in EMSAs in the absence of ATP
so that only the remodeler nucleosome-binding event is examined.
The addition of increasing amounts of Chd1 results in DNA and
nucleosome binding and the appearance of DNA-Chdl and
nucleosome—-Chd1 complexes (Fig. 54). From a comparison of the
relative intensities, it can be seen that nucleosomes at positions N1,
N2, and N4 were preferential substrates to form Chd1-nucleosome
complexes, whereas the signal for nucleosomes positioned at site N3
decreased to a much lower extent. As shown in Fig. 2, Chdl
positions nucleosomes at N3, the site with the lowest binding
affinity for Chdl. This finding suggests that Chdl translocates
nucleosomes according to the release model. Similar results were
obtained by ACF with this nucleosomal DNA (data not shown).
The same behavior of the two remodelers was also observed for the
rDNA nucleosome substrate. Purified nucleosomes positioned at
either the center or border of the rDNA fragment were mixed in
stoichiometric amounts and used for binding assays (Fig. 5B). At
increasing concentrations, Chd1l and ACF bound preferentially to
nucleosomes positioned at the border of the DNA fragment (lanes
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Fig.5. ACF and Chd1 position nucleosomes according to the release model.
Nucleosome position-dependent differences in the affinity of the remodeling
complexes to the nucleosomal substrate were analyzed by EMSAs. (A) (Left) A
mixed nucleosomal species reconstituted on the hsp70 DNA (lane 1) was
incubated with increasing concentrations of Chd1 (lanes 2-7) in the absence
of ATP. The position of the appearing DNA-Chd1 (D/C) and the nucleosome-
Chd1 (N/C) complexes are indicated. The position of the N3 nucleosome is
shown by a black box. This position also is the preferred endpoint of the
remodeling reaction (see Fig. 2). (Right) Percentage of nucleosomes at posi-
tion N3 (radioactivity in the N3 band divided through the sum of the radio-
activity of all nucleosome bands) is plotted versus the Chd1 concentration. An
increase of the N3 fraction is apparent, suggesting that this site is the lowest
affinity binding site for Chd1 with this substrate. (B) Chd1 and ACF binding to
nucleosomes reconstituted at the rDNA promoter fragment. A purified mix-
ture of nucleosomes positioned at the center and the border of the rDNA
fragment (lane 1) was incubated with increasing concentrations of ACF (lanes
2 and 3) or Chd1 (lanes 4 and 5). The position of remodeler-nucleosome
complexes (N/R) is indicated. The graph represents the fraction of nucleo-
somes at the center position with increasing concentrations of Chd1 or ACF.
This lower affinity binding site also is the preferred endpoint of the reaction
as shown in SI Fig. 7B.

2 to 5; the graph shows the fraction of the central nucleosome
obtained with increasing ACF/Chd1 concentrations). Both remod-
elers displayed weaker binding affinities to the central nucleosome,
which is the position to which they translocate the nucleosome in the
remodeling reaction (SI Fig. 74). Thus, for the two remodelers and
two nucleosome substrates examined here, nucleosome positioning
occurs by the release mechanism.

Discussion

The present study demonstrates that the chromatin remodeler can
establish specific local chromatin structures by reading out DNA
features and targeting nucleosomes to specific positions. To exploit
this differential activity of remodeling complexes in vivo, it appears
necessary to spatially and temporally confine a given complex to
certain chromatin regions. Indeed, an increasing number of reports
describes such a targeting of chromatin remodelers to specific
genomic loci that are characterized by their pattern of epigenetic
markers as reviewed recently for Drosophila (39). Thus, targeting of
chromatin-remodeling complexes in conjunction with their DNA
sequence-directed activity would provide a mechanism for the
gene-specific regulation of DNA-dependent processes by modula-
tion of the DNA accessibility. For ACF and Chdl, this process
follows a release mechanism, according to which the endpoint of
the translocation reaction is determined by a reduced affinity of the
remodeler to the nucleosome at this site.

The physiological relevance of specifically positioned nucleo-
somes for the organization of regulatory regions of eukaryotic
genes has been demonstrated in numerous systems (40—44). How-
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ever, although the ability of certain DNA sequences to position
nucleosomes in vitro is well established, many of these sequences fail
to precisely position nucleosomes in vivo (44). This result indicates
that, in addition to DNA structure and flexibility, other mecha-
nisms define nucleosome positioning in the cell. For example, it has
been shown that DNA-binding factors like the «2-MCM1 complex
actively position nucleosomes at repressed genes in yeast a-cells.
This process requires the intact histone H4 tail (45, 46), a target of
the ISWI-containing remodeling machines (47). Similarly, the
Ssn6-Tupl complex is a global corepressor responsible for nucleo-
some positioning at a number of genes and the recombination
enhancer of the silent mating-type loci in budding yeast (48-52).
For the RNR3 gene, the precise nucleosome positioning required
the ISW2 chromatin-remodeling complex in addition to Ssn6-Tup1
(53). Furthermore, recent work demonstrates that the SNF2H-
containing remodeling complex NoRC is involved in the repression
of the rRNA genes that are characterized by two specific nucleo-
some positions discriminating between the active and inactive genes
(54, 55). In this system, the recruitment of NoRC reorganizes the
chromatin structure by moving the promoter-bound nucleosome
~25 bp downstream to the position found at inactive genes (56).

In light of these findings and the results reported here, the high
abundance and diversity of remodeling complexes suggests that
chromatin-remodeling machines are specific chromatin organizers
and not simply nucleosome mobilizers. Their activity seems to be
directed by two additional information layers encoded in the DNA
sequence. One would represent binding preferences of the histone
octamer to certain DNA sequence elements. It has been shown for
yeast that about half of the in vivo nucleosome positions can be
predicted solely from the underlying DNA sequence (10, 11). These
sites are likely to provide thermodynamically favorable histone—
DNA interactions, and the data reported here suggest that they also
are selected as preferred locations in the remodeling reaction (Fig.
3 and SI Fig. 7B). However, the relative occupancy of these sites can
be strongly affected by the chromatin-remodeling complexes. The
coupling of their specific activity with intrinsic nucleosome prefer-
ences for certain DNA sequences could contribute significantly to
determining nucleosome locations in living cells. Accordingly, the
targeting of a significant fraction of nucleosomes to their DNA sites
in the cell cannot be predicted without including the characteristic
activities of chromatin-remodeling complexes present at the respec-
tive genomic loci. This view is consistent with a recent analysis of
nucleosome locations in yeast that points to the involvement of
additional factors in the determination of nucleosome positions
(57). As demonstrated here, one important parameter to be con-
sidered is the binding affinity of the remodeler and the nucleosome.
Either because of a sequence-specificity of remodeler—-DNA inter-
actions or more indirectly by an altered nucleosome structure, a
reduced remodeler-nucleosome interaction leads to the release of
nucleosomes to these sites. Thus, the positioning of nucleosomes in
the cell could involve a chromatin-remodeling code. Features
encoded by the DNA sequence are recognized by chromatin-
remodeling complexes to establish specific nucleosome-positioning
patterns that define the accessibility of DNA and with it on or off
states for DNA-dependent processes.

Materials and Methods

Nucleosome-Remodeling Experiments. Recombinant ISWI, ACF,
Brgl, Chdl, Snf2H, and Mi-2 were expressed in Sf9 cells and
prepared as described previously (27, 34). The hsp70 DNA frag-
ment was generated by PCR with [a-3?P]dCTP for labeling (28).
The 40-bp fragment encompassing the major DNA bending peak
(CTGGGGAGGT GGCCCCAAAA ATGACCCCAT AAC-
GAAAAGA) of this DNA was cloned into the pT7 blue3 Vector.
From this vector, the 253-bp-long pT-K3 fragment with the
insert was generated by PCR. Nucleosome-reconstitution and
nucleosome-remodeling reactions were performed according to the
protocol of Langst et al. (30). Briefly, nucleosomes and DNA were
incubated at ratio of ~1 remodeler complex per 50 nucleosomes for
90 min at 26°C in the presence of 1 mM ATP, and nucleosome
positions were analyzed by native PAGE. EMSAs with reconsti-
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tuted nucleosomes and remodeling ATPases were performed as
previously described (27, 34). For mapping the nucleosome posi-
tions, 1.5 units MNase (Sigma—Aldrich, St. Louis, MO) were added
for 40 sec to remodeling reactions. The protected nucleosomal core
DNA was isolated and analyzed by a single round of PCR (dena-
turation, 5 min at 95°C; annealing, 2 min at 56°C; extension, 1 min
at 72°C) by using at least three different 32P-labeled oligonucleo-
tides hybridizing to different positions on the DNA fragment.
Primer extension fragments were resolved on 8% sequencing gels
and quantified with a phosphorimager by using the Aida software
(Fuji, Tokyo, Japan). For further details, see SI Materials and
Methods.

Theoretical Analysis of Nucleosome-Remodeling Reaction. The DNA
curvature from the beginning of the enhancer to the end of the
promoter was analyzed with the NA-Bench program (M. Busch, R.
Kochinke, K.R., and G. Wedemann, unpublished data). The pro-
gram uses different algorithms for curvature prediction that are
reviewed in ref. 58. For the analysis shown here, the parameter set
from Bolshoy et al. (5§9) was used. Kinetic simulations were con-
ducted with the COPASI software package, version 4.0 (60) by
using the model depicted in Fig. 4, which describes the translocation
reaction according to Egs. 1-5. The remodeler R can bind to
nucleosomes N at positionsi,i — 1, and i + 1. Under the conditions
of the in vitro experiments, the binding reaction is fast, compared
with the nucleosome-translocation reaction, so that it can be
described by an preequilibrium with the equilibrium constant K for
the dissociation of the RN complex:

Kai-
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RN;=—=R + N, [2]
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Initial conditions for the simulations were a concentration of 2.5 X
10~ M nucleosomes at position i and a concentration of 5 X 10711
M remodeler. Translocations of the nucleosomes were described by
the Eqgs. 4 and 5 with the indicated rate constants.

ki1
RN,' pram— RN,'+] [4]
ki

ki*l
RN,‘(:)RN,*,1 [5]
k;

Default values for the dissociation constants were Kq; = Kq;+1 =
Kai—1 = 107° M and for the rate constants kj+1 = ki-1 = k—; = k;
= 1sec™! (Fig. 4B). For the simulations of the release model, Kq;+1

was changed to 1078 M, and the arrest mechanism simulation

corresponded to k—; = 0.1 sec™ L.
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Fig. 6. Characterization of histone proteins and chromatin-remodeling complexes. (A) Core histone
were purified from Drosophila embryos (lane 1), whereas recombinant-remodeling complexes were
prepared from Sf9 cells as described previously (1, 2). The purified proteins were analyzed by
SDS/PAGE and visualized by Coomassie blue staining. Histones (lane 1), ISWI (lane 2), ACF (lane
3), Chdl (lane 4), Brgl (lane 5), Mi-2 (lane 6), and Snf2H (lane 7) are shown. (B) ATPase activity of
purified recombinant-remodeling complexes. Proteins were incubated in the absence or presence of
DNA (150 ng) or chromatin (150 ng) and ATP (13 uM) for 30 min at 26°C. ATP concentrations at
the end of the reaction were quantified in a luciferase assay and displayed relative to the initial ATP
concentrations. It can be seen that all complexes are active because they show a chromatin-stimulated
ATPase activity.
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1. Brehm A, Langst G, Kehle J, Clapier CR, Imhof A, Eberharter A, Miller J, Becker PB (2000)
Embo J 19:4332-4341.
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Fig. 7. Nucleosome translocations occur in discrete steps by the preferred nucleosome-assembly
positions. (A) Analysis of remodeler-dependent nucleosome positions on the 248-bp-long rDNA
promoter fragment (1). A purified nucleosome positioned at the center of the rDNA fragment (N1, lane
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1), at the border of the DNA fragment (N2, lane 5), or a mixed population of these two nucleosome
substrates (lanes 9 and 13) were used for the remodeling reaction with ISWI (lanes 2 and 14), Snf2H
(lanes 3, 4,7, and 8), ACF (lanes 6 and 10), Chd1 (lanes 11 and 12), and Brgl (lane 15). Nucleosome
positions (N1 and N2) are indicated by the blue ovals with the DNA marked in red. The murine rDNA
promoter fragment (from position -232 to + 16 relative to the transcription start site) contains two well
characterized nucleosome positions, a dominant-central position (N1) and the N2 position at the
borders (1, 2). The nucleosome-remodeling reactions showed marked differences, for example, in the
comparison of the three isolated ATPases (ISWI and its human counterpart Snf2H, lanes 2-4; Brgl,
lane 15) or the isolated motor (ISWI), compared with ISWI and the associated Acf1 subunit in the
ACF complex (lanes 2 and 6). The latter also is evident from the remodeling reaction with the hsp70
DNA (Fig. 2). Thus, Acfl, the large subunit of ACF, determines the directionality of the
nucleosome-positioning reaction. This finding confirms previous results obtained for the ACF
complex in Drosophila (3) and more recently for human ACF (4). The Brg1 protein catalyzes only a
minor change of the nucleosome position distribution on the hsp70 DNA fragment with an elimination
of the hsp70 N1 position (Fig. 2). However, it efficiently repositions the N1 nucleosomes on the
rDNA fragment to the N2 site as shown in this figure. (B) Nucleosomes reconstituted on the hsp70
DNA were incubated with increasing amounts of the indicated remodeling complexes to monitor the
progression of nucleosome movements in EMSAs. As expected, increasing concentrations of
remodeling enzymes were found to increase the kinetics of the nucleosome-remodeling reaction (5, 6).
In preparatory experiments with varying remodeler concentrations (shown here) or the incubation time
(data not shown), the endpoints of the remodeling reaction were identified. In these types of
experiments, intermediate nucleosome positions can be observed (marked by arrows). This finding
also addresses a general question in remodeler-dependent nucleosome repositioning: Are the
nucleosomes moved in a single step to the final destination or do new, intermediate nucleosome
positions appear in the course of the remodeling reaction? The analysis for Chd1, ISWI, and Snf2H
suggests that nucleosome remodeling does not occur in one step because the amount of nucleosomes at
other sites (black arrows) increases before the final nucleosome positions are reached. Interestingly, the
intermediate positions are predominantly those with a higher intrinsic histone-DNA affinity, which are
obtained in the initial salt dialysis reconstitution (black arrows). In the case of Snf2H-dependent
nucleosome positioning, a nucleosome position was formed (gray arrow). Thus, the nucleosome
remodeling does not occur with a discrete step length, but the enzymes translocate the nucleosomes
from one stable position to the next. (C) Experimental verification of predicted DNA curvature in the
sequence element from the rTDNA. The region 22-182 from the rDNA fragment was analyzed in a gel
permutation assay by PAGE. Fragments were isolated by restriction digestion at sites A-E, the position
of which are indicated in the adjacent scheme. The centrally located insert obtained by digestion at site
C showed the lowest electrophoretic mobility as characteristic for the presence of intrinsic DNA
curvature. By studying the electrophoretic mobility of this region in a circular permutation assay, it was
confirmed experimentally that the rDNA fragment indeed contains an intrinsically curved DNA region
(SI Fig. 7B). The region 22-182 from the rDNA fragment was cloned into the vector XUMEI for the
curvature analysis. The DNA was cleaved with the restriction enzymes Mlul, Xhol, Bgll, Acc651, and
BamHI that release the DNA fragments A-E, as indicated in SI Fig. 7B. The centrally located insert
obtained by digestion with BglI at the C site showed the lowest electrophoretic mobility, which is
indicative of intrinsic DNA curvature in the rDNA insert.
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Fig. 8. A curved 40-bp DNA element guides ACF-dependent nucleosome positioning. Previous
studies indicated that ACF moves nucleosomes to central DNA positions because the complex has
higher affinities to longer DNA (1-3). It also was shown that ACF binds symmetrically to the
nucleosome protecting about 30 bp of linker DNA on both sites (2). Thus, on short nucleosome
substrates (below 210 bp), the ACF remodeling reaction is guided, at least to some extent, by the
length of the flanking DNA. To separate this effect from the positioning ability of the 40-bp DNA
element identified in Fig. 3, two additional nucleosome substrates were studied: nucleosomes
reconstituted on the 300-bp K3-b DNA that had the curved DNA element located closer to one end
and the 300-bp K3-c DNA with a centrally located insert. As shown in the figure, ACF-dependent
remodeling places the nucleosome on the center of the DNA fragment if the curved DNA is located at
the center and places the nucleosome close to the DNA border if the DNA element is placed more
laterally. These experiments confirm the conclusion made from the experiment depicted in Fig. 3 that
the 40-bp DNA element is able to direct ACF-dependent nucleosome positioning. (A) Schematic
depiction of nucleosome remodeling substrates that should place nucleosomes more centrally (K3-c) or
close to the border (K3-b) according to the location of the 40-bp DNA element. Both DNAs are 300
bp in length with the K3-c DNA carrying the curved DNA element at the center, whereas in K3-b it is
located 115 bp from one DNA end. This design ensures that nucleosomes positioned at these sites
contain sufficient flanking DNA so that binding of the remodeling complex is not affected. (B)
Predicted DNA curvature of the K3-c and K3-b DNA fragments according to the parameter set of
Bolshoy et al. (4). The existence of a region of high intrinsic curvature of DNA fragment inserted into
pT-K3 to yield the K3-b and K3-c DNA fragments also was shown experimentally as described in SI
Fig. 7C. (C) ACF-dependent nucleosome remodeling on the K3-b and K3-c DNA substrate.
Nucleosomes were reconstituted on these DNA fragments and incubated with ACF and ATP as
indicated. The endpoints of the reaction were analyzed by ethidium bromide staining of the native
polyacrylamide gels. The nucleosome positions are indicated by the gray ovals. The triangle demarcates
the position of the curved DNA element. The majority of nucleosomes are placed at central positions
on the K3-c nucleosomal DNA, whereas nucleosomes were preferentially positioned at the border of
the K3-b DNA. This finding demonstrates the ability of the 40-bp DNA element to direct the
nucleosome translocation reaction by ACF.
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SI Material and Methods

Nucleosome-Remodeling Assay. DNA fragments K3-c and K3-b were prepared by PCR using the
pTblue7-K3 DNA. PCR fragments were purified and reconstituted into chromatin as described (1).
Nucleosome-remodeling reactions were stopped by the addition of 1 ug of plasmid DNA, further
incubated for 5 min, and then loaded on 5% polyacrylamide gels in 0.5x TBE. Gels were stained with
ethidium bromide.

DNA Curvature Analysis. The rDNA sequences from positions 22-182 containing the predicted
curved DNA was cloned into the plasmid XUMEI kindly provided by Michael Meisterernst (GSF,
Munich, Germany). The insert is flanked on both sites by an identical sequence harboring the
restriction enzyme sites for Mlul, Xhol, Bgll, Acc651, and BamHI spaced by 36, 27, 19, and 19 bp.
The 302-bp DNA fragment was released by restriction enzyme digestion and analyzed on 10%
polyacrylamide gels in TB-buffer (89 mM Tris/89 mM boric acid).

ATPase Assay. Nucleosome-remodeling reactions were performed in Ex40 buffer [40 mM KC1/20
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mM TrisxHCI (pH 7.6)/1.5 mM MgCl,/0.5 mM EGTA/10% glycerol] containing 13 uM ATP.

Reactions were supplemented with 10 ng/ul of DNA or chromatin reconstituted by salt dialysis and
20-200 ng of the remodeling enzyme. After the indicated time points, the reactions were diluted
1:1,000 in water, and the ATP levels were quantified in a luciferase assay with the Enliten kit
(Promega, Madison, WI) according to the manufacturer's protocol.

1. Langst G, Bonte EJ, Corona DF, Becker PB (1999) Cell 97:843-852.
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